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Abstract

International shipping is crucial for global freight transport, but is mainly based on fossil fuels, leading to significant greenhouse
gas (GHG) emissions. Global GHG emissions must peak by 2025 and drop by at least 43% by 2030 to limit global warming within
1.5°C. This calls for urgent action in all sectors as well as shipping. Scaling up aiternative fuels may take too long, considering
technical modifications onboard the vessels, as well as fuel production and infrastructure for distribution. Many alternative fuels
are also inherently dependent on access to clean electricity, which is already in a shortage. Carbon capture from ships is another
route to emission reduction that can be implemented faster and without increasing the demand for renewable electricity.

Tankers, dry bulk carriers, and container vessels contribute a majority of global shipping emissions and are therefore prime
candidates for carbon capture and storage. Solvent-based post-combustion capture is mature and suitable for marine applications,
though technical, economic, environmental, and practical challenges remain. This paper assesses the feasibility of carbon capture
for ships; both newbuild and retrofit vessels. While the limitation of space on board is a key factor in determining the feasibility,
the increase in energy consumption is also challenging. This study indicates that energy use will increase with 70-100% with some
variation between existing ships and newbuild.
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MDO Marine diesel oil

Nomenclature MGO Marine gas oil

NG Natural gas

CAPEX Capital expenditure . .
NOx Nitrogen oxide

CCS  Carbon capture and storage
OCCS Onboard carbon capture and storage

CIL Carbon intensity indicator . .
OPEX Operating expenditure

CO Carbon monoxide o an .
SOx  Suifur oxides
CO,  Carbon dioxide )
TRL  Technology readiness level

DWT Dead weight tonnage

UHC Unburned hydrocarbon
ECA  Emission control area

1. Introduction

EEDI  Energy efficiency design index The maritime industry is responsible for the transportation

HFO Heavy fuel oil of around 80% of global trade, while accounting for 3% of
global greenhouse gas emissions [1]. Seaborne trade grows at
IMO  International maritime organization approximately 3% per year, and thus the shipping industry must

improve its carbon intensity significantly to reduce greenhouse

NG  Lignafied natural gas gas emissions. The International Maritime Organization (IMO)

LPG Liquefied petroleum gas has set targets to reduce the carbon intensity of international

shipping by at least 40% in 2030 compared to 2008 levels and

MARPOL International convention for the prevention of pol-  close to zero by 2050 with an indicative checkpoint for at least
lution from ships 70% on 2040 [30].
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Currently, ships rely on fossil fuels for energy generation,
with heavy fuel oils (HFO) accounting for roughly 64% of the
usage and marine gas oil (MGO) or marine diesel oil (MDO)
accounting for up to 32%. Liquefied natural gas (LNG) consti-

tutes the remaining 4%. Minuscule volumes of liquefied petroleum

gas (LPG) and methanol, both of fossil origin, are also part of
the fuel mix. The maritime industry is actively exploring the use
of zero-carbon fuels, such as ammonia and hydrogen derived
from natural gas with carbon capture and storage technology,
biofuels such as bio-methanol, bio-diesel and bio-LNG, and e-
fuels such as e-ammonia, e-hydrogen, e-methanol, e-diesel, and
e-LNG [46, 10, 40, 63]. These fuels have the potential to sig-
nificantly reduce greenhouse gas emissions and make shipping
climate neutral. However, it is important to consider the up-
stream emissions associated with the production of these fuels
when evaluating their overall environmental impact and to en-
sure that the entire life cycle of the fuel is taken into account
[37, 29]. 99% of the hydrogen, ammonia and methanol pro-
duced today are of fossil origin with a higher footprint well to
wake and a transition to these are completely meaningless from
a climate perspective. While engines and shipboard systems
for hydrogen, ammonia, and methanol are under development,
these fuels also require extensive shoreside infrastructure. The
high energy consumption to produce these fuels with electric-
ity is likely to make them expensive. Therefore, it is crucial to
find feasible technologies that can also reduce the emissions of
ships in the near term.

Carbon capture and storage (CCS) plays a crucial role in
reducing greenhouse gas emissions in industries on land, and
they could also become a viable option in the maritime sector.
While there is growing interest in alternative fuels, CCS could
offer a solution for ships that still rely on fossil fuels, presenting
a practical way to reduce emissions in the maritime industry.

CCS technology involves capturing CO, emissions from the
ship’s exhaust gas system, intermediate storage onboard, of-
floading in port for transport, and permanent storage. Alter-
natively, CO, can be used in industrial or chemical processes
or can be transformed [14]. Several ongoing research efforts
are exploring the feasibility and effectiveness of CCS systems
for the application of CCS technology in the maritime sector.
These efforts involve process modeling and cost analyses of
CCS systems for different types of ships [38, 4]. A study by
Giiler and Ergin [25] evaluates the feasibility and cost effec-
tiveness of solvent-based CCS systems for different ships using
process modeling with Aspen HYSYS.

However, the maritime sector is very diverse and therefore
it is important to understand the feasibility and challenges of
implementing CCS onboard different types of vessels. Com-
plex and expensive environmental technology such as onboard
carbon capture and storage (OCCS) will likely be most cost ef-
fective on vessels with large engines, high energy and fuel con-
sumption, and ample space in the engine room or in or near the
casing. According to the IMO 2018 report, tank, bulk and con-
tainer vessels are responsible for more than 60% of the emis-
sions from the shipping industry. Although these types of ves-
sels are fewer in number, they have high fuel consumption and
emissions. Table 1 provides data on the number of ships in

various categories, with the first three rows representing dry
bulk carriers, tankers, and container vessels. The table shows
that these three categories emitted 666 million tonnes of CO, in
2018, which is significantly higher than the emissions produced
by other categories in 2018, which produce 228 and 162 million
tonnes respectively. When the data in the table are normalized,
it becomes apparent that studying one case within the first three
groups of ships can have an impact on reducing carbon emis-
sions more than eight times compared to studying a case within
the last two groups. Dry bulk carriers and oil tankers have avail-
able space on deck, while this space is valued for cargo on con-
tainer vessels. Therefore, bulk and tanker vessels are the most
promising candidates for onboard OCCS.

This paper aims to contribute to ongoing efforts to reduce
greenhouse gas emissions in the maritime industry by provid-

ing the technical challenges associated with the implementation
of CCS on board shi
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nologies suitable for the maritime industry, solvent-based post-
combustion capture has been identified as a highly promising
technology due to its high technology readiness level (TRL)
by several studies [22, 16, 9]. The paper will investigate the
feasibility of implementing CCS on both existing vessels and
newbuild ships, taking into account factors such as general ar-
rangement, power, energy and heat balance, fuel consumption,
and emission, engine type, and machinery configuration. The
retrofit vessel must focus more on utilizing the available space
onboard, considering the general arrangement and possible in-
stallation of OCCS equipment in the engine room and the cas-
ing, while also considering appropriating cargo space. The
newbuild case offers more freedom to extend the length or breadth
of the vessel.

In the upcoming sections, we will take a closer look at dif-
ferent aspects of carbon capture on ships. First, in Section 2,
we explore the challenges of integrating carbon capture tech-
nology with ship power generation. Then, in Section 3, we
outline the specific case studies for further discussion. Section
4 will provide a detailed analysis of the existing case, where we
retrofit existing ships with carbon capture systems. Moving on
to Section 5, we focus on the newbuild case, where we exam-
ine how to design ships with integrated carbon capture systems
efficiently. To wrap it up, we summarize the main goals and
importance of our research in Section 6, emphasizing its im-
portance in reducing emissions within the maritime industry.

While there are several canture tech-
whne there are severa: capture tecn

2. Integrating Carbon Capture with Ship Power Genera-
tion: Potential Technical and Economic Challenges

Installing CCS technology on a ship is a more complex un-
dertaking than in onshore facilities that must address specific
requirements: for example, space limitation, safety considera-
tions for crew members, the enhanced degradation of materi-
als in a marine environment, vibrations, constant motions and
accelerations, etc. Also, a shipboard installation does not en-
joy the same access to service personnel as an onshore facility,
while the requirements to operability and reliability are high.
Integrating OCCS into the machinery system can also signif-
icantly impact the overall performance and operations of the
ship. In this regard, it is crucial to evaluate the key parameters



Table 1: A general figure of the main CO; producers in the maritime industry [29].

Ship type No. of vessels | No. of vessels | DWT 2008 | DWT 2018 | Total CO, | Total CO,
2008 2018 [t] [t] 2008 [Mt] | 2018 [Mt]
Dry Bulk 7827 11948 55801 69392 194.3 1934
Tanker 11382 24143 52946 27709 2213 240.7
Container 4681 5337 36756 50661 213.6 232.1
Other cargo 27727 30868 5787 6580 265 228
Passenger and services 53176 165137 461 1426 241 162

that must be taken into account to ensure successful integration.
This section presents the critical aspects that must be consid-
ered when installing CCS on board a ship. Figure 1 presents a
summary of the factors discussed in this section, divided into
two columns: the items that will be discussed in case studies
and those that are not in the scope of this work.

Key factors in CCS onboard ]

( Considered ) (_ NotConsidered )

—{ Footprint

—{ Space |

| H{capex |

— OPEX |

—{ Capture rate

—{ Use of chemicals

4{ Ship modification

—{ Maintenance

—{ Process water |

— TRL |

—{ ‘Wastewater treatment |

4{ Cooling system ‘

4{ Equipment weight ‘ 4{ Unloading ‘

—{ Suitability of process |

4{ Presence of impurity ‘

Figure 1: Critical elements to take into account when fitting CCS on a vessel.
Those elements that are not considered in the case studies are just beyond the
scope of this research and should not be considered less significant.

Given the extensive and long experience for onshore appli-
cations, post-combustion CO, capture technologies can be an
immediate and ready-to-deploy option to reduce the emissions
from the shipping industry, while also being considered as a
long-term solution [19]. Therefore, various technology options
have been considered for ship applications such as chemical ab-
sorption [22], physical adsorption, membrane [47], cryogenic,
and calcium looping processes [58]. These concepts can be
categorized into three types, heat-driven, electricity-driven, and
material-driven systems.

Chemical absorption systems are representative of the heat-
driven concepts where chemical solvents absorb CO; in the ex-

haust gas and it is heated to separate high purity CO,. This
heat-driven system is advantageous for use on a ship since the
waste heat from the exhaust gas is readily available to the cap-
ture unit [20]. Adsorption processes utilize the adhesion of
CO, on adsorbents, which are regenerated by temperature or
vacuum swing. Thus, depending on the regeneration measure,
the adsorption concept can be either a heat or electricity-driven
system. A typical characteristic of this process is the large foot-
print due to multi-train configurations [12], which will not be
favourable to be deployed on ships.

The membrane process, on the other hand, is a compact and
electricity-driven system with a reasonable energy consumption
[55]. However, the energy efficiency tends to decrease when
aiming for deep CO, reduction, limiting its applications [7].
Cryogenic systems are based on the solidification of CO, at
cryogenic temperatures, which is derived by power input [26,
24]. Tt is, however, worth noting that this concept is still in the
early stage of development.

Another early-phase technology for ship applications is calcium-

looping [8]. This material-driven process uses calcium oxide
to capture CO, while producing a significant amount of heat.
Therefore, the energy cost for the operation of the capture unit
will be marginal. However, the high operating temperature and
large space requirement for the solid inventory will be chal-
lenges for ships, and the cost for the regeneration of the sorbent
onshore needs to be considered.

To determine the optimal solution for onboard CO; capture,
a comprehensive analysis of the potential technology options is
required considering all the critical elements presented in Fig-
ure 1 . However, in this work, the absorption process is regarded
as the reference system for ship applications. The selection of
capture technologies for ships will be further discussed in the
following sections with different criteria.

2.1. CO; capture and avoided rates

The aim of OCCS is to reduce CO, emissions, and its ef-
fectiveness can be measured by two parameters; CO, capture
rate and CO, avoided rate. The latter is always lower than the
former. The capture rate reflects the effectiveness of the carbon
capture process itself but does not factor in the additional en-
ergy use of the system. While the capture rate is relevant for
the capture system performance indication, the avoided rate is
a better measure for the system and the vessel as a whole.

2.2. Capital Expenditure

Capital expenditure (CAPEX) accounts for the investment
costs associated with the engineering, manufacturing, and in-



stallation of the CCS. It includes not only the equipments (blower,
adsorber, desorber, heat exchangers, pumps, liquefaction, stor-
age tanks, etc.), but also its integration onboard the ship and
auxiliary systems. In land-based carbon capture applications,
operating expenses are typically the main driver of costs [54,
36]. However, for offshore and onboard carbon capture appli-
cations, CAPEX has a greater impact on total cost of ownership
[50, 52]. To make costs comparable between different projects,
an annualized capital cost is often calculated. This is calcu-
lated by multiplying the CAPEX by a capital recovery factor
(CRF) calculated based on the project lifetime and the discount
rate (typically a lifetime of 25 years and a discount rate of 8%).
However, for the retrofit case, the remaining lifetime can be
shorter, resulting in a higher contribution of CAPEX to the total
cost. Although there are currently a limited number of techno-
economic analyses of onboard CO, capture, the results from
five studies are summarized here [44, 50, 39, 25, 9, 48]. As
shown in Figure 2, capital cost has been reported between 42
and 300 €/tonne. Although other factors such as CO, concen-
tration are also influential, capital costs are significantly depen-
dent on the total captured CO,. Compared to inland industrial
applications, CO, capture units are mainly on a small scale.
Hence, the size of the power production is in the order of a few
megawatts for the large vessels, and thus the capture capacity
of the plants is above twenty thousand tonnes per year. Several
cases in the literature reported capital costs between 50 and 100
€ per tonne of CO,.
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Figure 2: Capital cost of onboard carbon capture reported by several studies'.
The much higher cost at a low CO; capture included the labor, maintenance
and use of chemicals.

2.3. Operational Expenditure

Operational expenditure (OPEX), which includes fixed and
variable OPEX, plays a crucial role in the overall costs of CCS
onboard ships. Fixed OPEX comprises costs that remain con-
stant regardless of the load of the capture system, such as pre-
ventive maintenance, labor, insurance, and taxes. Variable OPEX,
on the other hand, encompasses costs that vary with the capture
system’s load and operating hours, including fuel costs, main-

tenance for rotating components, and solvent make-up for the
capture process, if applicable. As the capture rate increases, the
cost per tonne of captured CO, decreases, particularly for flow
rates below 60,000 tonnes per year, as illustrated in Figure 3.
Among other factors, additional fuel consumption emerges as
a critical component of overall cost. For example, Luo et al.
[39] examined a scenario in which increasing the capture tar-
get from 73% to 90% more than doubled the total capture cost
(from 77.5 €/tonne CO, to 163 €/tonne CO,). This significant
cost increase resulted from the consumption of additional fuel,
which was not required in the lower capture rate, as the recov-
ered heat is enough for the process. The red circles in Figure 3
represent a scenario in which fuel is burned to achieve a higher
capture rate.

In practice, the heat and power needs of the OCCS signifi-
cantly depend on the chosen technology. Nonetheless, depend-

ino on the shin. it ig nossible to have the reguired heat available
ng on e sat P, 11 1S POSS10:C 10 nave e I'equiIred ncat avalad:Ce

at no extra cost. The new ships come equipped with Waste
Heat Recovery Units (WHRUSs). These ships are highly en-
ergy efficient and utilize the heat from the funnel for everyday
operations. Any additional heat needs could lead to increased
fuel consumption. However, in cases where WHRUS are not in
place, there is an option to install them in the funnel pipes. This
integration with CCS can help minimize the need for additional
fuel consumption.
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Figure 3: The expected operational cost for installing carbon capture [9, 39, 50].

2.4. Use of Chemicals

The implementation of CO, capture onboard ships can in-
troduce new chemicals on the ships that can lead to additional
risks and drawbacks (corrosion, emissions into air or water,
health impact, etc.). This can, for example, be the case for
chemical absorption which is the most mature and the leading
contender for onboard CO, capture [62, 23, 53]. Furthermore,

'Some of the numbers were given in kg per hour, which have been multi-
plied to be compatible with the rest of the numbers.



the introduction of new material onboard also requires new stor-
age and handling systems, resulting in additional space require-
ments and costs [64, 15].

2.5. Cooling System

A cooling system is essential for both the capture unit and
the liquefaction of CO,. Initial evaluation of the absorption sys-
tem indicates that this cooling water consumption is not negli-
gible. A higher cooling water flow rate requires a larger cooling
system including pumps, tanks, and piping, which could result
in higher cost [4]. A more detailed design and sizing of the
cooling system has been studied for the case studies in the next
sections.

2.6. Process Water

Certain capture technologies can also require water not only
for cooling but also as input to the process [42]. For example, a
waterwash is used to prevent large solvent losses in the amine-
based capture system. Furthermore, the amine concentration
in the lean amine solvent must remain around the target value,
which also requires water makeup in the process. Producing
the high-quality water required can result in non-negligible cost
(for example, 1-2 USD/tonne CO; [32]). The makeup water
consumption and its influence on total fuel consumption have
been further evaluated in case studies.

2.7. Equipment Footprint

Since machinery rooms on ships are typically designed to
be compact and efficient, accommodating a variety of equip-
ment and systems that require careful management for safe op-
eration is very difficult. This space constraint becomes even
more critical in retrofit cases, where there is limited area avail-
able in the ship’s machinery room and deckhouse. Figure 4 il-
lustrates how the area inside one of the floors of the machinery
room is fully occupied by the current machinery system, leav-
ing no additional space to install a new system for the capture
process. The limited space available in the machinery room is
a crucial aspect of ship design. The upcoming section explores
various approaches to allocate space for the installation of the
capture system.

Figure 4: An example of one of the floors in the machinery room of a existing
vessel.

2.8. Equipment Space

Many ships have height limitations imposed by radar vision
or bridge overpasses, which can restrict the total height of the
vessel. To comply with these restrictions, it may be necessary to
use compact or low-profile carbon capture technologies that can
fit within the specified height limitations. To assess the feasibil-
ity of implementing current capture technology on both retrofit
and newbuild ships, an arrangement of the capture system has
been studied to account for height restrictions.

2.9. Weight

The weight of the carbon capture system is a critical fac-
tor in determining the feasibility of its installation onboard a
ship. When the equipment is heavy, additional structural sup-
port or foundation work may be necessary, leading to increased
complexity and costs. Figure 5 illustrates the weight estimates
of the capture system when installed on a ship. Incorporating
the weight of the capture system alters the draft of the ship and
leads to increased fuel consumption. To assess the impact of
the capture system’s weight on the overall fuel consumption,
an evaluation will be presented for both retrofit and newbuild
scenarios.
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Figure 5: The weight of the capture system based on kg/h CO, captured flow
rate [44, 25, 22]

2.10. Ship Modification Level

In both the newbuild and retrofit cases, some degree of mod-
ification to the general arrangement of the vessel is necessary to
install the carbon capture equipment. This includes the instal-
lation of equipment to capture, process, store, and offloading
CO,. The extent of modifications required can vary depending
on the specific carbon capture technology that is being imple-
mented. Some technologies may necessitate significant alter-
ations to the vessel’s general arrangement, while others may
integrate more easily into existing systems if space is avail-
able. In the worst-case scenario, the OCCS must be installed
in cargo spaces. On newbuilds, the vessel can be built with
a few meters extra length to allow for a larger engine room if
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Figure 6: Technology readiness level for the current development carbon cap-
ture, storage and utilization technologies [12]

necessary. However, this approach also has a cost, as it involves
modifications to the vessel structure. Furthermore, it could af-
fect, marginally, the resistance, stability, maneuverability, and
overall operational efficiency of the ship. Finally, many ships
face restrictions of main dimensions in port, channels, fairways,
sounds, and locks.

In this study, the retrofit case involves modifications focused
on utilizing the space available in engine rooms, casing, and on
deck. This approach aims to minimize the alterations to the
existing structure of the ship while successfully incorporating
the carbon capture system. On the other hand, in the context of
the newbuild ship, the possibility of extending the ship’s length
to accommodate the capture system is being explored, with a
primary goal of assessing the impact of this modification on
fuel consumption.

2.11. Technology Readiness Level (TRL)

Some carbon capture technologies, such as post-combustion
capture using amine solvents, have reached a relatively high
TRL level (7-9), and other technologies, such as post-combustion
capture based on ionic liquids, are still in the early stages of
development (TRL 3-5) and have not yet been deployed on a
commercial scale. Figure 6 gives more detail of the TRL as of
2018. This research does not cover the comparison of differ-
ent capture technologies, so the amine-based capture method,
which has the highest TRL, is used in the case studies.

2.12. Other Challenges

Unloading: Although the experience gained from LNG car-
riers is highly valuable for the unloading system, it is essential
to consider the variety of components involved in the transfer of
CO, from the ship storage tanks to the onshore facilities. These
components include transfer hoses and connections, pumps and
compressors to transfer CO,, onshore storage tanks to store the
transferred CO,, and monitoring and control systems to ensure
safe and efficient transfer.

Suitability of the process for onboard: It is important to
consider the dynamic nature of a ship and its potential impact
on the performance of the carbon capture system. Waves and
weather conditions can cause the ship to pitch and roll, which
may affect the system’s performance and pose safety concerns.
However, it should be noted that system performance may not
necessarily be negatively affected [50].

Wastewater Treatment: For certain capture technologies,
several steps of the process can result in the production of water
containing impurities. It is, for example, the case of the water
wash section of the absorber, which contains some of the sol-
vent and its degradation products. To ensure proper operations,
some of this water must leave the process and be treated before
it can be safely released into the environment so that it does not
affect the aquatic environment [2]. Based on recent IMO regu-
lation, the discharge standards for the chemical oxygen demand

of < 125 mg/L and total nitrogen < 20 mg/L for ship wastewater

should be followed [43, 41].

Presence of Impurities: Due to the wave and wind, engines
may encounter time-varying loads, which can cause fluctua-
tions in the engine’s response and performance. The load on
the engine can vary in fixed or variable frequency, which can
affect the composition of the exhaust gases and finally the pu-
rity of the captured CO,. For example, lean burn spark ignition
natural gas engines may suffer from high methane slip and in-
stantaneous higher excess air ratio during transient marine con-
ditions [60], which can change the gas composition and thus the
purity level of the captured CO;. In the context of carbon cap-
ture for ships, impurities present in the flue gas sent to capture
can impact the efficiency of the capture process, the design of
the liquefaction process, and the optimal conditions for the stor-
age of liquefied CO,. For example, impurities such as SOx and
NOx can lead to solvent degradation, thus significantly affect-
ing performance over time. The impurities left in the captured
CO, also increases the duty of the liquefaction unit for deep pu-
rification [28, 45, 49]. Among all types of engines, two-stroke
diesel engines, which are commonly used as the propulsion
power source for deep-sea vessels, are generally more robust
in responding to load variations.

Maintenance: As with any system, carbon capture processes
require routine inspections and cleaning of components, replace-
ment of worn or damaged parts, and calibration or testing of
sensors and monitoring equipment. Additionally, increasing the
number of rotating components such as pumps, compressors,
and fans increases the maintenance requirements of the system,
as these components are typically subject to wear and tear.

3. Definition of the case studies

The impact of installing carbon capture and storage on ships
has been studied in two different scenarios.

e Retrofit case: the BAIACU vessel owned by Klaveness
(see Figure 7) is chosen as the case study which is a com-
bination carrier that transports both dry bulk cargo and
wet cargo like crude oil. The specification of the Ba-
iacu vessel is given in Table 2. As a retrofit case, the
main dimensions of the ship are kept unchanged to de-



ploy an OCCS unit, while the energy consumption and
corresponding fuel usage are studied. In this case, the
maximum capture rate is limited by the power and heat
available in the machinery room.

e Newbuild case: this scenario explores various redesign
options to accommodate a CCS system with a high CO,
capture rate, with the aim of minimizing CO, emissions
from the vessel. The main goal of the newbuild case is
then to prevent a reduction in cargo space with a mini-
mum extension of the ship length during CCS integration
while maintaining the original ship specifications from
the retrofit case.

For a clear and consistent analysis, we assume the same
route for both retrofit and new construction cases so that the
impact of different CO, reduction levels on ship operation can
also be analyzed.

Figure 7: Baiacu is one of the sixth of in total eight contracted CLEANBU
combination carriers in Klaveness Combination Carriers (KCC) [34]

Table 2: Vessel specification

Item unit Specification
Name - Baiacu
Gross tonnage GT 54043
Summer Deadweight tonne 82397
Length Overall (LOA) | m 228

Length (LPP) m 224

Beam m 35

Depth m 23

The capture rate has an effect on both the specific heat and
power consumption per kilogram of CO, captured, as well as
the need for CO, storage. The ultimate storage volume is a ma-
jor factor in the overall size and weight of the system. Since the
IMQO’s ambition for 2040 aims at 70% reduction in CO, emis-
sions and for 2050 is close-to-zero CO,, this paper focused on
the 70% and 90% CO, reduction target, respectively. It should
be emphasized that 70% or 90% represents the desired CO,
avoided rate; therefore, it requires a higher capture rate than
70% (90%) due to the extra flue rate generated by additional
fuel consumption during process.

3.1. Voyage routine

The volumes of CO, in the exhaust gas are determined by
the power of the engine [kW], the operating hours and the car-
bon content of the fuel. Power is in turn determined by the
speed of the vessel, the loading condition (draft and trim), the
fouling of the hull, the efficiency of the propeller and environ-
mental factors such as waves, wind, and current, among others.
The amount of accumulated CO, for storage is also determined
by the distance traveled between storage offload. In this work,
the average speed is assumed to be maintained at 14 knots. A
normal route for this ship takes approximately 20 days to cover
a distance of about 6500 nautical miles at this speed. It is im-
portant to note that these figures are averaged values, and actual
data may vary for different voyages.

4. Retrofit Case

+1 t + trofit
The purpose of this section is to present a retrofit (o an ex-

isting case study for the deployment of CCS technology. Given
the significant contribution of bulk carriers to CO, emissions
in the maritime industry as shown in Table 1, it is reasonable to
consider this type of ship as a case study to evaluate the suitabil-
ity and practicality of OCCS. Also, since they are on deep-sea
travel, defining fixed operation routes or regular intervals for
offloading stored CO, is more applicable.

4.1. Specification of fuel

Most large vessels on global trade routes burn low sulfur
heavy fuel oil (LSHFO) and marine diesel oil (MGO / MDO)
in sulfur emission control areas (SECA). The BAIACU vessel
is equipped with fuel tanks for 20% diesel oil and 80% HFO.
OCCS can be dimensioned for 20/80 operation on MGO and
HFO. It should be noted that depending on the journey, engines
may operate exclusively on HFO, which has a slightly lower
carbon content per kg of fuel (3.114 vs 3.206 according to IMO
[29]). According to the data provided by the ship owner, a fuel
with a sulfur content of less than 0.5%, instead of the 2.7% that
is usually employed in the maritime industry, is being used. The
sulfur level in the fuel affects not only the composition of ex-
haust gases but also the minimum temperature at which these
gases can be effectively treated. When sulfur oxide compounds
are present in the exhaust and the exhaust temperature faiis be-
low 160 degrees Celsius (the dew point of sulfuric acid), cor-
rosive mixtures can form on the exhaust pipes, leading to cor-
rosion. When the engine runs on HFO, the selective catalytic
reduction (SCR) system is not in operation. However, when the
engine operates in an ECA, it burns MGO and uses SCR to re-
move NOx to comply with emission regulations. Nevertheless,
there can be unreacted ammonia in the SCR, resulting in ammo-
nia slip. This slip occurs when too much ammonia is injected or
when injection temperatures are too low for ammonia to react
effectively. By installing the CCS system on board, this unre-
acted ammonia can pass through the SCR and enter the CCS
system, potentially increasing impurity levels. For simplicity,
this study primarily considers HFO with low sulfur content, as
it represents a significant portion of the ship’s journey.



4.2. Heat and power source

The flow chart in Figure 8 provides a visual representation
of the heat and power sources in a machinery room on the ves-
sel. The chart is divided into six sections, each representing a
specific source of energy that can power the ship and the rel-
evant equipment. The machinery room consists of one main
engine, three auxiliary engines, one auxiliary boiler, and one
waste heat recovery system. The graph shows the fuel con-
sumption associated with each section when operating at full
load. The boiler is used solely for generating heat and steam,
which can be used for various purposes such as heating cargo
holds, providing hot water for the crew, warming up cargo prior
to unloading, and heating heavy fuel oil to reduce its viscosity.
The amount of flue gases in the exhaust manifold is also shown
in the last row, with the main engine contributing the most to
the total mass flow rate compared to other power sources. By
identifying the different heat and power sources on the ship, it is
possible to determine the maximum capture potential of a CCS
technology based on its availability.
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Figure 8: Heat and power balance in the existing case.

4.3. Exhaust gas conditions

In this work, the flue gases generated from the main engine,
the auxiliary engines and the boiler are mixed and sent to the
downstream capture system. To estimate the flue gas condi-
tions, it is assumed that the main engine operates at 85% load,
while the loads of the auxiliary engines and boiler are varied to
meet the base load heat (2.2MWth) and power (0.5 MWel) de-
mands and the energy requirements of the OCCS. However, the
boiler load will be reduced by the amount of heat collected from
the WHRU. The conditions of the total flue gas, such as the CO,
concentration will be a key parameter impacting the energy effi-
ciency of capture technologies, while temperature and flow rate
will decide the amount of heat collected from the WHRU.

The composition of the engines are determined from similar
engine test results conducted at the M-LAB in SINTEF Ocean.
Table 3 demonstrates the potential for heat recovery in the orig-
inal flue gas. For simplicity, it is assumed that the auxiliary
engine and the main engine have the same gas temperature, al-
though in real engines, the auxiliary engines, being 4-stroke,

typically have a higher exhaust temperature. The heat supplier
is a saturated steam system at 7 bara.

Table 3: Operating conditions of the gas economizer without OCCS.

Parameter Unit  Value
Economizer type - Saturated steam
Supply Temperature 7' °C 258.92

Supply pressure p kPa 105.93

Supply mass flow rate m  kg/h 53408

Exit Temperature 7 °C 175.00

Exit pressure p bara 104.42
Produced steam T’ °C 165.00
Produced steam p bara 7.00
Economizer capacity MW, 1.35

4.4. Energy balance of ship machinery with CCS

To capture CO,, OCCS units require substantial energy (heat
and electricity), increasing the auxiliary loads to accommodate
the base loads of the ship and the capture system. The higher
duty of generators and boiler results in increased fuel consump-
tion and CO, emissions compared to the ship without CCS.
Thus, the CO; capture rate of an OCCS unit must be higher
than the reduction target or the avoided rate (for example, more
than 70% in this retrofit case) to compensate for the additional
emissions generated by the operation of the CCS system. It is
also worth noting that the increased auxiliary loads increase the
flow rate of the flue gas entering the capture system, which will
require a larger equipment size and higher capital costs.

Thus, as introduced in Table 4, the duty of the auxiliary
engines and boiler is at a high level for 70% of the avoided
rate, increasing the fuel consumption by 60% from 1555 kg/h
to 2480 kg/h. The amount of CO; in the final flue gas is 7980
kg / h, of which 81% (6488 kg/h) is captured to achieve a 70%
reduction in CO, emissions compared to the ship without CCS.
This is the input for the storage volume.

Table 4: Power plant duty for the existing case.

Parameter Unit Value
CO, avoided rate % 70
Power by main engine kW 8160
Power by aux engine kW 2230
Heat by boiler* kW 6902
WHRU kW 1822

* Minor upgrade is needed.

4.5. Possible arrangement for capture system

Since the above and below the main deck are already occu-
pied, it is nearly impossible to accommodate new installations
in these areas. Taking into account the space requirements of
carbon capture technology, it becomes evident that extending
the decks above the main deck is the only viable solution for
retrofit cases.

This extension can be fully used to accommodate the CO,
capture unit, as shown in Figure 9, or a portion of the instal-
lation, can be allocated in the funnel area, as shown in Figure



10. The advantage of utilizing this area is its proximity to the
center line and the funnel walls of the vessel. This location pro-
vides more space and results in less complex piping to connect
the capture unit to the flue gas stack. In addition, the extension
of the deck allows a maximum height of 18 meters for process
equipment. This is particularly beneficial for capture systems
that include tall process units, such as absorption-based capture
technologies.

In extension, as shown in Figure 11, the light green area
represents the available space, while the brown area represents
the zone attainable with minor modifications, such as the repo-
sitioning of the crane if applicable. When modifications are im-
plemented, the total footprint in one of the extensions exceeds
150 m?. However, it is important to note that extending Deck A
provides a maximum height of up to 18 meters, while extending
Deck C allows a maximum height of 12 meters. Based on the
literature review, 12 meters may not be sufficient for the entire
absorber [35, 25, 3, 22]. This is why the second arrangement,
which can incorporate high columns in the funnel box as shown
in Figure 10, is more practical to attain the necessary installa-
tion height. Depending on the extent of modifications made
to the funnel, the bottom of the columns might possibly begin
from the main deck. In such a scenario, the ship’s height pro-
vides ample space for accommodating the columns, allowing
the extension to commence from any of the decks.

Figure 9: An arrangement for the high columns and all the machinery in the
extension of accommodation deck.

4.6. Possible arrangement for storage

Storage is responsible for the largest space and weight re-
quirements compared to other components in the CCS unit on
the target vessel mainly due to the longer duration of the voy-
age than smaller ships. At standard temperature and pressure
(1 bara and 273 K), the carbon dioxide density is relatively
low (1.98 kg/m3). Therefore, captured CO, must be stored in
a high-pressure or liquid form to minimize storage space and
cargo loss. In particular, liquid CO, will be more favorable for
ship applications, as it has a higher density (around 1100 kg/m?
at 15barg liquid) than CO, at high pressure (786 kg / m? at 110
bara and 303 K). Taking into account the target CO, avoided
rate and a 20-day voyage, 3114 tonne of CO, must be stored,
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Figure 10: An arrangement for the high columns in the funnel box and the
machinery in the extension of accommodation deck.

Figure 11: The footprint on the extension of Deck B can be doubled by making
some minor modification.

which requires a storage capacity of 2830 m? in liquid form.
An approach to find a place is to combine cargo holds num-
ber 7 and 6, utilizing the hatch area for storage, as depicted in
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risk of sloshing in the cargo, potentially affecting the vessel’s
motion, even if the vessel structure permits such modification.
By accepting this alteration, two storage tanks with a maximum
diameter of 8 meters and a length of 25 meters can be installed
on the hatch for cargo hold number 7 and can provide a total
capacity of 2512m? which is less than 90% of the demand ca-
pacity.

A more viable option is to sacrifice some cargo hold capac-
ity. Four standing storage tanks, each with a diameter of 7.1
meters and a length of 18 meters, could provide a total volume
of 2830 m>. As shown in Figure 13, and considering the cargo
hold capacity as 97000 m?, this results in a loss of approxi-
mately 3.5-10.0% of the total cargo capacity depending on the
type of storage. If the shape of the cargo tank in the cargo space
is in line with Type A or prismatic tanks, which resemble the
shape of the cargo with additional outer insulation, the loss of



cargo is minimized by approximately 3.5%. However, when
Type C, cylindrical, or Type B spherical tanks are used, cargo
loss significantly increases due to storage shape, which results
in a considerable amount of unused space.

Figure 12: An arrangement for the storage on the main deck on hatch area

Figure 13: An arrangement for the storage on the cargo hold and some of the
capture process in the hatch area in the cost of sacrificing almost 3.5-10.0% of
the cargo capacity.

4.7. Extra weight

As shown in Figure 5, for CO, captured around 6500 kg/h,
the equipment weight is approximately 100 kg per unit of cap-
ture flow rate. Therefore, the total weight of the capture process
reaches 650 tonnes. When this weight is added to the storage
weight, the total weight of the OCCS exceeds 3700 tonnes upon
completion of the voyage.

The impact of the additional weight on the required propul-
sion power is calculated using the Hollenbach method. This
method estimates the propulsion power demand by predicting
its resistance based on calm water conditions. This approach
relies on a regression analysis of 433 ship models and utilizes
the main dimensions of the ships. The Hollenbach model is
considered a modern empirical approach for commercial ves-
sels. However, it should be noted that the simplified description
of the hull dimensions in the model may not capture all the im-
portant details that could affect resistance prediction [27].

The resistance analysis for this case study shows a linear
correlation between the additional weight and the propulsion
load, resulting in an additional 1.8% fuel consumption for the
additional weight from OCCS, as shown in Figure 14. It is im-
portant to note that, since the CO, storage is gradually filled
over a voyage, it is reasonable to consider the weight of stored
CO;, for the additional fuel consumption as half of the total stor-
age weight.

4.8. Process water production

Depending on the type of capture system, production of pro-
cess water is often required to cover losses through the CCS
unit. Water production methods on ships, such as reverse osmo-
sis, multistage flash, and multieffect distillation, each have spe-
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Figure 14: Effect of extra weight on the fuel consumption of the ship.

cific energy requirements for producing a given amount of wa-
ter. Since the details of the production methodology and the ef-
fectiveness of different methods are not within the scope of this
work, previous research findings are used as inputs for further
calculations. According to previous literature, approximately 1
kWh of energy is needed to produce one liter of freshwater. For
methods of production with higher capacity, such as multistage
flash evaporators developed by Wartsila, the energy consump-
tion for water production can be lower, dropping to around 0.2
kWh per liter with a water production capacity of 150 m3 per
day [21, 13, 51]. However, it is worth noting that the production
of process water will need a higher energy demand compared to
freshwater production due to the lower impurity level require-
ments.

In the retrofit vessel, the amine-based capture system de-
mands 4.5 m3 / h of make-up water, which requires a water
production unit of 5.7 to 7.3 meters long and about 3.0 me-
ters wide [13]. The size of the unit is significant in comparison
with the available machinery room, thus the installation for the
freshwater system will be viable only in the extended area. To
generate 4.5 m3/h of make-up water, a 900 kW power plant is
required. To account for this additional fuel consumption on-
board, the duty of the capture unit needs to be increased to meet
the 70% emission reduction target. However, it is worth noting
that the large make-up water demand is mainly due to the water
loss through the water wash section with warm cooling water
assumed as the design specification in this work. Thus, this
hourly consumption will be a peak value in a actual voyage. In
addition, the requirement for make-up water can be decreased
through process intensification of the amine-based capture pro-
cess.

4.9. Cooling system capacity

Simulation results for the absorption system in this exist-
ing case reveal a noteworthy cooling water consumption of 500
m3/h at 36°C and 4 bara. Relatively high cooling water temper-
ature is a typical design specification for ship design, which will
only occur in warm seas. However, considering an operational
margin, such high-temperature cooling water is assumed to be
used in this work. This high flow rate requires a 6MW capacity
heat exchanger. Table 6 presents details of some appropriately
sized heat exchangers by Alfa Laval. Notably, for a 500 m3
/ h capacity, the width is less than one meter, and the height
remains within the machinery room dimensions. Although the



original ship’s cooling system capacity remains unknown, as-
suming a 6 MW margin is excessive. Therefore, it is expected
that a new cooling system will be designed for the capture plant.

Table 5: Sizing of the heat exchangers in a range of flow rate [6].

Model DN Size H W Max Flow Rate
(mm) (mm) (m3/h)

T10 DN 100 1054 470 160

T15 DN 150 1833/1781 610/650 370

T21 DN 200 2082 755 650

T25 DN 250 2761 913 1000

Assuming a pump efficiency of 80% and an electric motor
efficiency of 90%, the power needed for the pump to circulate
water within the cooling system is calculated to be 77 kW. This
energy consumption has already been factored into the overall
power demand for the capture process.

4.10. Liquefaction

According to the studies [31, 17], each tonne of CO, needs
around 100 kWh of energy for the liquefaction process. Taking
this energy consumption into account, to liquefy the captured
process in this existing case, more than 700 kW of power is
needed, which has already been considered during the energy
balance of the ship for the avoided rate of 70%. This liquefac-
tion system is significant in terms of power it needs and foot-
print it requires. For the retrofit case, as for freshwater pro-
duction, the extension area is the only viable location for the
installation of the liquefaction process.

4.11. Final fuel consumption for retrofit vessel

Table 6 gives the final fuel consumption of the auxiliary
engines and the boiler for the capture process, the fresh wa-
ter plant and the liquefaction process. Taken together, they are
responsible for an increase in fuel consumption of 71% and a
cargo loss of at least 3.5% for an avoided rate of 70%.

Table 6: Additional fuel consumption with CCS for the existing case.

Section Consumption (%)
(kg/h)

Heat for capture unit 613 (55)

Power for capture unit 182 (17)

Power for liquefaction 130 (12)

Power for process water 180 (16)

Total 1105 (100)

5. Newbuild case

When investigating a newbuild case, an important question
arises about the most suitable engine to be paired with the car-
bon capture process. In recent years, natural gas engines have
gained popularity in the shipping industry due to their cleaner
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combustion compared to traditional diesel engines. Previous re-
search consistently suggests that ships burning liquefied natural
gas are best suited for integrating the carbon capture system
[22, 61]. LNG is stored in liquid form at extremely low tem-
peratures (-162°C), and the abundance of cold energy available
on the ship can be used to effectively integrate the CCS system,
such as liquefying CO, for storage.

In a traditional power plant burning HFO and MGO, the sul-
fur content in the exhaust gas also limits the amount of heat re-
coverable since the flue gas temperature can only be lowered to
the sulfuric acid dew point in the waste heat recovery unit. LNG
power plants, on the other hand, have a significantly lower sul-
fur content, allowing for greater heat recovery from the exhaust
gas with approximately 40-60 ° C lower WHRU outlet tempera-
ture compared to HFO and MGO cases. Additionally, LNG has
a lower carbon-to-hydrogen ratio (C/H) compared to HFO and
MGO, while boasting a 5-10% higher heating value. These fac-
tors contribute to a potential 20-25% reduction in carbon emis-
sions for natural gas engines compared to diesel engines for the
same power output, assuming the same combustion efficiency.

Furthermore, test data [56] confirm that lean burn spark ig-
nition engines and low-pressure dual-fuel engines have rela-
tively low emission factors, particularly for NOx. These en-
gines meet the requirements of the Tier 3 emission regulations,
with CO, emissions of 472 and 444 grams per kilowatt hour,
as shown in Table 7. On the contrary, diesel engines have
COsemissions exceeding 500 g/kWh. Although natural gas en-
gines show favorable composition and emission characteristics,
the main concern is the potential for methane slip, which re-
quires careful management to mitigate its impact [59].

Overall, the choice of LNG-powered engines presents ad-
vantages for integrating the carbon capture process due to cleaner
combustion, enhanced heat recovery, lower carbon emissions
potential, and compliance with emission regulations, however,
the choice of fuel for a ship will depend on other factors as well:

e First, when using natural gas engines for propulsion, one
of the critical factors to consider is the storage condition
of the fuel. Natural gas is typically stored in a liquefied
form to reduce its volume for transportation and storage.
However, LNG has a lower energy content per unit vol-
ume than traditional diesel fuel. Specifically, 1L of LNG
has only half the energy content of 1L of diesel fuel. To
store the same amount of energy as traditional diesel fuel,
a ship would need to allocate more space for LNG stor-
age.

e Second, the fraction of CO, in the exhaust gas is a cru-
cial number for the capture process. The lower the frac-
tion, the higher the specific energy per kg of captured
CO; required. Therefore, even though the lower concen-
tration of CO, means a lower kg of CO, emitted , it does
not necessarily mean that less energy is required for CO,
capture.

e The third factor is the future of maritime fuels. Accord-
ing to available market data, over 95% of the fuel used in
the maritime industry is conventional fossil fuels. While,



Table 7: Emission composition in the gas engines [56].

Engine type NOx (gkWh) CO (g/kWh) THC (g/kWh) CH4 (gkWh) CO; (g/kWh)
Emission factor LBSI 0.9 1.7 4.4 4.1 472.4
Emission factor LPDF 1.9 1.9 7.3 6.9 444.4
LNG
LNG Hydrogen
LPG
e
Conventional ' Methariol Conventional ~ Methanol

Figure 15: Contribution of fuels in the maritime industry based on order[18]
excluding LNG carriers

as shown in Figure 15, the contribution of natural gas-
fueled ships increases to more than 10% of the fuel used
by the ships in order, still more than 85% of the new ships
on order will use conventional fossil fuels. In the longer
term, as shown in 16, 80% of the fuel will also be a con-
ventional fossil fuel, while methanol is expected to be the
most favored alternative fuel with 9% and then LNG with
only 6 % of total fuel use. Thus, conventional fossil fuels
are expected to remain the primary fuel for the maritime
industry due to the slow transition.

e Last but not least, large-scale two-stroke marine diesel
engines have been widely accepted as the primary propul-
sion system for large merchant ships. According to IMO
figures [29], these types of engine account for almost
40% of the total number of engines, demonstrating its
dominance in terms of DWT. This popularity is mainly
attributed to its exceptional thermal efficiency, reliabil-
ity, and capacity to utilize lower-grade fuels such as HFO
[11]. Recognized as one of the most efficient variations
of internal combustion engines [33], this type of engine is
well known and well respected among crew members. As
a result, this advantage firmly establishes the two-stroke
diesel engine as the preferred option for vessels under-
taking deep-sea voyages.

Numerous previous studies have predominantly emphasized
natural gas propulsion, given its compatibility with cryogenic
integration [50, 22, 44]. However, the choice of diesel propul-
sion remains a domain that merits deeper investigation. Taking
into account that the primary market for carbon emission re-
duction still relies on traditional diesel and HFO engines, diesel
propulsion has been selected for the newbuild case in this work
to address the energy and space requirement when targeting
deep CO; reduction of the vessel.
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Figure 16: Contribution of fuels in the maritime industry based on contract [18]
excluding LNG carriers

5.1. Design objective

The primary objective of this newbuild ship is to achieve
deep decarbonization of the vessel, reaching the net-zero target
of IMO. Therefore, the CO, avoided rate of more than 90% is
targeted based on the current capture technology, while main-
taining the original cargo capacity of the BAIACU bulk carrier.
The space requirements and dimensions of the capture system,
including height and footprint, have been carefully considered
based on the identified demand, and the design of the ship has
been modified to minimize the modifications. If the ship op-
eration with OCCS does not reach the net-zero emission goal,
we can fill the gap with other solutions, like using a fraction of
biofuel.

5.2. Machinery sizing

This section focuses specifically on the size of the auxiliary
engines and boilers in the machinery room for the newbuild
case. It is assumed that the propulsion power will remain rela-
tively unchanged even with the addition of the capture system
and the extra weight of the CO, storage. The plan is to have
abundant auxiliary heat and power available to fully support
the high-duty capture process, which requires that the auxiliary
engines and boilers are sized accordingly.

Based on an initial evaluation, achieving an avoided rate
greater than 90% would probably require an increase 80% in the
boiler capacity for the heat-driven technology and an increase
160% in the auxiliary engine capacity for the electricity-driven
technologies compared to the original design of the ship.

The current power plant has three auxiliary engines from
DAIHATSU 6DE-23, with dimensions as Table 8. Increasing
the power output to 2.6 times would involve using the DAI-
HATSU 6DE-33 model as one alternative, with a power output
ranging from 2700-3600 kW, with different dimensions, which
requires increasing the dimension of the accommodation for
the auxiliary engines in all three directions. Assuming that the
width and height of the machinery can find place for the new
auxiliary engines, the new engine type is about three meters



longer than the original auxiliary engine. To accommodate the
increased length, about three meters should be added to the total
length of the machinery room and consequently to the length of
the ship. The impact of this increased length will be discussed
further. In addition, the weight of the engines increases from
23 to 69 tonne each, and total of 138 tonne of weight has been
added to the ship by the three auxiliary engines. It should be
highlighted that the width of the engine has increased about
500 mm, which means that the width is totally increased by
1500 mm. Although this is not negligible, for simplicity, it is
not being considered in a further detailed evaluation.

Table 8: Main dimension of the auxiliary engines.

Original engine Upgraded engine
Overall length 6100 9110
Overall width 1020 1780
Overall height 2840 3950

Increasing the capacity of the boiler increases the size and
dimension of the boiler. When the output of the marine boiler
changes from 10,000 to 18,000 kg / h of steam capacity for the
newbuild ship, the dimensions can change according to Table
9, based on the supplier’s information [5].

Table 9: Main dimension of the boiler.

Original Upgraded
Height 7.1 7.7
Diameter 2.6 3.1
Width 3.8 4.5

This means that the boiler would require more than half a
meter of extra length compared to the original boiler. This is
less than that of the auxiliary engines. Moreover, the impact of
the boiler upgrade is eight tonnes increase in the newbuild ship
compared to the original of 18 tonnes.

5.3. Exhaust gas recirculation

Diesel propulsion system requires the use of a selective cat-
alytic converter or exhaust gas recirculation (EGR) to reduce
NOx emissions in exhaust pipes. When combined with CCS,
the incorporation of EGR provides a dual advantage. EGR is a
methodology that can increase the fraction of CO, in exhaust
gas, improving the energy efficiency of the capture process,
while eliminating the need for an SCR system. This makes
more space for other machinery and, more importantly, for the
new EGR system.

The impact of EGR on engines varies depending on factors
such as engine type, EGR percentage, and other design consid-
erations. Different engine manufacturers may experience dif-
ferent performance and emission output responses to EGR. The
main changes in engine attributed to EGR can be categorized as
follows:

1. Decrease in NOy emissions,
2. Reduction in the excess air ratio,
3. Alteration of exhaust gas temperature,
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4. Change in specific fuel consumption.

As the primary objective of implementing EGR in engines
is to reduce NOx emissions by substituting a portion of fresh
air with exhaust gas, it is inevitable that parameters 1 and 2 will
be affected. Figure 17 illustrates the trend of NOx emissions
and lambda reduction resulting from EGR. The impact of EGR
on exhaust gas temperatures can vary among different engines.
Some engines report an increase in the temperature of the ex-
haust gases at lower engine loads where the EGR percentage is
higher than at higher engine loads (SINTEF Ocean and MAN).
Other engines with EGR maintain the exhaust gas temperature
very close to that of the original engine (WIN-GD). The ex-
haust temperature can be an influential factor in the capacity
of the heat recovery system. However, any increase in exhaust
temperature indicates that some fuel is burned during the period
from the highest temperature point to the end of combustion.
During this time, the rate of heat release decreases and the heat
generated by the fuel cannot be efficiently utilized, resulting in
an expected increase in the specific fuel consumption. There-
fore, a slight increase in fuel consumption is a typical trade-off
when implementing EGR in an engine. However, in this study,
it is assumed that the exhaust temperature remains constant for
engines with EGR due to the associated uncertainty.

The effects of EGR for a diesel engine on the exhaust gas
composition compared to a non-EGR engine are illustrated in
Figure 18. The feasible range of EGR for diesel engines is lim-
ited as evidenced by test results indicating up to 30% at 100%
engine load, up to 40% at engine load of 50-80%, and up to 50%
at lower engine loads. To obtain more realistic data for analysis,
certain figures derived from tests conducted at SINTEF Ocean
have been utilized in this case study. When the EGR percentage
is 0, the gas composition remains similar to that of the base en-
gine. As the percentage of EGR increases, the EGR displaces
fresh air, resulting in a notable reduction in fresh gas availabil-
ity, a lower exhaust flow rate, an elevated mass fraction of CO,,
and lower mass fractions for O,.
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Figure 17: Effect of EGR on lambda and NOx emission on marine engine. The
Y-axis has been normalized by the maximum mass fraction, which is in load
50% for NOx and 25% for lambda.

Table 10 has been prepared to summarize the significance
of using EGR in the diesel engine on board the ship. The ta-
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Figure 18: Effect of EGR on CO; and O, on marine engine. The Y-axis has
been normalized by the maximum mass fraction, which is in the load 85% for
CO; and 25% for O,.

ble demonstrates a reduction in the mass flow rate of the ex-
haust gas with EGR, indicating a lower workload and a smaller
size of the capture process. Additionally, EGR engines have a
higher CO, fraction, resulting in a lower specific energy con-
sumption for capture processes compared to non-EGR engines
[57]. However, it should be noted that EGR introduces a reduc-
tion in recoverable heat from exhaust gas, mainly because of
the lower flow rate. This assumption holds true when a WHRU
is installed after the exhaust recirculation piping.

An approach to recovering more heat is to collect the heat
wasted by the EGR cooler. When mixed with air, the temper-
ature of the EGR stream is reduced to around ambient temper-
ature (30°C) in order to keep the volume of the recycled gas
small enough. As a result, a large amount of heat is dissipated
through the EGR cooler, which is a potential location for ad-
ditional heat recovery. However, reducing the temperature of
the exhaust gas also requires scrubbers to separate the conden-
sate generated during cooling if the fuel contains a certain level
of sulfur. A schematic as in Figure 19 illustrates the expected
temperature and layout of the components.

Table 10: Main parameters influenced by EGR engine.

Parameter Without EGR  With EGR
Total mass flow rate 48482 36072
Recoverable heat 1241 916
Exhaust temperature 260 260

5.4. Redesigning for the newbuild ship

To maintain the cargo capacity and accommodate the car-
bon capture system, an extension of the length of the ship be-
comes necessary. Specifically, a one-meter extension for heat-
driven capture and a three-meter extension for electricity-driven
capture are required due to the larger size of the new boiler and
engines. For this study, we opted for heat-driven technology,
resulting in a total length increase equal to the original ship’s
length plus one meter.

Assuming the width and depth of the ship remain the same
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Figure 19: Design of the component sequence for an EGR engine. The EGR
scrubber may need to be more than one stage according to the concept by MAN
CIMAC 2014.

as in the base design, each additional meter in length provides
a space of 350-400 m? for CO, storage. To achieve a CO,
avoided rate exceeding 90% for the deep decarbonization sce-
nario, a total extension of 12 meters is needed. This extension
includes room for machinery, capture unit, storage and some
additional space for installations, bringing the total extension
to 13 meters. A schematic of the new extended-length ship de-
sign is shown in Figure 20. This extension of 13 meters allows
the storage of all captured CO, to be stored in the space below
the main hull, while the main hull area can be used to house the
capture plant.

Figure 20: Proposed arrangement for extending the length of the ship for ac-
commodating for the captured CO».

The influence of increasing the length of the ship has been
shown in Figure 21. with a 13 meter extension, the propul-
sion power increases from 8160 to 8640 kW. This contributes to
an increase in the fuel consumption for propulsion by approx-
imately 6.0%. Together with the additional fuel consumption
due to the weight of the capture system according to Figure 21
the total fuel consumption of the main engine for this newbuild
case increases to 8%.

5.5. Liquefier and process water plant

Due to the higher CO, avoided rate compared to the exist-
ing case, the amount of power needed for CO, liquefaction and
the production of process water reach 1050 kW and 1200 kW
respectively. In the newbuild case, we require an area similar
to what was presented for the existing case. However, we have
a higher mass flow rate for the liquefaction and process water
plant. The ample extension space (13x20 square meters) on the
main hull due to the increased length of the ship makes it con-
venient to accommodate all new installations, and there is no
significant challenge to find room for these processes. Regard-
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Figure 21: Effect of increasing the length of the hull on the total power of the
main engine and the fuel consumption of the main propulsion system.

ing process water production, the main specifications align with
those in Section 4.8, the primary difference being the total wa-
ter flow rate increasing from 4.5 m3/h in the existing case to
6 m3/h in the newbuild, means the energy requirement for wa-
ter production is equivalent to 1.2 MW. However, it should be
noted that this requirement is a worst-case scenario with warm
cooling water and the make-up water demand will be reduced
by using lower temperature cooling water and process intensi-
fication of the capture system.

5.6. Final fuel consumption for newbuild case

Table 11 gives the fuel consumption of the main engine,
the auxiliary engines and the boiler for the capture process, the
fresh water plant, and the liquefaction process. As shown, heat
production contributes to most of the additional fuel consump-
tion, making up 59% of it, while the power for capture and lig-
uefaction represents a share 11%. Water production also plays
a significant role, forming 13% of the extra fuel consumption
by the CCS system. However, unlike the existing case, this sce-
nario needs an upgrade in the propulsion power. This upgrade
comprises 5.7% power upgrade for the 13 meter extension of
the length of the ship (4.5% of the extra fuel consumption), and
an additional 2.0% for the increased weight(1.5% of the extra
fuel consumption).

Table 11: Additional fuel consumption with CCS for the newbuild case.

Section Consumption (%)
(kg/h)
Main engine
Extension 80 4.5)
Weight 28 (1.5)
Heat for capture unit 1068 (59)
Power for capture unit 194 (11)
Power for liquefaction 187 (11)
Power for process water 240 (13)
Total 1797 (100)
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6. Conclusion

The present study aimed to identify, discuss and highlight
key challenges associated with the installation of carbon cap-
ture technology on board ships. As highlighted in recent liter-
ature, the cost of capital expenditure, operational expenditure,
and additional fuel consumption is significant. To evaluate the
suitability of current ship designs for carbon capture installa-
tion, one retrofit vessel and one newbuild ship cases were stud-
ied. The retrofit case focused on a bulk carrier ship named
BAIACU, while the newbuild case examined the same ship de-
sign without limitations on power and heat availability or on
the ship length extension. By analyzing the fuel composition
of the ship, the heat and power balance, the voyage, the final
gas composition, and the possible arrangement for the capture
system and CO, storage, it is concluded that the existing case
faces challenges such as space limitations and the need for ad-
ditional power and heat. The paper concludes that capturing
70% of the CO, contained in the flue gas can result in the stor-
age of approximately 2800 tonnes of CO, over a 20-day voy-
age. However, finding sufficient space for CO, storage without
compromising cargo capacity is a challenge. In the context of
the newbuild case, the study underscores the benefits of LNG-
powered engines. However, it is important to analyze ships us-
ing diesel engines, given the significant share of the diesel mar-
ket in the coming years. To reduce the workload at the capture
plant, it is proposed to use a two-stroke diesel engine with a
high percentage of EGR. The advantage of this type of engine
lies in its stability in gas composition when subjected to mar-
itime oscillations, while the CO, mass fraction in the exhaust
gas is higher than that of a normal diesel engine. The required
increase in the length of the ship to accommodate the carbon
capture system, while maintaining the cargo capacity equal to
that of the original case, results in an increase in fuel consump-
tion, approximately 6%. The final fuel consumption can be as
high as 70 and 100% higher than the base case without capture
for target emission reductions of respectively 70 and 90%.

Although the results confirm high fuel consumption and
the need for space and footprint for installation, recent stud-
ies also highlight that carbon capture onboard can be a more
cost-efficient solution to achieve a level of emissions reduction
similar to alternative decarbonization approaches for shipping,
by 235 € per tonne compared to biofuel with 304 € per tonne
for a similar rate of avoided CO2 of 59% [48]. However, fur-
ther studies are required to understand when carbon capture on-
board can be a more cost- and environmentally efficient decar-
bonization strategy than alternatives. This is particularly rele-
vant when striving for substantial emission reductions. Finally,
a large number of power systems with onboard capture could
theoretically be considered for marine applications when ac-
counting for possible combinations of fuel types, engines, cap-
ture technologies, etc. Work towards identifying and develop-
ing the most promising solutions in both the near- and long-
term perspectives will also be key to enable implementation.
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