
The general technical and political consensus is that reducing 
greenhouse gas (GHG) emissions is a necessary requirement 
for mitigating climate change. The first regulatory actions 

implemented by the International Maritime Organisation (IMO) 
became 10 years old in 2021, and they were followed by several 
subsequent actions addressing climate change. In April 2018, the 
IMO set 2050 as the target date for achieving the goal of reducing 
GHG emissions from international shipping by at least 50% from 
their 2008 levels. In June 2021, a revision of the goals stipulated 
that by 2030 the carbon intensity of all marine shipping would be 
reduced by 40% from its 2008 level. Additionally, for the first time 
the IMO established a formal rating system for ships which graded 
their energy efficiency on a scale from A to E, with A being the best.1

A large amount of effort has been expended on improving ship 
energy efficiency while operating with cleaner, lower-carbon fuels. A 
recent IMO regulation (January 2020) also set limits for sulfur 
emissions, thereby imposing the need either to switch current fuels 
to low sulfur content versions, or to implement extra flue gas 

treatment. In this context, LNG-fuelled ships are already ultra-low 
sulfur emitters by being virtually sulfur-free in the first instance 
(except under limited circumstances, when being piloted in and out 
of harbours, for example) and with lower inherent carbon emissions 
compared to traditional ship fuels such as diesel and bunker oil.2

The number of LNG-fuelled ships has increased over the last 
few years and it is expected to continue growing. However, despite 
being cleaner and lower in carbon emissions, LNG-fuelled ships still 
use a fossil fuel which contributes to GHG emissions, albeit at a 
reduced level. It is accepted that a pool of technological solutions is 
necessary to achieve the emission reduction targets. As recently 
evaluated, one of the potential technologies is carbon capture and 
storage (CCS) onboard the ships themselves (often referred to as 
ship-based CO2 capture, SBCC). This article discusses how an 
amine-based process is applicable to shipping and can contribute to 
reducing the CO2 emissions from an LNG-fuelled ship, with special 
reference to taking advantage of the potential heat integration 
these ships present.
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Amine-based CO2 capture process
Chemical absorption using amine-based solvents continues to be 
the state-of-the-art process for post-combustion CO2 capture with 
commercial scale plants implemented on industrial sites such as 
power plants and waste incinerators. To summarise, the process 
consists of washing the gas with a liquid absorbent (the solvent) 
in a gas-liquid contactor (absorber) where the CO2 is removed 
from the gas by reacting with the amine content of the solvent. 
The cleaned gas is vented from the top of the absorber while 
the liquid solvent, now rich in CO2, is sent to the regeneration 
step where the reaction between the CO2 and the amine in the 
solvent is reversed by applying heat. The regenerated solvent 
is cooled and returned to the absorber, thereby closing the 
absorption-desorption loop. The CO2 leaving the regeneration 
section is very pure (>99.99% on a dry basis), but it is still wet 
and is at a low pressure, typically approximately 0.8 bar above 
atmospheric. The removed CO2 must be further processed 
to meet transport and storage requirements. The solvent 
regeneration step is energy intensive, and it is usually carried out 
thermally. 

An LNG-fuelled ship offers unique opportunities for energy 
integration with an amine-based CO2 capture unit. Heat can be 
recovered from the exhaust gas and used in the regeneration 
step. At the same time, the produced CO2 can be cooled and 
liquified using the heat sink provided by the vaporisation of the 
LNG fuel used to power the ship. This potential is discussed later.

Opportunities and challenges for 
SBCC
Applying CO2 capture onboard ships imposes several unique 
challenges. As the precise nature of the fuel used in ships varies 
from vessel to vessel (e.g. LNG, diesel, different sulfur content oils, 
etc.), the components present in the flue gas will vary accordingly. 
The presence of sulfur in the fuel will generate SOX which reacts 
irreversibly with amines, seriously degrading their absorption 
performance. In combustion engines, NOX will also be formed and 
this also reacts with amine. Even though ships can be equipped 
with de-NOX and de-SOX units, it is practically impossible to 
eliminate these components. A recent study showed that using 
sea water and sodium hydroxide (NaOH) can effectively reduce 

sulfur emissions to meet IMO regulations. Higher removal rates 
could be achieved at the expense of higher co-absorption of CO2 
but this increases the costs of NaOH make-up and, consequently, 
operating cost (NaOH is not thermally regenerated). LNG fuel, on 
the other hand, is already sulfur-free which eliminates the SOX 
issue altogether.

The traditional amine-based process uses vertical towers for 
the absorber and desorber. These towers are statically fixed in 
land applications. However, when placed aboard a vessel at sea, 
the towers are subject to the ship’s movement which will 
influence the quality of gas-liquid contacting. Preliminary 
laboratory test results have shown that when cyclic movement is 
applied to these towers and tower heights are kept short, the 
capture performance is only minimally affected.  

Aboard ships space is critical, and non-cargo use must be 
minimised. Traditional land-based capture towers are usually 
large and designed often without height restrictions. Their 
dimensions depend on the solvent used and capture rates 
required, and they can easily reach 30 m or more in height. The 
height of the column, its dia., and the packing used provide the 
necessary area for the gas-liquid contact. Given the onboard 
spatial limitations, height and dia. must be minimised. To 
compensate for small physical dimensions, a packing with a 
higher specific area can be used (at the expense of a higher 
pressure drop and increased capital cost). Spatial limitations (and 
weight) can also pose a challenge to the CO2 storage tanks. The 
size of the tanks will also be linked to the capture capacity and 
they must be carefully sized.

CO2 capture onboard ships can offer heat integration 
opportunities which can potentially reduce the capture costs, 
especially in the case of LNG-fuelled ships where heat sinks are 
available for cooling and liquefying the produced CO2. Moreover, 
removing CO2 from flue gases is not as strict as removing CO2 
from natural gas because the cleaned flue gas has no strict, 
inherent specifications. Therefore, variations on the capture 
performance (or even a complete plant stoppage) have no 
serious consequences to the ship’s operability. In natural gas 
sweetening, on the other hand, variations in the CO2 removal 
performance will likely produce off-specification gas product 
which cannot be sold, thereby reducing the unit’s profitability.

Finally, CO2 capture processes are costly to operate. Although 
technical feasibility is proven, the successful implementation of 
such processes depends on several external variables such as 
carbon taxes. This article does not intend to address a detailed 
analysis of this topic and will give only a brief overview of the 
possibilities of implementing such a process onboard a ship. 
However, these types of studies should be done on a 
case-by-case basis, considering specific physical aspects and 
layouts of the ship (e.g. route, engine and fuel type, heat 
available, engine load, etc.).

SBCC case study
As for industrial plants, the capture unit should be designed 
case-by-case, taking into consideration the ship’s (plant’s) 
peculiarities. It is not the focus here to optimise a particular case, 
but rather to illustrate the use of carbon capture aboard a ship. 
The case study focuses on how spatial limitations influence the 
capture process, and gives some alternatives to overcome these 
constraints.

For this study, CO2 capture on an LNG-fuelled ship (3000 kW 
engine) with flue gas characteristics given in Table 1 is analysed. 

Table 1. Flue gas characteristics6

Parameter Value Units

Temperature 381 ˚C

Pressure 1.05 bar

Gas flow rate 4.6 kg/sec.

Composition

CO2 4.8 % mol

O2 10.2 % mol

N2 74.2 % mol

Ar 0.9 % mol

H2O 9.9 % mol
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Assuming that the exhaust gas is vented without any heat 
recovery, it is possible to recover approximately 1.25 MWth by 
cooling it to 130˚C. If only heat integration is used, the CO2 capture 
rate will be limited by the amount of heat recovered from the flue 
gas, or the cooling for CO2 liquefaction. The height of the packing 
for both absorber and desorber were set at 6 m (total column 
height would be approximately 10 m) to account for height 
limitations. The choice of packing is critical to the performance of 
the process. The packing type and height will influence both 
CAPEX and OPEX (e.g. via the pressure drop) of the process. Higher 
specific area packings result in higher pressure drops and costs, 
but require shorter columns. Typical larger industrial applications 
use packings with dry specific surface areas up to 250 m2/m3 (e.g. 
Mellapack 250X) to balance costs. In this study, the capture rate 
was arbitrarily set to 90% recovery and the simulations were 
performed using two sets of packings: 

 z 250 m2/m3 (250X) for both absorber and desorber. 

 z 500 m2/m3 (500X) for the absorber and 350 m2/m3 (350X) for 
the desorber. 

Considering the packing height limitations, for the same 
capture rate, the ProTreat® simulator shows that the lower specific 
area packing (250X) requires a specific reboiler duty (SRD), 
(Figure 1), nearly twice the total heat actually available via heat 
recovery. This makes it impossible to achieve 90% CO2 capture 
with this packing. Instead, the capture rate is limited to 
approximately 70% (only taking the heat limitation into 
consideration).

By increasing the absorber packing specific area (500X size 
packing), the absorption of CO2 is more efficiently performed and 
so requires less solvent circulation and consequently less heat for 
regeneration. Under these conditions, 90% CO2 removal can be 
achieved using the heat recovered from the exhaust gas.

In the case studied, the pressure drop across the absorber with 
500X packing is more than twice that of 250X packing 
(17 vs. 7 mbar). It was assumed, for illustrative purposes, that the 
flue gas is at 50 mbar overpressure (at absorber inlet). Given the 
pressure drop for both cases, this pressure is more than sufficient 
to operate with either packing. However, if the gas is available 
below 17 mbar overpressure, the use of the 500X packing becomes 
infeasible without using a blower. Therefore, it is important to 
evaluate the necessity for a blower because it influences both 
CAPEX and OPEX.

Although higher capture rates are technically possible (and, in 
general, should be aimed for), Figure 1 shows that 90% capture 
rate is an upper limit for the particular case studied here. Higher 
capture rates would require higher reboiler duty which is 
unavailable for the conditions of this study, but may be available 
for different ships.

The CO2 produced requires a liquefaction step in which CO2 
will be compressed and cooled to remove the water and other 
minor contaminants. The cooling energy can be provided by 
integration with LNG evaporation which is limited by the flow of 
LNG to be vaporised. The amount of CO2 liquefied will also depend 
on the CO2 pressure. A study by Joan van den Akker showed that 
for CO2 compressed at 22 bara, there is enough cooling energy to 
liquefy the CO2 captured for the 90% case.6 

Conclusions
IMO regulations have set clear and ambitious targets for 
reducing GHG emissions from ships. Changing the fuel 

type to cleaner and low-to-zero emissions (e.g. hydrogen, 
ammonia, biogas, LNG, etc.) is a possibility. However, it would 
require changing the existing ship’s engine and requiring 
the fuels themselves to be produced sustainably or the GHG 
emissions simply are moved off the ship but not removed. 
With the exception of LNG, most of these new fuels are under 
development and commercial applications are still in the future. 
Therefore, reducing GHG emissions on ships will require a 
multitude of technologies. SBCC can be a potential technology 
to reduce GHG emissions as it can be directly retrofitted to ships, 
or immediately incorporated into the design of new-builds. The 
design of the capture plant must be done on a case-by-case 
or ship-by-ship basis to account for all opportunities, and this 
needs to be followed by a critical economic analysis. Challenges 
such as flue gas contaminants and spatial limitations of the 
individual ship must be considered as well as opportunities for 
heat integration. LNG-fuelled ships are an interesting alternative 
for CCS applications as they offer cleaner flue gases and heat 
integration both for the regeneration of the solvent and for CO2 
liquefaction. 
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Figure 1. Reboiler duty variation with liquid flow rate (L/G) 
predicted by the ProTreat® simulator. Left axis: Solid lines 
represent the specific reboiler duty (SRD); and right axis: 
dashed lines represent the absolute reboiler duty.6


