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Abstract: The transport sector powered by internal combustion engines (ICE) requires novel ap-
proaches to achieve near-zero CO2 emissions. In this direction, using CO2 capture and storage (CCS)
systems onboard could be a good option. However, CO2 capture in mobile sources is currently
challenging due to the operational and space requirements to install a CCS system onboard. This
paper presents a systematic review of the CO2 capture in ICE driven transport to know the methods,
techniques, and results of the different studies published so far. Subsequently, a case study of a CCS
system working in an ICE is presented, where the energy and space needs are evaluated. The review
reveals that the most suitable technique for CO2 capture is temperature swing adsorption (TSA).
Moreover, the sorbents with better properties for this task are PPN-6-CH2-DETA and MOF-74-Mg.
Finally, it shows that it is necessary to supply the energy demand of the CCS system and the option is
to take advantage of the waste heat in the flue gas. The case study shows that it is possible to have a
carbon capture rate above 68% without affecting engine performance. It was also found that the total
volume required by the CCS system and fuel tank is 3.75 times smaller than buses operating with
hydrogen fuel cells. According to the review and the case study, it is possible to run a CCS system in
the maritime sector and road freight transport.

Keywords: CO2 emissions; carbon capture; internal combustion engine; mobile sources; TSA

1. Introduction

The global necessity of maintaining economic growth produces an increase in energy
consumption. Despite the efforts in decoupling both issues, this indicator continues to
grow, being the industry, transport and residential sectors the major contributors with
79.1% of the total energy consumption in 2017 [1]. Electricity and heat production and the
transport sector produced the highest CO2 emissions, at 41.4% and 24.5%, respectively [2].

To achieve the Paris agreement objective to limit the increase of the global tempera-
ture under 2 ◦C [3], the European Union (EU) has promoted renewable energies, energy
efficiency, and fuel substitution policies [4]. These measures have allowed expanding tech-
nological innovations to reduce the CO2 in the energy, construction, industry, agriculture,
and transport sectors.

Up to date, the technological innovations to reduce CO2 emissions in the transport
sector revolve around four topics: the use of alternative fuels, such as biofuels, natural gas
(NG), liquefied petroleum gas (LPG), and H2 [5,6]; the reduction of the fuel consumption
is achieved through the enhanced engine thermal efficiency [7], by using eco-driving
technologies [8,9]; the optimization of the engine energy-balance, transforming waste heat
flows through Organic Rankine Cycles (ORC) or Thermo-Electric Generators (TEG) [10–13],
the reduction of driving resistances [14], and the development of powertrains powered by
electricity. The advantage of these vehicles (fuel cell vehicles and electric vehicles) is that
they are CO2 zero-emission options, unlike the previously mentioned technologies.

These technologies have been insufficient to reduce the CO2 emissions from this sector,
as is shown in Figure 1. However, the EU expects a substitution of internal combustion
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engine vehicles (ICEv) by electric vehicles (EVs) in urban transport from 2030, and it will
be anticipated CO2 free city logistics in major urban centres by 2050 [15]. Nevertheless, EVs
are far from replacing the engine combustion vehicles used in road freight transport due to
low energy density and high weights in their batteries that result in low ranges [16]. On
the other hand, according to the United States Environmental Protection Agency (US EPA),
lithium-ion batteries not only increase environmental toxicity and cause global warming
(due to the material extraction for its manufacture and final disposal of the batteries)
but induce pulmonary and neurological diseases in people involved in the production
chain [17].
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Therefore, if the transport sector wants to be fully CO2 zero-emission, technological
innovations used in other sectors must be considered to apply in road freight transport. The
carbon capture and storage (CCS) technologies have been widely explored, but only some
have the potential to capture the CO2 produced by ICEv used in road freight transport.
CCS systems have been primarily used in power plants because they are the predominant
source emitter of CO2 [19]. Until 2019, there were 19 large-scale CCS projects in operation,
4 installations are about to start, and 28 others are in various stages of development, with
an estimated CO2 capture of 96 Mton per year [20], corresponding to 0.3% of the total CO2
emissions for 2017. In addition, 100 smaller-scale projects are currently ongoing [21].

The existing CCS systems have been adjusted to the nominal operation of power
plants, almost always in a stationary mode. Therefore, in the selection of a CCS system
for its implementation in an ICE driven vehicle (ship or truck), adaptation to the typical
operating characteristics of the transport sector, such as variations of the mass flow and
concentration of species in the FG due to acceleration, decelerations, and engine loads,
must be considered. Where applicable, the use of CCS technologies in the transport sector
should be coupled with a fuel that produces near-zero particle emissions, not to affect the
operation of the selected capture method.

In addition, the selection of a CCS system to operate in the transport sector will de-
pend on the end-use of the CO2 captured onboard. The possibility to produce synthetic
methane to be subsequently used as fuel in the internal combustion engine (ICE) should
be contemplated if a decarbonized and circular economy is pursued. The generation of
synthetic methane combining electrolytic H2 from renewable electricity and CO2 captured
from an existing source is a promising Power-to-Gas (PTG) technology due to its ver-
satility [22–27] and the possibility of being integrated into the current NG supply and
distribution system [28]. In addition, as several studies have shown [29,30], the vehicles
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that operate with this kind of fuel produce less noise and near-zero particulate matter.
Integration of CO2 capture in synthetic methane fuelled engines would close the circle and
move the ICE vehicle sector towards CO2 emission neutrality, which will counteract the
problems noted above [31–33]. To sum up, the integration of CCS in the transport sector
could be an excellent way to keep the existing ICE in the market under the upcoming
near-zero CO2 emissions scenarios with zero presence of fossil fuels

This paper aims to ascertain which CCS technology already tested in power plants
best adapts to the operational characteristics of an ICE used in maritime and road freight
transport. First, a short review of the CCS technologies used in power plants is presented.
Then, a review of patents and research studies on the CCS systems and techniques in the
transport sector is conducted. Finally, a case study is developed to anticipate the energy
and space requirements of the CCS system integrated into commercial ICEs for maritime
and road freight transport. This paper tries to contribute to the state of the art of CCS
with a critical and comprehensive analysis of the possibility of performing CO2 capture in
mobile sources.

2. Carbon Capture and Storage

CCS refers to many technologies that capture CO2 at some stage of a combustion
process or an industrial process that produces CO2 as waste [34–36]. In the first case,
the CO2 capture can be carried out after the combustion process (post-combustion, oxy-
combustion and chemical looping combustion) or before the combustion process (pre-
combustion), as represented in Figure 2 [37]. The higher the partial pressure of CO2 in the
gas, the better the efficiency of adsorption or absorption of CO2 [38,39].
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In post-combustion, the capture occurs at a CO2 low partial pressure, while capturing
through oxy-combustion, pre-combustion and chemical looping combustion (CLC), whose
aim is to increase the CO2 concentration in the flue gas (FG), allows a higher partial
pressure of CO2 in the gas. However, to increase the CO2 concentration, it is necessary to
use additional equipment such as reactors or air separator units (ASU), which requires a
large amount of power, thus decreasing the overall efficiency of the process [40].
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In mobile sources as ICE driven ships and vehicles, the CO2 capture could be done by
the three CCS methods shown in Figure 2. However, the CO2 capture in post-combustion
is the predominant method by the nature of the powertrain used in this sector. According
to Wang et al. [41], the main techniques that could be applied for CO2 capture in maritime
transport are amine-absorption, temperature swing adsorption (TSA), cryogenisation and
membrane processes. On the other hand, according to Sullivan and Sivak [42], the most
promising CO2 capture technologies for the freight transport sector are amine-absorption
and TSA. A short review of these techniques used in CCS is presented below.

2.1. Amine-Absorption

CO2 capture by amine-absorption is the most mature and economical technology
available today used in power plants [43]. According to Joel et al., Salazar et al. and
MacDowell et al. [37,44,45], the installation consists of two interconnected columns. In
the first column or absorber, the amine absorbs the CO2 from the FG in a counter-current
reactor at temperatures between 40 and 60 ◦C and pressures around 1 bar. The clean FG
leaves the absorber from the top, while the solution rich in CO2 is pumped from the bottom
to the second column or stripper, where it is heated at temperatures between 80 and 120 ◦C
with steam coming from the reboiler at 2 bars of pressure. This reaction breaks the chains
between the CO2 and the amine, and the CO2 is released while the amine remains clean.
Then, CO2 is compressed and stored, and the lean solution is repumped to the absorber in
a cycling process, as shown in Figure 3 [46,47].
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Absorption by amines causes a reduction of approximately 10 points in the overall
efficiency of a power plant (there are still no experimental data of mobile sources) [50,51].
This reduction is caused by the vapour extracted in the turbine during the regeneration
process and the energy consumed by pumping and compression (parasitic loads), as shown
in Figure 3 [52,53]. The required properties of amines to be used in mobiles sources should
be low absorption heat, to lessen energy requirements, and high CO2 loading capacity (q),
to minimize amine mass in the CO2 capture. Table 1 shows some amines with suitable
characteristics for the capture of CO2 in mobile sources.
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Table 1. Amine main properties at 300 K, with great potential to be used in mobiles sources.

Solvent
Rate Constant

Reaction
[m3/kmol-s]

Absorption Heat
(∆Habs)

[kJ/molCO2]

Loading Capacity (q) Amine in the
Solution [wt%][molCO2/molamine] [molCO2/Lamine]

Ethanolamine (MEA) 8400 [54] −88.91 [55] 0.59 [56] 9.77 30

Diethanolamine (DEA) 1340 [54] −70.44 [55] 0.61 [56] 6.32 30

Ammonia (NH3) 7500 [57] −65.5 [58] 0.4 [59–61] 16 2.5

Piperazine (Pz) 53,700 [62] −80.58 [56] 0.81 [56,63] 10.34 30

Methyl diethanolamine
(MDEA) 11.15 [64] −52.51 [56] 0.74 [65] 6.51 30

Main problems with the amine-absorption include the degradation in operation at
high temperatures and the need to make the FG free of acid emissions (SO2 and NOx) and
particulate matter [66,67]. The amines are chemically unstable and highly corrosive in the
presence of oxygen. Due to their high viscosity, aqueous amine solutions at a maximum
concentration of 40 wt% [55] are used. One should not forget that amines are toxic to
aquatic organisms and react with NOx producing carcinogenic compounds that affect
human health [68,69].

2.2. Adsorption

The adsorption process is based on an intermolecular relationship among surface
forces in solids and gases, largely dependent on the temperature, partial pressure, surface
force and adsorbent pore sizes [46,70]. Several materials have an excellent potential for this
process, i.e., Activated Carbon (AC), zeolites, alumina, silica adsorbent, carbon nanotubes,
porous polymer networks (PPNs), metal-organic frameworks (MOFs) and others [71–74].
Furthermore, materials can be improved with the impregnation of amine sorbents [75].
The adsorption process cannot be used if there are high concentrations of CO2 in the FG
because of the general low q of the sorbent, as shown in Table 2, but it is adequate for
concentrations under 20% [76].

Table 2. Properties of materials used in adsorption.

Sorbent
Adsorption Heat

(∆Hads)
[kJ/molCO2]

Loading Capacity (q) Selectivity
CO2/N2

Specific Heat
(cp) [kJ/kgK]

* Density
(ρ) [kg/m3][kgCO2/kgadsorbent] ** [molCO2/Ladsorbent]

Polyethylenimine/silica
(PEI/HMS) [77] −95.04 0.059 - 1.81 -

PPN-6-CH2-TETA
[73,78] −48.22 0.06 1.21 >10,000 0.985 883.8

PPN-6-CH2-DETA
[73,78] −45.32 0.112 2.04 >10,000 0.985 805

PEI-PS-50 [79] −70.4 0.1276 - 1.65 -

Zeolite (13X) [80,81] −49.72 0.176 2.6 17.46 1.07 1430

MOF-74-Mg [73,78] −37.4 0.2284 4.75 209 0.896 914.9

* Crystallographic density. ** Calculated with a 50 % of the crystallographic density.

One of the techniques with the most significant potential to capture CO2 in ICEv is
adsorption. Specifically, the TSA technique is the most suitable process due to the high
thermal energy available in the FG in ICEv. TSA is a cyclic process that has four stages, as
shown in Figure 4. Initially, the CO2 adsorption occurs at low temperatures (approximately
30 ◦C). Then, the sorbent bed is heated until the desorption temperature (around 150 ◦C).
Thereafter, at this temperature, the sorbent releases the retained CO2. Finally, the bed is
cooled to start another cycle of adsorption [82–85]. In general, the main limitations of this
process are the reduction in the adsorption capacity when the FG stream is wet due to
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the hydrophilic character of the materials [86] and the low q (Table 2), which necessitates
a large amount of material to achieve more quantities of captured CO2. However, the
adsorption process can be adapted to several operation conditions because of its flexibility
to configure the reactors [86–88].
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2.3. Carbonate Looping

Carbonate Looping (CL), represented in Figure 5, has been widely investigated for
CO2 capture, and CO2 captures up to 90% have been experimentally achieved [89]. The
process involves reacting the FG with CaO at 650 ◦C and atmospheric pressure to obtain
calcium carbonate CaCO3 and FG without CO2 [90]. The CaCO3 is carried to a second
reactor where it is calcined at temperatures above 900 ◦C with pure oxygen, fuel and CO2,
and regenerate sorbent (CaO) is produced [90,91]. This technology is very advantageous
because it can also work for thermal energy storage. The calcination of solid CaCO3 with
concentrated solar energy produces CO2 and CaO, which are stored for subsequent use [92].
However, this process requires high levels of energy consumption in the ASU to supply
pure O2.

Energies 2021, 14, 6865 6 of 30 
 

 

 

Figure 4. General description of TSA Process (adapted from [82]). 

2.3. Carbonate Looping 

Carbonate Looping (CL), represented in Figure 5, has been widely investigated for 

CO2 capture, and CO2 captures up to 90% have been experimentally achieved [89]. The 

process involves reacting the FG with CaO at 650 °C and atmospheric pressure to obtain 

calcium carbonate CaCO3 and FG without CO2 [90]. The CaCO3 is carried to a second re-

actor where it is calcined at temperatures above 900 °C with pure oxygen, fuel and CO2, 

and regenerate sorbent (CaO) is produced [90,91]. This technology is very advantageous 

because it can also work for thermal energy storage. The calcination of solid CaCO3 with 

concentrated solar energy produces CO2 and CaO, which are stored for subsequent use 

[92]. However, this process requires high levels of energy consumption in the ASU to 

supply pure O2. 

 

Figure 5. Scheme of the CL process (adapted from [90]). 

2.4. Membranes 

CO2 capture with membranes is a concept developed in the nineteen-eighties and 

includes benefits such as being a compact, flexible and modular solution, as well as ease 

of maintenance and operation [93,94]. The involved mechanisms are solution/diffusion, 

adsorption/diffusion, molecular sieve, and ionic transport [46,95]. Figure 6a shows a gas 

absorption membrane contactor. In this membrane, the CO2 mass diffuses across the 

membrane and absorbs into the absorbent [96]. These membranes are usually composed 

of commercial polymers that absorb the CO2 from the FG. Figure 6b shows the gas sepa-

ration membranes. In these membranes, the CO2 (in the FG at high pressure) diffuses 

through the membrane pores faster than other components [46]. Membranes that work 

under the separation principle are manufactured with ceramics, polymerics, and blends 

of both materials [46,97]. 

Figure 5. Scheme of the CL process (adapted from [90]).



Energies 2021, 14, 6865 7 of 30

2.4. Membranes

CO2 capture with membranes is a concept developed in the nineteen-eighties and
includes benefits such as being a compact, flexible and modular solution, as well as ease
of maintenance and operation [93,94]. The involved mechanisms are solution/diffusion,
adsorption/diffusion, molecular sieve, and ionic transport [46,95]. Figure 6a shows a
gas absorption membrane contactor. In this membrane, the CO2 mass diffuses across the
membrane and absorbs into the absorbent [96]. These membranes are usually composed of
commercial polymers that absorb the CO2 from the FG. Figure 6b shows the gas separation
membranes. In these membranes, the CO2 (in the FG at high pressure) diffuses through
the membrane pores faster than other components [46]. Membranes that work under
the separation principle are manufactured with ceramics, polymerics, and blends of both
materials [46,97].

Energies 2021, 14, 6865 7 of 30 
 

 

 

Figure 6. (a) Gas absorption membrane contactor, (b) separation membrane (adapted from [46,95]). 

Several studies have tested the use of advanced materials, such as graphene, as fill-

ers in a polymer matrix for separation [98] or have shown that a cascade configuration for 

compressors improved the energy consumption by achieving an increase in the efficiency 

of 3.8% with 70% CO2 separation in real-sized power plants [99]. Mathematical simula-

tions of multi-stage membrane networks for coal-fired power plants [100] have shown 

that the optimal configuration is a three-stage configuration with a 98% rate of CO2 cap-

ture. 

As this technology is in its first stage of implementation, the only applications have 

occurred at a lab-scale, so that the behaviour at a pilot-scale and full scale remains un-

known [66]. Ongoing research is attempting to overcome the capture ratio, which cannot 

attain good values in only one membrane stage if the concentration of CO2 is high. For 

example, for a typical concentration of a coal power plant of approximately 15%, multiple 

stages of membranes are required, increasing the operational cost [101,102]. However, 

compared to the absorption process with MEA-scrubbing, membranes are still not com-

petitive, as they need 2.3 times the cost of the operation, according to Jafari et al. [103]. 

Therefore, several authors have suggested that reducing the price of the membranes 

would have a significant impact due to the large area required to deal with typical gas 

flows [104]. 

2.5. Other Forms for CCS 

There are other methods for CO2 capture that could be excellent alternatives to the 

previously described methods if the experimental stages are completed. Cryogenic CO2 

capture has been able to accomplish a CO2 capture of approximately 99.99% [105]. Song 

et al. [106] describe seven methods (cryogenic packed bed, external cooling loop cryo-

genic carbon capture, anti-sublimation, cryogenic distillation, controlled freezing zone, 

cryoCell process and Stirling cooler system) for processing. The main problem with the 

cryogenic process is the high energy consumption required to keep the temperatures or 

to increase the pressures [106], and complications for the CO2 depositions over the heat 

transfer surface below its triple point (517 kPa and 56.6 °C) [107]. The bio-fixation of CO2 

with microalgae for biodiesel production is a method that takes advantage of the high 

photosynthesis rate of microalgae. The process consists of passing the FG through a mi-

croalgae crop in the presence of solar radiation so that the microalgae capture the CO2. 

Moreover, this process is advantageous because it could be used in parallel with 

wastewater treatment and thus could result in a double benefit [108]. 

3. CCS in the Transport Sector 

The applicability of the CO2 capture techniques in mobile sources, specifically in 

ships and ICE vehicles, faces several challenges, such as space limitations, natural condi-

tions of operation (i.e., rapid acceleration and deceleration), energy requirements for ad-

Figure 6. (a) Gas absorption membrane contactor, (b) separation membrane (adapted from [46,95]).

Several studies have tested the use of advanced materials, such as graphene, as fillers
in a polymer matrix for separation [98] or have shown that a cascade configuration for
compressors improved the energy consumption by achieving an increase in the efficiency
of 3.8% with 70% CO2 separation in real-sized power plants [99]. Mathematical simulations
of multi-stage membrane networks for coal-fired power plants [100] have shown that the
optimal configuration is a three-stage configuration with a 98% rate of CO2 capture.

As this technology is in its first stage of implementation, the only applications have
occurred at a lab-scale, so that the behaviour at a pilot-scale and full scale remains un-
known [66]. Ongoing research is attempting to overcome the capture ratio, which cannot
attain good values in only one membrane stage if the concentration of CO2 is high. For
example, for a typical concentration of a coal power plant of approximately 15%, multiple
stages of membranes are required, increasing the operational cost [101,102]. However, com-
pared to the absorption process with MEA-scrubbing, membranes are still not competitive,
as they need 2.3 times the cost of the operation, according to Jafari et al. [103]. Therefore,
several authors have suggested that reducing the price of the membranes would have a
significant impact due to the large area required to deal with typical gas flows [104].

2.5. Other Forms for CCS

There are other methods for CO2 capture that could be excellent alternatives to the
previously described methods if the experimental stages are completed. Cryogenic CO2
capture has been able to accomplish a CO2 capture of approximately 99.99% [105]. Song
et al. [106] describe seven methods (cryogenic packed bed, external cooling loop cryogenic
carbon capture, anti-sublimation, cryogenic distillation, controlled freezing zone, cryoCell
process and Stirling cooler system) for processing. The main problem with the cryogenic
process is the high energy consumption required to keep the temperatures or to increase the
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pressures [106], and complications for the CO2 depositions over the heat transfer surface
below its triple point (517 kPa and 56.6 ◦C) [107]. The bio-fixation of CO2 with microalgae
for biodiesel production is a method that takes advantage of the high photosynthesis rate
of microalgae. The process consists of passing the FG through a microalgae crop in the
presence of solar radiation so that the microalgae capture the CO2. Moreover, this process
is advantageous because it could be used in parallel with wastewater treatment and thus
could result in a double benefit [108].

3. CCS in the Transport Sector

The applicability of the CO2 capture techniques in mobile sources, specifically in ships
and ICE vehicles, faces several challenges, such as space limitations, natural conditions of
operation (i.e., rapid acceleration and deceleration), energy requirements for additional
devices, low concentrations of CO2 and low pressures in the FG [42]. In particular, the CO2
captured (as liquid) storage requires a tank three times larger than the fuel tank because
the CO2 production in mass is three times higher for a mobile source that operates with
diesel or gasoline [41]. Several studies of CCS systems mounted in ships and ICEv with
the CO2 capture techniques have been developed previously. These approaches have
been conducted from different perspectives, such as economic evaluations, operational
conditions, simulations, and experimental oxy-fuel-combustion in ICE, pre-combustion,
and even CO2 bio-fixation. The following sections are focused on the state of the art in CO2
capture from mobile sources as shown in patents and literature sources.

3.1. Maritime Sector

Shipping is the most efficient mode of transportation from the energy point of
view [109], and their GHG emissions represent approximately 2% of global emissions [110].
In 2018, the International Maritime Organization (IMO) established a reduction of at least
50% CO2 by 2050 as an objective [111]. CCS is an excellent way to achieve this goal, in
addition to other technologies to reduce CO2 emissions, such as hull air lubrication and
wind-assist [112]. Furthermore, CO2 capture in ships is operationally advantageous, as
engine loads and velocity are usually constant. These conditions produce constant con-
centration and FG mass flow (suitable for amine-absorption), and there is available space
to install CCS systems. Moreover, it has also thought to perform research into storing the
CO2 in the Liquified Natural Gas (LNG) tank when it is empty, taking advantage of the
temperature and pressure conditions for the LNG storage. It would allow higher cargo
space on the ship and, thus, more economic benefits of the CCS system. Table 3 summarises
the recently published studies about CCS in the maritime sector reviewed in the following
paragraphs.

Table 3. Main results of CO2 capture in the maritime sector.

Ref. Method CO2 Technique Detail Analysis Main Results

[113] Postcombustion Amine-absorption MEA at 30 wt%
CCR 90% Economic € 73 per ton of captured CO2

[114] Postcombustion Amine-absorption
MEA at 30 wt%

Pz at 30 wt%
CCR 60 and 90%

Technical and
economic

Pz is 34% more economical
than MEA

Desorption pressure with Pz
at 5 bar

Desorption pressure with
MEA at 2 bar

CO2 storage at 11 bar

[115] Postcombustion Amine-absorption MEA at 35 wt%
CCR 73 and 90% Economic 77.5 €/ton CO2 at 73% of CCR

163 €/ton CO2 at 90% of CCR
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Table 3. Cont.

Ref. Method CO2 Technique Detail Analysis Main Results

[116] Postcombustion Amine-absorption MEA at 35 wt% Technical and
economic

CCR 93%
Operational costs decrease
when investment is lower

than 710,000 USD/MW and
the CO2 emission tax per unit

mass is higher than
32 USD/ton

[117] Postcombustion CL NaOH and CaO Technical and
economic

CCS system requires 24 m2

Operating cost increment of
10.6 and selling the CaCO3

of 6.8%

[118] Postcombustion Amine-absorption
NH3 at 3.5 and

4.1 wt%
CCR of 75%

Energy
Reboiler energy consumption
is 6.3 and 4.5 MJ/kg CO2 at

3.5 and 4.2 wt% of NH3

[119] Postcombustion Amine-absorption
NH3 between 4

and 10 wt%
CCR 90%

Energy Reboiler energy consumption
decrease 28.5% for 4% of NH3

[120] Postcombustion CL NaOH and CaO Technical
NaOH flow rate required was

12.52 tons/day
CCR of 20%

[121] Postcombustion Amine-absorption MEA at 35 wt% Energy CCR of 56.5% tropical
conditions

[122] Postcombustion Amine-absorption MDEA at 22% and
Pz at 8% Technical

CCR of 12.2% for 2030
CCR of 34.8% for 2040

CCR of 68.35% for 2050

[123] Postcombustion CL NaOH and CaO Life cycle
CCR of 37%

Life cycle cost is 40% minor
than the base configuration

[124] Pre-combustion Electromethanol Hymethship Life cycle Reduction of 98% of GWP20
and GWP100

[125] Postcombustion Adsorption
K2CO3 raw and on

an alumina base
and support

Technical CCR of 43% with K2CO3
supported on an alumina base

[126] Postcombustion Adsorption K2CO3 supported
on porous alumina Energy

CCR of 30% with K2CO3
supported on an alumina base
Carbonation and regeneration

temperatures are 60 and
120 ◦C, respectively

The maritime sector has focused on investigations on simulations of CO2 cap-
ture employing amine-scrubbing, being the MEA, the Pz, and NH3 the amines more
used [113–115,118,119]. These research works evaluated mainly the CO2 capture costs and
the heat duty in the reboiler varying the CCR, the amine concentration in the solution, the
pressure of CO2 compression, among other variables. As shown in Figure 7, the higher
the amine concentration in the solution, the lower the heat duty in the reboiler. It can be
explained because there is an increase in the CO2 loading in the solution, and therefore,
there is a lower mass flow of solution for the same CCR, which produces a decrease in
required heat duty in the reboiler.
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Figure 7 also leads to predict that an increase of the CCR produces a rise in the heat
duty in the reboiler. The absorption heat rules this behaviour because if more CO2 is
captured, it will need more energy in the stripper to clean the solution. Consequently, the
CO2 capture with MEA at 30 wt% presents a higher heat duty than Pz at 30 wt% due to the
higher absorption heat of MEA than the Pz. The influence of the fuel is also represented in
Figure 7, and it can be found that with Pz at 30 wt%, heating requirements are higher for an
ICE fuelled with LNG than an ICE fuelled with diesel because there is less CO2 emission in
an ICE fuelled with LNG. Finally, the gathered results show that the NH3 requires 3 times
less solvent in the solution and 2.5 times less heat duty to achieve a CCR of 90%.

Regarding the CO2 capture costs summarized in Figure 8, there is a decreasing ten-
dency as the CCR and the amine concentration in the solution increase. The most affordable
CO2 capture cost is with Pz at 90% of CCR and with the engine fuelled with LNG, the
value found is close to 100€ per ton of CO2. It is also observed that the CO2 capture cost
with diesel is the costliest, mainly due to the higher price of this fuel relative to LNG. Fang
et al. [116] also found that a ship operation with a CCR of 93% in the CCS system required
an investment of 710,000 USD/MW.

Stec et al. [121] showed the influence of atmospheric conditions in the amine-absorption
with MEA at 30%. The results show that CCR ranges from 31.4% in arctic conditions to
56.5% in tropical conditions. The higher CCR under tropical conditions can be explained as
more waste heat from the FG is recovered, leading to a high CO2 capture. In addition, Lee
et al. [122] studied the scenarios of CO2 reduction established by the IMO (45% 2030, 55%
2040 and 70% 2050) [113]. The simulation considered a blend MDEA at 22 wt% and Pz at
8 wt% as amines in the CCS system. The results show a reduction of CO2 in the maritime
sector of 12.2, 34.8 and 68.3% in 2030, 2040 and 2050, respectively. These values of CO2
reduction are lower in 2030 and 2040, but in 2050, the CO2 reduction value is barely lower
than that established by the IMO.
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The second technique dealt with in the literature to capture CO2 in the maritime
sector is the CL. Research shows that it is possible to obtain a CCR between 20 and
55.6% [117,120,123]. The operational costs of a ship with a CCS system would suffer an
increase of 10.6% that can be reduced to 6.8% after selling the CaCO3 produced in the
CO2 capture process [117]. However, the life cycle costs can be reduced by 40% compared
to a ship without a CCS system [123]. The third technique used in the maritime sector
is the adsorption with K2CO3 supported on an alumina base. Some experimental tests
were carried out with a synthetic composition of FG of a marine diesel engine, obtaining a
maximum CCR of 43% using a sorbent with a 3.6 wt% of K2CO3, making the carbonation
and regeneration processes at 60 and 120 ◦C, respectively [125,126]. Finally, the last method
of CO2 capture in the maritime sector found in the literature is proposed by Malmgren
et al. [124]. It consists in capturing the CO2 onboard, transporting it to the port, processing
it to convert into methanol, and then processing this into the ship through a precombustion
process to obtain H2 (as a fuel of ICE). The life cycle assessment shows that it is possible to
reduce climate change variables GWP20 and GWP100 by 98% and the particulate matter
by 88% compared to a ship without the CCS system

The research works found in the literature show that the CO2 capture in the maritime
sector is done chiefly using amine-scrubbing. This inclination in research could be due to
the high industrial development that this type of CO2 capture technology has and the high
availability of space on ships for its installation. In addition, a consensus in using waste
heat from the FG to supply the energy required by the CCS system was found. Additionally,
for the ships that operate with LNG, it is developed to take advantage of the available
heat cooling to liquefy the CO2 captured. According to the review, it is clear that the CO2
reduction established by the IMO cannot be achieved without a CCS system in the ships.
Finally, it is necessary to develop experimental tests to verify all the information provided
by the authors, thus trying to close the gap and make the CCS systems in the maritime
sector reality.
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3.2. Internal Combustion Engines Vehicles (ICEv)

The CCS in vehicles is especially challenging due to the space available for installing
devices and store the CO2 and the additional energy consumption of the system required
for CO2 capture [42]. In this section, a review of patents and research summarized in
Table 4 is conducted, focusing on the CO2 capture techniques and procedures and the extra
components in the CCS system to operate.

Table 4. Main results of CO2 capture in ICEv.

Ref. Method CO2 Technique Detail Analysis Main Results

[127] Oxy-fuel
combustion ICRC O2 and water

injection Modelling Demonstration

[128] Oxy-fuel
combustion ICRC

SI-ICE, fuel C3H8,
2000 rpm, 40% of

O2

Performance Increase in the indicated work
of 7.8%

[129] Oxy-fuel
combustion ICRC

SI-ICE, fuel C3H8,
2000 rpm, 45% of

O2

Performance 2% reduction in the
indicated work

[130–132] Oxy-fuel
combustion

Intake charge EGR
and CO2

SI-ICE, fuel CH4,
35.4% of O2 % Performance IMEP: 9.6 bar

[133] Oxy-fuel
combustion

Intake charge and
CO2

CI-ICE, Fuel diesel Performance
simulation

40 kW of brake power with a
CO2 fraction 72%, O2 ratio 1.5

compression ratio 22

[134] Oxy-fuel
combustion ICRC SI-ICE Performance

simulation

EGR 5%
Thermal efficiency 42%

CFR 26.4%

[135] Oxy-fuel
combustion

ICRC with EGR
60% SI-ICE fuel C3H8 Performance Indicated work is increased

by 7.8%.

[136] Post-combustion Amine-absorption

CI-ICE, fuel diesel,
MEA 30 wt%,

DMEA 30 wt%,
NH3 30 wt%

Energy

CCR of 90% regeneration
energy 2.2 kWh with MEA
CCR of 80% regeneration
energy 0.7 kWh with NH3
CCR of 90% regeneration

energy 1.1 kWh with DMEA

[137] Post-combustion Adsorption
Absorption

Ford F-250 and
Toyota Camry’s Technical Ford CCR 10%, solid sorbent

Toyota CCR 25%, solvent

[138] Post-combustion Absorption Volvo heavy-duty
truck Technical CCR 40%

[139] Post-combustion Adsorption

CI-ICE, fuel diesel
and Biodiesel, AC

and Calcite as
sorbents

Technical

Diesel operation: CCR 11.45%
with calcite and CCR 7.29%

with AC
Biodiesel operation: CCR

15.79% with calcite and CCR
11.76% with AC

[140–142] Post-combustion Adsorption

CI-ICE, fuel diesel
and blends of

KOME, orange oil,
acetone, ethanol or

butanol or
pentanol, sorbent
AC and Zeolite

X13

Technical

Maximum CCR 65% with
zeolite X13 CI-ICE fuelled

with KOME, orange oil and
methanol

[143] Post-combustion Adsorption
CI-ICE, fuel diesel,

Sorbent Zeolite
X13

Technical CCR 45%
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Table 4. Cont.

Ref. Method CO2 Technique Detail Analysis Main Results

[144] Post-combustion Adsorption

SI-ICE, fuel
gasoline, sorbent

blend of MEA,
zeolite 5A and AC

Technical CCR 68%

[145] Post-combustion Adsorption
SI-ICE, fuel

gasoline, sorbent
zeolite X13

Technical CCR 70%

[146] Post-combustion Adsorption
SI-ICE, fuel

gasoline, sorbent
PEIs

Technical CCR 38%

[147] Post-combustion Adsorption
SI-ICE, fuel

gasoline, sorbent
activated alumina

Technical CCR 7.6%

[148] Post-combustion TSA

CI-ICE, fuel diesel,
ORC

implementation,
Sorbent

PPN-6-CH2 TETA,
CCR 90%

Simulation

It is possible a CCS system
operating in CI-ICE for road

freight transport without
affecting the engine

performance

[149] Post-combustion absorption
Adsorption

Synthetic FG,
NaOH and
Ca(OH)2

Technical With NaO CCR 100% for
70 min

[150] Post-combustion H2 Injection
Heavy duty

vehicle,
Membranes

Simulation CCR 75%

[151] Post-combustion H2 Injection
RWGS

SI-ICE, fuel CH4
operating at

2000 and
Technical CCR 3.88%

[152] Bio-fixation Microalgae CI-ICE, fuel diesel
and biodiesel Technical No reported some parameter

of CO2 reduction

The CCS methods used in ICEv, as found in the literature, are oxy-fuel combustion and
post-combustion. According to several patents, oxy-fuel combustion could be conducted by
membranes installed in the intake manifold, which separate the O2 from the air [153–155].
Perovskite membranes can perform this separation of O2 from the air, but these membranes
require high temperatures (approximately 800 ◦C) to obtain an adequate oxygen flow for
the combustion process [156]. This technique is not suitable for ICE because the admission
system will need high-temperature materials and a robust cooling system to increase the
O2 density, resulting in higher costs of the ICEv.

Another form to achieve oxi-fuel combustion in ICE’s is including an internal com-
bustion Rankine cycle (ICRC). This cycle involves injecting fuel, O2, and water vapour (to
limit the peak temperature in the combustion process) to obtain only CO2 and water in
the FG [127–135]. The experimental tests developed on the engines working in oxi-fuel
combustion evaluated the performance and emissions parameters varying the EGR, O2
concentration, the charge temperature in the intake manifold, compression ratio, among
other variables. Obtained results show an increase of the indicated work of 7.8% with a
40% O2 in the intake manifold and thermal efficiency of 42% with an EGR of 5%. There is a
decrease in the total hydrocarbons and CO emissions using wet EGR and an increase of O2
in the intake charge, and the NOx emissions present a reduction using wet EGR.

The second CCS method used in ICEv is the post-combustion capture.
Although membranes and microalgae bio-fixation techniques can also be found in

the literature, absorption and adsorption are primary methods to capture CO2. Research
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works and patents with amine-scrubbing (absorption) are few. The patents describe how
the CCS system would operate in an ICE [157–159]. These patents present new designs of
scrubbers, configuration of the reactors, use of elements as TEG’s or ORC to take advantage
of the waste heat of the FG to supply the system energetically. There is also research
and private development with amine scrubbing. The study evaluated experimentally
three primary amines at 30 wt% achieving a maximum CCR of 90% with regeneration
energy corresponding to the 58% of the energy contained in the FG [136]. However, the
regeneration energy of the amines was obtained by energy balance, and it did not consider
the energy losses associated with the transformation of thermal energy to mechanical
energy. Finally, the company Saudi Aramco has developed two CCS systems by absorption.
The first is a solvent system assembled underneath a Toyota Camry’s chassis, achieving
a CO2 capture of 25% [137]. The second prototype of the CCS system developed in 2019
uses a solvent based on amino acids, and it was installed at the top of a Class 8 Volvo
heavy-duty truck. The company reported a CCR of 40% of this system was achieved [138].

The adsorption has been more investigated than amine-scrubbing to capture CO2
in ICEv. Several research works have evaluated different sorbents in SI-ICE and CI-ICE.
The experimental tests were carried out with a sorbent bed installed in the exhaust gas
pipe [139–147]. Figure 9 shows the results of CCR obtained by these investigations. As can
be seen in this figure, the Zeolite X13 has the best performance with CCR values above 60%
independent on the kind of ICE used. The sorbents impregnated with MEA also had an
excellent performance regarding CCR, showing values close to the obtained by the zeolite
X13. Both results are a consequence of the high CO2 loading of zeolite X13 and MEA, which
improves CO2 capture when impregnated in sorbents.
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It also was found a patent and a private development of CCS systems by adsorption
in ICEv by the company Saudi Aramco. According to its website [137], the CCS system by
adsorption (2011) consisted of integrating a solid sorbent into a Ford F-250 pickup truck,
achieving a captured 10% of the CO2 emissions. The patent considers using the thermal
energy from the FG to regenerate the sorbent and the thermal energy in the cooling engine
system to compress the CO2 [160].

A complete study of the CCS system was performed by Sharma and Maréchal [148].
They made simulations of a TSA system with PPN-6-CH2 TETA as sorbent, a rotary wheel
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adsorbed for the process of regeneration of the sorbent and desorption of the CO2, an ORC,
and heat pump for the energy requirements, and a CCR of 90%. The CO2 captured comes
from a delivery truck that consumes 50 L of diesel and produces 117 kg of CO2 during 8 h
of operation. The results show that it is possible to conduct the CO2 capture only with the
energy supply by the FG. Although it is a comprehensive study, it does not consider the
rpm and load engine variations, which could affect the performance of the CCS system
proposed.

Devices that allow the use of solvents or sorbents for CO2 capture are also re-
ported [149,161]. These devices achieve a CCR of 100% for periods of 70 min. However, it
then drops to zero after 220 min of operation. Another CO2 capture technique proposed in
post-combustion is the use of a high flux MFI-Alumina Hollow Fibers membrane. Accord-
ing to the simulations performed by Pera et al. [150], up to 75% CO2 can be captured with
a 95% purity if a cascade of two hollow-fibre units is used.

Bio-fixation with microalgae or injection of H2 into the FG to produce methane through
a reverse water-gas shift (RWGS) to use it again as a fuel in the engine have been also
studied [151,152]. Despite being novel techniques, these techniques reported a low CCR
and methane conversion. However, they are still far from being well developed to be
considered in the short term.

This section has summarized the most important results obtained in the investigations
related to the capture of CO2 in ICEv. As can be seen, patents on post-combustion by ad-
sorption and absorption and oxi-fuel combustion with membranes were found. Regarding
research works, experimental tests were carried out on post-combustion by adsorption,
oxi-fuel combustion and bio-fixation. Simulations of post-combustion by adsorption and
absorption and oxi-fuel combustion and membranes were also conducted.

Although there is a greater variety in CO2 capture techniques, only two works on
post-combustion (one with adsorption and the other with TSA) consider the sorbent or
amine regeneration and the CO2 storage. According to these works, the CO2 capture and
storage could be done without affecting ICE performance. However, these works were
performed under stationary conditions, and they did not consider variables such as the rpm
and engine load in which a road freight transport vehicle would operate. The sorbents with
the best results are sorbent impregnated with MEA, Zeolite X13 and PPN’s as sorbents. On
the other hand, several research works developed interesting concepts of the CCS system
on ICEv. However, these concepts are still impractical because the ICEv would need some
modifications, such as additional tanks, reactors, fuel injection systems, and other devices.

4. Case Study

The transport sector of long distances will continue operating with the conventional
combustion processes to obtain power. On this basis and considering the current develop-
ments in CCS technologies, there are significant opportunities to implant these technologies
in ICE once the main challenges related to the operational characteristics have been over-
come. After the review conducted in this paper, the TSA method is shown as the most
suitable for CO2 capture in ICEv, but some research regarding practical and operational
issues is lacking. This section estimates the energy and space requirements to install such a
CCS system without affecting the engine’s performance.

4.1. Engine Selection

Two commercial engines used for road (bus) and maritime transport (ship) operating
with CNG or LNG are selected. The engines are four-stroke, water cooling, turbo charged
with aftercooler and multipoint fuel injection. Table 5 summarizes the main technical
information of the engines.
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Table 5. Technical specifications of engines.

Engine BUS (M936G) [162] Ship (W9L46DF) [163]

Architecture In-line 6-cylinder engine In-line 9-cylinder engine

Intake Wastegate Turbocharged with
Aftercooler

Turbocharged with
Aftercooler

Injection Multipoint—Stoichiometric
combustion Multipoint

Displacement volume [L] 7.7 867.6

Brake Power [kW] 222 at 1950 rpm 10,305 at 600 rpm

Fuel Consumption [kg/km] 0.361 at average velocity of
20.75 km/h [164] NA

Specific Fuel Consumption
[g/kWh]

194 at 1950 rpm and 100%
engine load

165 at 600 rpm and 75%
engine load

4.2. Sorbent Selection

The sorbents selected for the case study should have low regeneration energy and
high q and CO2/N2 selectivity. From the data in Table 2, the sorbents with the best values
of the properties mentioned above are: PPN-6-CH2-DETA, MOF-74-Mg, and Zeolite-X13.

4.3. CCS System Description

As previously set, a CCS system with TSA for the CO2 capture operating in an ICE is
considered. The CCS system will use the residual heat from the FG to increase the sorbent
temperature and CO2 desorption. The remaining thermal energy in the FG is transformed
into mechanical energy to produce power for the CO2 compression using an ORC. The
ORC is one of the most studied and developed methods for that purpose [165]. In addition,
this process produces the FG cooling, thus reducing the required power to finish cooling
the sorbent, which is necessary for the adsorption process of CO2. Figure 10 shows the
sketch of the CCS system proposed.
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Initially, the CCS system will be considered to work with a CCR of 90%. Suppose the
CCS system does not get to operate at a CCR of 90% without energy penalties. In that
case, the highest CCR for each sorbent will be calculated, following the same procedure
developed previously. Finally, with the results obtained before, the CO2 volume stored and
the sorbent volume in the TSA process will be calculated. Calculations are described in the
following sections.

4.4. Energy Balance

It is assumed that the engines will be fuelled with CH4 with a stoichiometric combus-
tion process (air-fuel ratio of 17.13). The species in the FG will be only CO2, H2O and N2.
The energy analysis for the engine M936G will take three temperatures corresponding at
low, medium, and high engine loads as reported in research works (600, 700 and 800 K) for
turbocharged SI-ICE [166,167]. The energy analysis for the maritime engine W9L46DF is
done at 75% of engine load and 700 K FG temperature. Finally, the reference temperature
taken for the calculations is 300 K. The mass fractions of the species in the FG and specific
heats at the evaluated temperatures (obtained from the software EES) are listed in Table 6.

Table 6. Mass fraction and cp at the evaluated temperatures of the FG.

Species Mass Fraction
(x) [%]

cp at 600 K
[kJ/kgK]

cp at 700 K
[kJ/kgK]

cp at 800 K
[kJ/kgK]

CO2 0.1514 1.075 1.126 1.168

H2O 0.1239 1.954 2.08 2.147

N2 0.7245 1.075 1.098 1.122

The available thermal energy is calculated at the turbine outlet of the SI-ICE (Equation (1)).
As can be seen in this equation, it is necessary to obtain the FG mass flow, which is the sum
of the air and fuel mass at the engine inlet. In the marine engine, this value is brought by
the datasheet and, in the engine, it is the product of the fuel consumption per the average
velocity (see Table 5). In addition, it is necessary to obtain the specific heat of the FG (cp−FG )
(Equation (2)). Finally, the difference temperature (∆T) is the difference between the FG
temperature in the turbine outlet and the reference temperature.

.
Q =

.
mFGcp−FG ∆T (1)

cp−FG = xCO2 cp−CO2 + xN2 cp−N2 + xH2Ocp−H2O (2)

The regeneration heat for the sorbents (
.

Qreg−sorb) is the sum of the sensible heat

(
.

Qsen) and the desorption heat (
.

Qdes) (Equations (3) and (4)). The ∆T in the
.

Qsen takes
into account a desorption temperature of 150 ◦C reported in the literature as a suitable
temperature for the sorbents [73,168], and it is assumed an adsorption temperature of 30 ◦C.
The desorption heat of the sorbents is taken from Table 2. Table 7 shows the results found.

.
Qreg−sorb =

.
Qdes +

.
Qsen (3)

.
Qreg−sorb = 0.9xCO2

.
mFG∆Hdes + cp−CO20.9xCO2

.
mFG∆T + cp−ads

0.9xCO2

.
mFG

q
∆T (4)
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Table 7. Regeneration heat at 90% of CCR for each sorbent and available heat in the FG at low, medium, and full engine load.

Engine FG Mass
Flow [kg/s] Sorbent

Regeneration Heat for
a CCR 90% [kW]

Available Heat [kW]

600 K 700 K 800 K

M936G 0.03772
PPN-6-CH2-DETA 11.2

13.4 18.5 23.7MOF-74-Mg 7.3

Zeolite X13 10.1

W9L46DF 12.3
PPN-6-CH2-DETA 2737.5

NA 6021.4 NAMOF-74-Mg 2240.5

Zeolite X13 3291.5

Finally, the energy analysis is completed obtaining the power consumption to com-
press the CO2. To obtain this, firstly, the power output of the ORC (

.
Wout) (Equation (5)) is

calculated. This equation takes the remaining heat in the FG (
.

Qrem) (Equation (6)), and an
ORC cycle efficiency of 20%, that according to the literature, is the average value of ORC
cycle efficiency working in ICE [169,170]. Tables 8 and 9 show the results of the

.
Qrem and

.
Wout for each sorbent at the different evaluation temperatures.

.
Wout = ηORC

.
Qrem (5)

.
Qrem =

.
QFG−

.
Qreg (6)

Table 8. Remaining heat in the FG at low, medium, and full engine load for both engines.

Engine M936G W9L46DF

Sorbent PPN-6-CH2-DETA MOF-74-Mg Zeolite X13 PPN-6-CH2-DETA MOF-74-Mg Zeolite X13
.

Qrem at 600 K
[kW]

2.169 6.094 3.303 NA NA NA

.
Qrem at 700 K

[kW]
7.238 11.163 8.373 3283.9 3780.9 2729.9

.
Qrem at 800 K

[kW]
12.460 16.385 13.594 NA NA NA

Table 9. Power output of the ORC at low, medium, and full engine load for both engines.

Engine M936G W9L46DF

Sorbent PPN-6-CH2-DETA MOF-74-Mg Zeolite X13 PPN-6-CH2-DETA MOF-74-Mg Zeolite X13
.

Wout at 600 K
[kW]

0.434 1.219 0.661 NA NA NA

.
Wout at 700 K

[kW]
1.448 2.233 1.675 656.8 756.2 545

.
Wout at 800 K

[kW]
2.492 3.277 2.719 NA NA NA
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The power consumption of the CO2 compressor (
.

Wcom) is obtained using the software
ASPEN Plus. The simulation conditions are 1 bar, 150 ◦C (desorption temperature) at the
inlet, 75 bar at the outlet. The compressor has an isentropic efficiency of 0.85 (Equation (7)).

.
Wcom =

0.9 ∗ xCO2∗
.

mFG(h2 − h1)

ηs
(7)

The same calculation procedure is performed to estimate the maximum CCR that the
CCS system could reach. However, it is not realistic to consider FG temperatures above or
equal to 800 K during the engine performance at partial loads. In this case, a conservative
temperature of 700 K for flue gases is considered. Table 9 shows the results obtained for
each sorbent and engine.

4.5. Space Requirement

The space requirements for the CCS system are obtained in volume terms. The CO2
will be stored as a liquid at 75 bar and 25 ◦C, under these conditions, the CO2 density
(ρCO2−L) is 762.6 kg/m3. The procedure starts obtaining the CO2 mass that will be stored.
For this, it is assumed an operation of 8 h (Equation (8)). As shown in Figure 4, the TSA
process is divided into four stages, and it is assumed that each stage will operate for
30 min. The sorbent mass and volume are calculated based on the previous assumptions
(Equations (9) and (10)). Finally, the CO2 volume is obtained (Equation (11)), and the total
volume of the CCS system is the sum of the CO2 and sorbent volumes (Equation (12)).

mCO2 = 28800CCRxCO2

.
mFG (8)

msor =
mCO2

4q
(9)

Vsor =
msor

ρsor
(10)

VCO2 =
mCO2

ρCO2−L
(11)

VT = Vsor + VCO2 (12)

4.6. Results

Following the methodology described in the previous section, the quantities of re-
maining heat in the FG, the maximum CCR, ORR power, CO2 compression power, CO2
volume to store, and the CCS system’s total volume are estimated.

4.6.1. Energy Results

The results in Table 7 show that the available heat in the FG would be enough to
regenerate the sorbent in the TSA process for all temperatures in both engines. This margin
increases with the rise of the ∆T. Similarly, the remaining heat in the FG and the output
power in the ORC have the same behaviour, as can be seen in Tables 8 and 9.

The power consumptions of the CO2 compressor (
.

Wcom) are 3.159 and 1029.9 kW for
the M936G and the W9L46DF engines, respectively. Contrasting the results in Table 9 with
the results of

.
Wcom, it can be seen that the power output in the ORC working at an FG

temperature of 800 K can cover the power consumption for the CO2 compressor with the
CCS system using MOF-74-Mg as sorbent. In the other cases, the ORC cannot produce
the power required to compress the CO2 under the FG temperatures and the established
CCR. Moreover, the ICE in a vehicle will never continuously be operated at 100% of engine
load. For that reason, we proceed to obtain the maximum CCR for each sorbent in both
engines at 700 K of FG temperature that allows covering the CO2 compression without
using additional energy from the ICE.
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As shown in Figure 11, the sorbent MOF-74-Mg can achieve a CCR of 73% in both
engines without affecting the engine’s performance. The sorbent PPN-6-CH2-DETA reaches
68% of CCR. Finally, the Zeolite X13 obtained a CCR of 64%. However, with this last result,
the CO2 purity is 94.6%, while with the other sorbents, the CO2 purity is higher than 99.5%.

Energies 2021, 14, 6865 20 of 30 
 

 

 

Figure 11. Remaining heat, ORC power, CO2 compression power and maximum CCR in the en-

gines. 

4.6.2. Space Results 

As mentioned before, the selected sorbents are PPN-6-CH2-DETA and MOF-74-Mg 

due to high selectivity that allow a CO2 purity greater than 99.5%. In addition, the lowest 

CCR obtained of both sorbents will be used to compare the final volume resulting. Table 

10 shows the results obtained. 

Table 10. Volume calculations for adsorption materials. 

Engine M936G W9L46DF 

Sorbent PPN-CH2-DETA MOF-74-Mg PPN-CH2-DETA MOF-74-Mg 

CO2 Mass (68% of CCR) [kg] 28.0 28.0 9116.0 9116.0 

CO2 loading [kgCO2/kgads] 0.235 0.278 0.235 0.278 

Sorbent mass [kg] 118.8 100.5 38726 32782 

Sorbent density [kg/m3] 805.00 914.88 805.00 914.88 

Sorbent Volume [m3] 0.148 0.110 48.106 35.832 

CO2 Volume stored [m3] 0.147 0.147 47.815 47.815 

Total volume [m3] 0.295 0.257 95.922 83.647 

5. Discussion 

PPN-6-CH2-DETA and MOF-74-Mg as sorbents in TSA resulted into a CCR above 

68% in both engines without affecting the engine performance. These results are mainly a 

consequence of the low regeneration heat of the sorbents. Therefore, there is still high 

thermal energy in the FG when it enters the ORC, producing more power output to cover 

the power required to compress the CO2 potentially. 

Regarding sorbent selection, selectivity plays an important role in the CO2 purity 

obtained at the end of the process. For this reason, Zeolite X13 is discarded from the other 

sorbents studied in the following step because it achieves a CO2 purity of 94.6%, which is 

minor in 5 points than the other sorbents. The purification of CO2 captured when Zeolite 

X13 in TSA is used requires additional energy that the engine could not provide. 

In a potential application, the FG must be dried completely as far as the selected 

sorbents lose CO2 uptake capacity. Then, it is expected that an additional cooling system 

will be required, which could imply parasitic loads not considered in this research. A 

comprehensive simulation of the integration of the CCS system and engine, which in-

volves cooling and drying of the FG should be done. However, this is out of the scope of 

this paper. 

Figure 11. Remaining heat, ORC power, CO2 compression power and maximum CCR in the engines.

4.6.2. Space Results

As mentioned before, the selected sorbents are PPN-6-CH2-DETA and MOF-74-Mg
due to high selectivity that allow a CO2 purity greater than 99.5%. In addition, the lowest
CCR obtained of both sorbents will be used to compare the final volume resulting. Table 10
shows the results obtained.

Table 10. Volume calculations for adsorption materials.

Engine M936G W9L46DF

Sorbent PPN-CH2-DETA MOF-74-Mg PPN-CH2-DETA MOF-74-Mg

CO2 Mass (68% of CCR) [kg] 28.0 28.0 9116.0 9116.0

CO2 loading [kgCO2/kgads] 0.235 0.278 0.235 0.278

Sorbent mass [kg] 118.8 100.5 38726 32782

Sorbent density [kg/m3] 805.00 914.88 805.00 914.88

Sorbent Volume [m3] 0.148 0.110 48.106 35.832

CO2 Volume stored [m3] 0.147 0.147 47.815 47.815

Total volume [m3] 0.295 0.257 95.922 83.647

5. Discussion

PPN-6-CH2-DETA and MOF-74-Mg as sorbents in TSA resulted into a CCR above
68% in both engines without affecting the engine performance. These results are mainly
a consequence of the low regeneration heat of the sorbents. Therefore, there is still high
thermal energy in the FG when it enters the ORC, producing more power output to cover
the power required to compress the CO2 potentially.
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Regarding sorbent selection, selectivity plays an important role in the CO2 purity
obtained at the end of the process. For this reason, Zeolite X13 is discarded from the other
sorbents studied in the following step because it achieves a CO2 purity of 94.6%, which is
minor in 5 points than the other sorbents. The purification of CO2 captured when Zeolite
X13 in TSA is used requires additional energy that the engine could not provide.

In a potential application, the FG must be dried completely as far as the selected
sorbents lose CO2 uptake capacity. Then, it is expected that an additional cooling system
will be required, which could imply parasitic loads not considered in this research. A
comprehensive simulation of the integration of the CCS system and engine, which involves
cooling and drying of the FG should be done. However, this is out of the scope of this
paper.

The CCS system volume obtained with TSA for a CCR of 68% is approximately
0.3 m3 for the M936G engine (0.295 and 0.257 m3 with PPN-6-CH2-DETA and MOF-74-Mg,
respectively). This engine usually operates in buses or trucks, allowing the CCS system
to be mounted on the vehicle roof. It would not differ from other vehicles working with
hydrogen fuel cells. For example, the Toyota Sora Bus uses hydrogen tanks that required
6 m3 [171]. If the same bus used two CCS systems with MOF-74-Mg to achieve a CCR of
100%, the CCS system only would require 0.6 m3, and added the volume of the fuel tank
the global volume (CCS system and fuel tank) would be of 1,6 m3 approximately, which is
3.75 times smaller. Therefore, the values obtained in this research show that installing a
CCS with TSA is practical in road freight transport.

In the marine engine, the mass of the sorbent is close to 40 tons, and the CCS volume
is 90 m3. These are small values for ships because they usually have a large capacity of
cargo and volume. The CCS system with TSA is presented as an excellent alternative to
reduce CO2 emissions in the maritime sector.

Space requirements were obtained by considering the crystallographic density as it
was impossible to obtain reliable and comparable bulk density data. Table 11 shows the
values of the total volume assuming a bulk density as half of the crystallographic density.
It is observed that the total volume has an increase of 50% with PPN-6-CH2-DETA and
43% with MOF-74-Mg in both engines. However, these values continue being lower than
for the commercial vehicle previously mentioned and for a cargo ship.

Table 11. Volume calculations for adsorption materials with bulk density.

Engine M936G W9L46DF

Sorbent PPN-CH2-DETA MOF-74-Mg PPN-CH2-DETA MOF-74-Mg

CO2 Mass (68% of CCR) [kg] 28.0 28.0 9116.0 9116.0

CO2 loading [kgCO2/kgads] 0.235 0.278 0.235 0.278

Sorbent mass [kg] 118.8 100.5 38,726 32,782

Sorbent density [kg/m3] 402.5 457.44 402.5 457.44

Sorbent Volume [m3] 0.295 0.220 96.213 71.664

CO2 Volume stored [m3] 0.147 0.147 47.815 47.815

Total volume [m3] 0.442 0.366 144.028 119.479

6. Conclusions

A review of the CO2 capture in mobile sources and a case study to evaluate the
potential of CCS systems to reduce the CO2 produced by ICE were made in this study.
According to the detailed review presented here, the patents describe the devices or
procedures used to carry out the CO2 capture. At the same time, research works show
experimental tests or simulations of CO2 capture.

The choice of these two capture methods is based on the performance of the typical
engines used in each sector and the available space for additional devices. As the ICE
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in a ship regularly operates at a constant regime (rpm and engine load), the continuous
variation in the FG mass flow is not expected. This behaviour allows amine scrubbing to
be more suitable for this operation. In addition, the cargo ships count with ample space
available for the installation of devices required for a CCS system.

On the contrary, the ICEs mounted in road transport vehicles work with variable
accelerations and available space to install the required equipment of a CCS system is
scarce. For this case, adsorption is shown as the best option because it is a regenerative
cyclical process that adapts to different mass flows of exhaust gases. In addition, according
to the results obtained in the case study, it could require less space than other commercial
vehicles using other CO2 reduction technologies.

The review shows that the research works have a higher level of development in
the maritime sector than in the road transport sector. In addition, it was observed that
the amine-absorption technology is the most used in the marine transport sector, and
adsorption is preferable in the ICEv. Therefore, the TSA and amine-absorption are the
most suitable pre-existing CCS technologies for CO2 capture for mobile sources due to
their well-developed technology and low energy requirements. However, experimental
reports on CO2 capture in ICEv lack information about the experimental conditions, such
as engine load, RPM, and the energy of regeneration of the sorbent or solvent.

The results obtained in the case study show the first approximation of a CCS system
operating with TSA and an ORC to take advantage of the thermal energy of the FG
produced by ship engines. Regarding road freight transport, the results obtained in the
case study show a big difference from the study done by Sharma and Maréchal (the most
complete study so far). They report that it is possible to obtain a 90% CO2 capture without
affecting the engine performance. The results found in the present case study show that it
is possible to achieve this CCR but with sorbent MOF74-Mg at 800 K of FG temperature.
However, taking a high FG temperature is not realistic because the engine operates at
different engine loads and rpm. The best result obtained in the present case study is 73%
of CCR with a temperature corresponding to the medium engine load. Nevertheless, the
development of several studies contributes to close the gap to achieve the CO2 reduction
targets established by the European Union for the ICE driven transport sector.

CNG and LNG are the fuels that should be used by the mobile source with operating
a CCS system. First, these fuels produce less CO2 emissions than an ICE fuelled with diesel
or gasoline, allowing a higher autonomy in terms of CO2 storage. Second, the CNG or
LNG could be obtained from methanation with the CO2 and hydrogen produced from RES,
and thus keep the door open to a sustainable and circular transport system centred on ICE.

A system that uses the TSA technique for CO2 capture was theoretically evaluated.
According to the results, it is possible to obtain a CCR of 73% and a small volume to operate
a CCS system without any supply of additional energy with TSA and MOF-74-Mg as
sorbent at a medium engine load condition.

This paper highlights that capture in mobile sources can be developed with available
technology, opening opportunities for CO2 capture in road freight and maritime transport.
However, research must continue until a suitable commercial technology is demonstrated
to reduce the CO2 in the atmosphere.

Future research works must give detailed information on the behaviour of the CCS
system at partial engines loads and at several rpm conditions, the reduction in engine
performance due to backpressure caused by the installation of additional devices in the
exhaust pipe, as well as the increase in fuel consumption due to the additional weight
of the CCS systems installed in the vehicles. According to US EPA, each 45 kg of extra
weight in vehicles originates a 1% increase in the fuel consumption, although this affects
smaller vehicles more (less than 2720 kg of weight) than larger ones such as buses or
trucks [172,173]. In addition, it is necessary to do detailed research on the degradation
of sorbent due to the impact of minor species present in the FG as NOx and unburned
hydrocarbons. Finally, research on energy demands and economic and environmental life
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cycle assessments is required to conclude the viability of installing a CCS system in mobile
sources.
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Qdes Desorption Heat
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.

Qrem Remaining Heat in the FG
.

Qsen Sensible Heat
.

Wcom CO2 Compressor Power
.

Wout ORC Power Output
∆Habs Absorption Heat
∆Hads Adsorption Heat
cp Specific Heat
∆T Difference Temperature
AC Activate Carbon
ASU Air Separator Units
CCS CO2 Capture and Storage
CL Carbonate Looping
CLC Chemical Looping Combustion
DEA Diethanolamine
EU European Union
EVs Electric Vehicles
FG Flue gas
ICE Internal Combustion Engines
ICEv Internal Combustion Engine Vehicles
ICRC Internal Combustion Rankine Cycle
IMO International Maritime Organization
LNG Liquified Natural Gas
LPG Liquefied Petroleum Gas
MDEA Methyl Diethanolamine
MEA Ethanolamine
MOFs Metal-Organic Frameworks
NG Natural Gas



Energies 2021, 14, 6865 24 of 30

ORC Organic Rankine Cycle
PPNs Porous Polymer Networks
PTG Power to Gas
Pz Piperazine
RWGS Reverse Water-Gas Shift
TEG Thermo-Electric Generators
TSA Temperature Swing Adsorption
US-EPA United States Environmental Protection Agency
q CO2 Loading Capacity
x Mass Fraction
ρ Density
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