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A B S T R A C T

Given the urgent need to mitigate climate change, reducing CO2 emissions produced by internal combustion 
engines (ICEs) remains a critical challenge in the transport sector. Onboard carbon capture (CC) systems have 
emerged as a promising alternative, attracting growing research interest in recent years. However, most studies 
are limited to simulations, with experimental evidence still scarce. Based on the above, this study experimentally 
evaluates zeolite 13X (Z13) and activated carbon (AC) as adsorbents for CO2 capture in ICEs. For this purpose, an 
adsorption-based CC system was integrated into the exhaust duct of an ICE operating under partial loads and at 
two engine speeds. The experimental data were subsequently employed to develop a simulation case study aimed 
at performing an energy assessment of a carbon capture and storage (CCS) system based on temperature swing 
adsorption. The results show that the adsorbent Z13 demonstrated a 13 % higher CO2 adsorption capacity and a 
33 % longer capture duration than AC, though average carbon capture rates (CCR) remained moderate (25 % for 
Z13 and 16 % for AC). The case study results showed that the carbon capture and storage (CCS) system with Z13 
achieves a maximum CCR of up to 37 %, an energy penalty of approximately 30 % of the engine’s power output 
and an average energy consumption for CO2 capture of 3900 kJ/kgCO2. Conversely, the CCS system with AC did 
not provide suitable CCR or energy performance under any scenario. The case study also demonstrates that the 
CCS system has a better performance when the engine is operated at medium or higher loads.

1. Introduction

Meeting the 2050 emission reduction targets constitutes a funda
mental global challenge that requires the active involvement of all 
productive sectors. Without such efforts, global warming will drastically 
alter human activities due to the societal impacts driven by climate 
change. For this reason, all technologies that reduce CO2 emissions must 
continue to be explored for potential applications across the different 
industrial sectors.

However, key sectors such as industry and transport will continue to 
emit CO2 during the energy transition, because they have applications 
where electrification is not yet practical in the short to medium term. In 
this vein, carbon capture, storage (CCS), and utilisation (CCSU) 

technologies have emerged as promising methods for use in these sec
tors, thereby mitigating their CO2 emissions.

Specifically, the transport sector will continue to depend heavily on 
internal combustion engines (ICEs), which are among the main con
tributors to global net CO2 emissions (approximately 23 % in 2022 [1]) 
due to their substantial reliance on fossil fuels for operation. As a result, 
in recent years, a growing body of research has focused on evaluating 
CCS systems in applications powered by ICE (trucks and ships), mainly 
assessing their energy, technical, and techno-economic feasibility [2]. In 
this way, the researchers aim to establish the potential of this technology 
to achieve decarbonisation in this sector.

In the maritime sector, whose objective is to reduce CO2 emissions by 
at least 20 % by 2030 and 70 % by 2040 compared to 2008 [3], research 
has focused on CO2 capture in post-combustion, with amine absorption 
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predominating, and to a lesser extent, adsorption. Regarding research on 
amine absorption [4–11], energy and techno-economic analyses have 
been made using MEA, DEA, and piperazine, achieving carbon capture 
rates (CCR) of up to 90 %. This approach is because maritime engines 
typically operate under quasi-stationary conditions, with relatively 
stable exhaust gas flow rates and CO2 concentrations, similar to power 
plants. Moreover, the available space on vessels facilitates the installa
tion of CCS units with limited impact on cargo capacity [12]. Regarding 
adsorption, a study investigated alumina-supported K2CO3 as a adsor
bent material [13]. The authors indicated that this approach ensures 
safer operation, operational flexibility, and effective CO2 capture at 
temperatures below 100 ◦C, achieving capture rates of up to 28 %. 
Finally, studies have also been conducted on pre-combustion capture 
technologies [14,15]. In these, a quasi-closed carbon cycle is proposed 
by integrating a reformer, where a fuel is converted into H2 and CO2. The 
H2 is used as a fuel, and the CO2 is cooled until liquefied and stored 
onboard, followed by its discharge at the harbour for its storage or 
utilisation.

On the other hand, in the context of road transport, research efforts 
have primarily focused on temperature swing adsorption (TSA) as a 
suitable technique for CO2 capture [16–20]. These studies have exam
ined the feasibility of carbon capture from both energy and economic 
perspectives, testing a variety of adsorbents, including Porous Polymer 
Networks (PPNs), Metal–Organic Frameworks (MOFs), zeolites, and 
activated carbon [21,22]. Additionally, these studies present a pre
liminary design of a CCS system operating with TSA, remarking that this 
design occupies only 6 % of the available volume of a bus [23,24]. 
Notably, they have also explored the integration of Organic Rankine 
Cycles (ORCs) as energy recovery systems to supply the additional 
power required during the CO2 storage stage, mainly due to compression 
processes. The main findings indicate that achieving 100 % CCR is 
technically feasible, with an engine power penalty of less than 10 %. 
Among the adsorbents tested, MOF-74-Mg showed the best performance 
compared to its counterparts. However, techno-economic analyses 
indicate that implementation is not feasible unless the transport sector 
faces CO2 emission rights costs exceeding 250 €/ton CO2 [23,25].

Despite theoretical advances and optimistic projections, most studies 
presented previously have relied on computational simulations with 
assumptions that diverge from the operative reality of ICE. Although 
these approaches represent a preliminary step in technological devel
opment and feasibility assessment, they remain insufficient to approxi
mate real-world applications.

In this vein, critical issues must be evaluated experimentally; for 
instance, the CCS system must be able to operate under highly transient 
engine operation, characterised by rapid accelerations, decelerations, 
and variable load conditions, which produce variations in the flow, 

species concentration, and temperature of the exhaust gases, without 
forgetting that the integration of a CCS will entail additional energy 
consumption, thereby reducing the power output produce by the ICE. 
According to the literature review, the authors agree that for the road 
transport sector, TSA seem to be the most suitable CO2 capture tech
nique for adapting to these conditions [26]. This is due to different 
reasons, among which is that the heat of adsorption is lower than that of 
absorption [27], so the waste heat of the exhaust gases can cover the 
thermal demand of regeneration of the adsorbent, and the other is that 
the TSA is a cyclical process; therefore, when these variations occur, the 
duration of the cycle could be adjusted to match the engine's operation, 
slowing it down or accelerating it, which would not dramatically affect 
the CCR [28,29]. However, to develop a fully functional CCS system 
operated by TSA, several key aspects must be examined experimentally. 
Among these, the choice of adsorbent for CO2 capture is especially 
crucial, as it influences the volume, heat input, and cooling capacity 
needed by the CCS system.

In view of the knowledge gaps identified above, the objective of this 
paper is to experimentally assess the performance of two commercial 
adsorbents (activated carbon and zeolite 13X) operating in a carbon 
capture (CC) system coupled to an internal combustion engine under 
two engine speeds and varying load conditions. Complementarily, a 
simulation case study developed in ASPEN+, and informed by experi
mental data, is conducted to examine key design factors of the CCS 
system, such as the regeneration heat and cooling requirements of the 
TSA cycle, the compressor power consumption for CO2 storage, and the 
overall energy penalty imposed on the engine. Furthermore, the 
experimental tests and simulations enable the evaluation of key vari
ables, such as maximum CCR, capture time, adsorbent behaviour in the 
presence of other pollutants, engine performance penalties, energy de
mand for CO2 capture, and the potential of utilising exhaust gas waste 
heat to supply the regeneration process. The results obtained, both 
experimentally and through the case study, not only strengthen the 
scientific knowledge base on carbon capture in transportation but also 
provide concrete data that could support further technological devel
opment. This, in turn, would contribute to accelerating the transition 
towards more sustainable transport systems aligned with global climate 
objectives.

2. Materials and methods

2.1. Bench test

The experimental setup employed a Lombardini 523 MPI spark 
ignition engine, the main technical specifications of which are detailed 
in Table 1. The engine was mounted on a test bench and mechanically 

Nomenclature

AC Activated carbon
cap capture
CC Carbon capture
CCR Carbon capture rate
CCS Carbon capture system
com compressor
cool Cooling
EG Exhaust gases
EGT Exhaust gases thermocouple
HC Hydrocarbons
ICE Internal combustion engine
PPP Percentage of power penalty
reg regeneration
RH Relative humidity

sor adsorbent
T Temperature
TSA Temperature swing adsorption
vac vacuum
Z13 Zeolite 13X
ΔHads Adsorption Heat
ΔT Temperature difference
cp Specific heat
Ė Energy
ṁ mass flow
q Loading capacity
Q̇ Heat
Q̇sen Sensitivity heat
Q̇des Desorption heat
Ẇ Power
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coupled to a Tecner E315 dynamometer, which enables the precise 
measurement of rotational speed and load, with respective accuracies of 
±5 rpm and ±0.5 Nm. The test bench is equipped with a volumetric 
liquid fuel flow meter specifically for gasoline consumption assessment. 
The intake air flow rate was determined using a Foxboro 823 differential 
pressure transmitter, which quantifies the pressure drop across a cali
brated nozzle in accordance with the specifications outlined in the 
British Standard.

The composition of the exhaust gases was measured using a non- 
dispersive infrared analyser for CO2, a flame ionisation detector for 
hydrocarbons (HC), and a paramagnetic analyser for O2, all manufac
tured by Signal Instruments, with measurement accuracies specified in 
Table 2. The equivalence ratio was directly monitored using a Bosch LSU 
4.9 wideband lambda sensor installed in the engine's exhaust, controlled 
by a Tech Edge 3H1 unit. It is noteworthy that the test conditions 
(encompassing power output, fuel consumption, and pollutant emis
sions) as well as the accuracy of the measurement instruments complied 
with the protocols established by current European regulatory di
rectives. Data acquisition from all sensors was carried out using software 
developed in LabVIEW. A schematic representation of the test bench 
configuration is provided in Fig. 1.

2.2. CC system device

The CC system employed is shown in Fig. 2. It was designed to 
operate with samples containing between 12 % and 15 % by mass of the 
total exhaust gases. The sample is extracted using a vacuum pump 
powered externally. Initially, the extracted gas passes through a vessel 
equipped with a calibrated orifice, which allows for the determination of 
the gas's mass flow rate. Subsequently, the sample flows through two 
counterflow heat exchangers arranged in series to reduce the gas tem
perature to its dew point. The cooled gas stream then enters a cyclone, 
where the condensed water is separated, ensuring that the exhaust gases 
reaching the vessel containing the adsorbent are completely dry.

This design aims to prevent the adsorbent from becoming contami
nated with moisture. Finally, after passing through the adsorbent, the 
composition of the exhaust gases is measured in the gas analyser. The 
gas sensing system is equipped with a set of valves that enables opera
tion in two configurations: in the first one, the raw exhaust gases from 
the engine is blocked, and measurement of the gases treated by the CC 
system device is enabled; In the second configuration, direct analysis of 
the engine exhaust gases is allowed, while the gas stream that trough the 
CC system device is vented to the atmosphere.

Thermocouples, pressure gauges and flow meters are installed to 

register data to assess the CO2 capture rate, the adsorbent's loading ca
pacity and saturation time, the energy consumption of the adsorption 
process, the heat required for water condensation, and the behaviour of 
other emissions (such as CO and NOx) when interacting with the 
adsorbent material.

2.3. Adsorbent selection

For the experimental tests, zeolite 13X supplied by Fisher Scientific 
(onwards Z13) and biomass-derived activated carbon supplied by Strem 
Chemicals (onwards AC) were selected. Z13 has a particle size of 3 mm 
and a spherical shape, and AC has a size between 3–5 mm and an 
irregular shape. The selection of these adsorbents is due to Z13 and AC 
sharing similar properties with other adsorbents [30–33]; their main 
disadvantage lies in the lower CO2/N2 selectivity compared to advanced 
adsorbents, such as MOFs or PPNs [31]. Additionally, under humid 
conditions (such as those present in ICE exhaust gases), PPNs, Z13, and 
AC can operate effectively, albeit with a reduced CO2 capture capacity 
[34], whereas MOFs are unstable under these conditions [35]. Finally, 
Z13 and AC are highlighted because they are commercially available 
adsorbents, in contrast to PPNs, whose large-scale production remains 
limited [36].

Fig. 3a and 3b present the SEM images of the adsorbents employed in 
the experimental tests. Z13 sample exhibits a heterogeneous, granular 
microstructure composed of aggregates of well-defined crystalline par
ticles, predominantly cubic in morphology. The surface is rough and 
fractured, consistent with a high BET surface area exceeding 750 m2/g 
[37]. In contrast, the AC sample shows a relatively smooth surface, 
suggesting that most of its porosity is microporous and internal, in 
agreement with a BET surface area of approximately 500 m2/g, derived 
from biomass sources [38]. Bright spots observed on the surface corre
spond to inorganic residues or ash particles embedded within the carbon 
matrix. The adsorbent's properties are shown in Table 3.

2.4. Experimental and simulation procedures

The test preparation begins with the determination of each adsor
bent’s bulk density. As the carbon capture will be performed in a fixed 
bed, a 1000 cc vessel is loaded with 400 g of adsorbent, intentionally 
avoiding complete filling to minimise pressure drops and loading losses 
in the system. Two distinct engine operating conditions were selected for 
the experimental evaluation: the first at 2700 rpm with a torque of 5 Nm, 
and the second at 3600 rpm with a torque of 13 Nm. These operating 
regimes were chosen because the engine reaches its maximum torque 
within this RPM range. Table 4 shows the test name, the adsorbent bulk 
density obtained, the adsorbent mass and the engine load used in the 
tests.

The test begins by operating the engine at the preselected rotational 
speed until it reaches a stable operating temperature, defined as an 
engine oil temperature of 90 ◦C. Once this condition is achieved, engine 
performance and emission measurements are conducted for a duration 
of one minute, in accordance with ISO 8178-1:2020. Subsequently, the 
vacuum pump is activated to allow a sample of exhaust gases to pass 
through the CC system. Once the CO2 concentration measured at the 
outlet of the CC system reaches the same value as that recorded in the 
engine exhaust duct, the valve assembly is reversed, thereby concluding 
the measurement process (see Fig. 2). The flow rate of the exhaust gas 
sample is determined in a vessel equipped with a calibrated orifice plate, 
which enables the quantification of the volumetric flow rate by 
measuring the pressure drop generated across the orifice. Each test is 
repeated three times for each engine and adsorbent condition.

In addition to determining the behaviour of Z13 and AC as carbon 
capture adsorbents and the behaviour of other emissions (such as CO 
and NOx) upon contact with the adsorbent material, the most important 
objective of this study is to assess the energy consumption associated 
with the adsorption process. Regarding the heat requirement for water 

Table 1 
Engine specifications.

Property Value

Number of cylinders 2
Bore × Stroke 72 × 62 mm
Compression ratio 10.7:1
Valves per cylinder 2
Fuel delivery system Electronic indirect fuel injection

Table 2 
Gas analyser Accuracy.

Gas Accuracy

CO2 ±0.1 % (0–10 %)
​ ±0.2 % (10–25 %)
HC ±1 ppm (0–100 ppm)
​ ±4 ppm (100–400 ppm)
​ ±10 ppm (400–1000 ppm)
​ ±40 ppm (1000–4000 ppm)
O2 ±0.1 % (0–10 %)
​ ±0.2 % (10–25 %)
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condensation, certain calculations are necessary, including the deter
mination of the molar and mass fractions of the exhaust gases on a wet 
basis, as well as the estimation of the mass flow rate of the exhaust gas 
sample. The latter is derived from differential pressure measurements 

taken in the vessel equipped with a calibrated orifice, located upstream 
of the heat exchangers (see Fig. 2).

To ensure the reliability and repeatability of the engine variable 
measurements under the established speed and engine load conditions, 

Fig. 1. Schematic diagram of the test bench.

Fig. 2. Schematic diagram of the carbon capture system.

Fig. 3. SEM images at 2 µm of adsorbents utilised in the experimental tests.
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A total of four experimental campaigns were carried out, each consisting 

of three repetitions, to ensure the stability and consistency of the 
recorded parameters. In addition, CO2 capture experiments were con
ducted at a rate of one test per day, utilising a different adsorbent ma
terial for each test. The testing schedule was also varied across the 
campaigns to evaluate the potential impact of environmental conditions. 
Overall, these four campaigns, with their three repetitions, resulted in a 
total of twelve CO2 capture tests. The gas analyser was calibrated daily 
to reduce measurement uncertainties. In total, twenty-four experimental 
tests were performed, yielding robust and reliable data for subsequent 
analysis.

Finally, to estimate the power required by the compressor to store 
CO2 in its liquid state, simulations are carried out for each case using 
Aspen + software. In these simulations, an isentropic efficiency of 65 % 
is assumed for the compressor, a value widely reported in the scientific 
literature for this type of process [19], and a adsorbent regeneration 
efficiency of 100 % for CO2 capture. Based on these results, the energy 
penalty associated with implementing the CCS system over the ICE is 
determined, as well as the total CO2 energy consumption required by the 
CO2 capture process. The properties of the adsorbents (Z13 and AC) used 
in the simulations are presented in Table 3.

Table 3 
Adsorbent properties.

Property Z13 AC Ref.

Adsorption Heat (ΔHads) [kJ/molCO2] − 49.72 − 25 [31,39]
Selectivity CO2/N2 17.46 11 [31,39]
Specific Heat (cp) [kJ/kgK] 1.07 1.062 [31,39]
Loading Capacity (q) [kgCO2/kgsor] 0.176 0.132 [31,39]
BET surface area [m2/g] 786 485 [37,38]
Pore volume [cm3/g] 0.35 0.3 [37,38,40]

Table 4 
Engine conditions and adsorbent mass used in the experimental tests.

Tests 
names

Torque 
[Nm]

Engine power 
[kW]

Mass adsorbent 
[g]

Density [kg/ 
m3]

Z13-2700 5 1.4 419.5 ± 3 666.7
Z13-3600 13 4.9 417.8 ± 2
AC-2700 5 1.4 405.4 ± 1 449.4
AC-3600 13 4.9 405.1 ± 1

Fig. 4. CO2 mass flow in the CC system operating with Z13 and AC at 2700 and 3600 rpm.
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3. Results

3.1. Carbon capture rate and capture time

Fig. 4 illustrates the CO2 mass flow rate at the outlet of the capture 
device during the experimental tests. Under both engine operating 
modes, a similar trend is observed regarding CO2 capture behaviour and 
capture duration for each adsorbent evaluated. This consistency is 
attributed to the operation of the vacuum pump used for exhaust gas 
sampling, which maintains a constant extraction flow rate regardless of 
engine speed or torque. Consequently, the variations in capture per
formance are primarily associated with the intrinsic adsorption prop
erties of the adsorbents, rather than fluctuations in the inlet flow to the 
CC system.

As shown in Fig. 5, the Z13 adsorbent demonstrates superior per
formance in CO2 adsorption compared to AC, both in terms of capture 
efficiency and process duration. Specifically, Z13 achieves a more pro
nounced reduction in the CO2 mass flow, reaching minimum values of 
around 0.02 g/s, whereas AC reduces the flow to approximately 0.06 g/ 
s. This indicates a higher adsorption capacity for Z13. Moreover, the 
capture duration with Z13 is extended by approximately 60 s relative to 
AC, further confirming its better performance under the tested 
conditions.

Fig. 5 illustrates the net CCR obtained during the experimental tests. 
The CCR was calculated using Equation (1). As can be seen, the Z13 
adsorbent outperforms AC under both engine operating conditions, 
achieving an average CCR of 25.3 %, compared to 16.5 % for AC. This 
performance difference is further highlighted in Fig. 6, which presents 
SEM images of the CO2-saturated adsorbents. The images clearly show, 
at least on the surface, that Z13 retains a greater amount of CO2 on its 
surface than AC, confirming its superior adsorption capacity and effi
ciency under the tested conditions. 

CCR[%] =
ṁCO2 in − ṁCO2 out

ṁCO2 in

× 100 (1) 

This enhanced performance of Z13 is attributed to its higher 
adsorption capacity, which is approximately 37 % greater than that of 
AC, and its better structural parameters compared to the AC, since Z13 
has a 62.1 % and a 16.7 % more BET surface area and pore volume than 
AC, respectively (see Table 3). Therefore, it is consistent that Z13 ex
hibits a higher CO2 uptake due to its greater number of active adsorption 
sites and a larger internal space available compared to AC. Moreover, 
the presence of cations within the crystalline framework of Z13 pro
motes strong electrostatic interactions with CO2 molecules [41], thereby 

enhancing its affinity relative to the predominantly non-polar surface of 
AC [42,43].

Finally, the morphological characteristics play a crucial role in CO2 
uptake. While AC particles exhibit an irregular shape, Z13 particles 
possess a uniform spherical geometry, which facilitates a more homo
geneous flow of exhaust gases through the adsorption bed, thereby 
improving CO2 adsorption [44,45]. Additionally, with the AC, the CO2 
loading could be affected because, as can be inferred from its selectivity 
value in Table 3, it tends to exhibit a broader adsorption spectrum, 
retaining not only CO2 but also other exhaust gas components [46]. This 
non-selective adsorption behaviour reduces the adequate capacity of AC 
for capturing CO2.

Another factor that could influence the CCR of AC is the simulta
neous absorption of CO2 and H2O. According to the literature, ACs 
exposed to moist atmospheres, such as flue gases, exhibit reduced CO2 
uptake [46], which has been attributed to kinetic effects in H2O diffu
sion within the pores and to possible interactions between CO2 and H2O 
within the pore structure. On the other hand, Z13, according to the 
literature, does not show a reduction in CO2 uptake in the presence of 
water [47]. This behaviour has been attributed to chemisorption facil
itated by water, resulting in the formation of carbonates or bicarbonates.

3.2. Adsorption of other species in exhaust gases

The NOx and CO emissions measured after the CC system did not 
exhibit significant changes with any adsorbent. Both materials have a 
low CO/N2 selectivity of approximately 1.3 and a limited loading ca
pacity of 0.0112 kg kgCO/kgsor [48,49], which is about one order of 
magnitude lower than the values reported for Z13 and AC (see Table 3). 
For the case of NOx, the adsorption of NOx on AC is only significant 
under high oxygen concentrations [50], as the ICE operated under 
stoichiometric conditions, the NOx uptake was negligible. For Z13, no 
changes were also observed in NOx measurements after the CC system, 
which can be attributed to its intrinsic physical properties, as NO ex
hibits a very low selectivity compared with CO2, with a value of 7.5 ×
10− 7 kgCO/kgsor [51].

The only emission that showed a notable variation was HC. The HC 
concentrations obtained during the experimental tests are presented in 
Fig. 7. As can be seen, both adsorbents significantly decreased the levels 
of HC, with a decline of almost 60 % for AC and 70 % for Z13 relative to 
their original concentration. These results align with the expected 
behaviour, as AC and Z13 are widely recognised for their effectiveness in 
HC adsorption due to their high BET surface area and pore volume (see 
Table 3), leading to high values of loading capacity for CH4/N2, which, 
according to the literature, is approximately 3.4 [52]. Notably, both 
adsorbents maintained their adsorption capacity for hydrocarbons (HC) 
even when saturated with CO2. This suggests a preferential adsorption of 
HC over CO2, arising from the non-polarity and small size of HC, which 
enable stronger interactions with the adsorbent surface, even in the 
presence of CO2, a phenomenon known as competitive adsorption [53].

3.3. CO2 loading capacity of adsorbents

One of the most critical variables in assessing the performance of 
adsorbent materials is their CO2 loading capacity (q), defined as the 
amount of CO2 adsorbed per unit mass of adsorbent. In this study, the 
experimental values obtained were 0.0136 and 0.0061 gCO2/gsor for Z13 
and AC, respectively (Table 5). These values are significantly lower (less 
than 90 %) than those reported in the literature, where loading capac
ities of 0.176 gCO2/gsor for Z13 and 0.132 gCO2/gsor for AC have been 
documented [31,39].

The primary reason for this discrepancy lies in the experimental 
conditions under which the tests were conducted. Most research studies 
employ synthetic gas mixtures under highly controlled conditions, free 
of moisture and trace species such as HC, CO, among others. In contrast, 
the present study is based on real exhaust gases emitted from an ICE. Fig. 5. CCR obtained in the experimental test.
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Consequently, the complex composition of the exhaust stream signifi
cantly influences the adsorption behaviour of the adsorbents.

The limited CO2 loading observed for AC is primarily attributed to its 
higher affinity for water and hydrocarbons, and to a lesser extent, for 
NOx and CO, which also influence its adsorption performance. Addi
tionally, the BET surface area of the biomass-derived AC used in this 
study is lower than that of conventional activated carbons (>1000 m2/g 
[54]), further restricting CO2 uptake. Z13 exhibits similar behaviour, 
with the distinction that it maintains a relatively stable CO2 adsorption 
capacity under humid conditions, according to the literature [44,45]. 
Hence, and despite the suitable condition of the Z13 for CO2 uptake in 
humid gases, the main reason for the reduced CO2 capture in both ad
sorbents is the high water content in the exhaust gases, which promotes 
preferential water adsorption over CO2. This is supported by measure
ments of condensed water collected in the cyclone before the CC system, 
which correspond to approximately 50 % of the water produced during 

stoichiometric combustion by the ICE, as shown in Table 5.

3.4. Regeneration and cooling heat

Temperature Swing Adsorption (TSA) involves four main stages: (i) 
heating of the adsorbent (sensitive heat, Equation (2); (ii) desorption of 
CO2 (desorption heat, Equation (3); (iii) cooling of the adsorbent (sen
sitive heat without CO2); and (iv) CO2 capture (adsorption heat). The 
first two stages are collectively referred to as the regeneration heat 
(Q̇reg), as represented in Equation (4), while the latter two can be 
grouped as the cooling heat (Q̇cool). According to the literature, the 
optimal desorption temperature is approximately 150 ◦C [31]. There
fore, for the purpose of calculations, a temperature difference (ΔT) of 
120 ◦C was considered, since experimental tests showed that the exhaust 
gas cooling temperature at the outlet of the heat exchangers was 30 ◦C 
(Equation (2). The desorption heat, defined as the energy required for 
the release or capture of CO2 by the adsorbent, is obtained from the 
adsorbent desorption enthalpy (ΔHdes), as presented in Equation (3). 
Additionally, the heat content of the exhaust gases (Q̇EG) was calculated 
using Equation (5), where ΔT in this equation correspond to the tem
perature difference between the measured exhaust gas temperature at 
the engine outlet and the desorption temperature. The results obtained 
from this calculation are presented in Table 6. 

Q̇sen = cp CO2 ṁCO2 cap ΔT+ cp sorṁsorΔT (2) 

Q̇des = ṁCO2 cap ΔHdes (3) 

Q̇reg = Q̇sen + Q̇des (4) 

Fig. 6. SEM images at 2 µm of saturated adsorbents utilised in the experimental tests.

Fig. 7. HC reduction in the experimental test.

Table 5 
Experimental values of CO2 loading capacity for the evaluated adsorbents.

Test Mass of CO2 captured [g] Adsorbent mass [g] q [gCO2/gsor] Mass of H2O condensed [g]

Z13-2700 5.72 419.5 0.0136 2.75
AC-2700 2.47 405.4 0.0061 1.81
Z13-3600 5.62 417.8 0.0135 2.75
AC-3600 2.44 405.1 0.0060 1.82

Table 6 
Heat of regeneration, cooling and exhaust gases.

Test Q̇reg[kW] Q̇cool[kW] Q̇EG[kW]

Z13-2700 − 0.354 0.350 0.704
AC-2700 − 0.467 0.465 0.681
Z13-3600 − 0.344 0.341 0.725
AC-3600 − 0.451 0.449 0.727
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Q̇EG = ṁEGcp EGΔT (5) 

The results presented in the previous table indicate that the heat 
content of the exhaust gases in the case of Z13 is more than twice the 
amount required for adsorbent regeneration. For the AC adsorbent, the 
heat available in the exhaust gases exceeds the regeneration require
ment by approximately 50 %. In both cases, therefore, the thermal en
ergy contained in the exhaust gases is sufficient to meet the CO2 
desorption demand at the obtained capture rates. Furthermore, to meet 
the cooling requirement reported in Table 6, a volumetric airflow of 
approximately 0.06 m3/s is needed for Z13 and 0.079 m3/s for AC. These 
flow rates can be supplied by a standard fan, such as those commonly 
used in the radiator systems of ICE cooling circuits.

3.5. Percentage of power penalty on the engine and CCS energy 
consumption

To estimate the percentage of power penalty (PPP) of the CCS on the 
engine, it is necessary to calculate the parasitic loads, which are the sum 
of the powers of compression and vacuum. A simulation was conducted 
using the Aspen + software to determine the compression power (Ẇcom). 
In this simulation, a compressor with an isentropic efficiency of 65 % 
was considered [19]. Additionally, the selectivity of each adsorbent 
(Table 3) was taken into account to determine the nitrogen concentra
tion in the final stream of captured CO2, and thereby estimate the total 
pressure required for the CO2 to reach liquefaction conditions, set at 75 
bar and 29.3 ◦C. Once the compressor power requirement was obtained, 
the PPP imposed by the CO2 capture system on the engine was calcu
lated using Equation (6). The vacuum power (ẆVac) measured in the 
experimental tests was 0.08 kW. The energy consumption of the CO2 
capture process is calculated using Equation (7). Table 7 shows the re
sults obtained. 

PPP =
Ẇcom + ẆVac

ẆICE
x100% (6) 

Ėcap =
Ẇcom + ẆVac

ṁCO2
(7) 

As shown in Table 7, the PPP under both ICE operating conditions is 
higher for the AC adsorbent than for Z13. This is attributed to the fact 
that the total pressure required to liquefy CO2 with AC is 85.71 bar, 
compared to 81.75 bar for Z13. This means that the compressor requires 
more power to reach the pressure demanded by AC, resulting in higher 
values of PPP. Nevertheless, at 3600 rpm, a condition under which the 
ICE operates at higher load, the difference in PPP between the two ad
sorbents diminishes, with PPP values of 3.9 % for Z13 and 4 % for AC.

On the other hand, the average energy consumption obtained across 
all test conditions was approximately 1500 kJ/kgCO2, regardless of the 
engine's operating condition. This is explained by the fact that the 
compression power between tests remained practically unchanged, 
resulting in minimal variations in the results. It is worth noting that the 
average value obtained in these experimental tests is lower than that 
reported for capture systems based on amine-scrubbing, where the 
average energy consumption is on the order of 2500 kJ/kgCO2 [55,56].

3.6. Critical analysis of the design of a TSA-based CC system

A critical assessment of the implementation of CC systems in mobile 
sources reveals that their development and deployment still face several 
challenges. The most significant factors include the regeneration and 
cooling times of the systems, as well as determining the optimal number 
of beds required for operation (all of them related to the device's 
dimensioning). A study was found in the literature where it was con
ducted to dimension a TSA device for mobile applications [23]. Ac
cording to this research, a bed with a diameter of 8 cm and a length of 1 
m has heating and cooling times of approximately 360 s, which is in line 
with the times found in other research, indicating that these times take 
around 400 s [57]. Regarding the number of fixed-bed requirements, 
studies indicate that at least three beds are necessary to accomplish the 
four phases (capture, heating, desorption and cooling) of the TSA pro
cess [58]. In this manner, the TSA device will comprise a series of fixed 
beds operating in parallel, as illustrated in Fig. 8.

In the literature, it has been proposed that this type of system could 
be addressed either by means of a rotating adsorber wheel [21,22] or by 
a complex system of pipes, pumps, valves, and other auxiliary compo
nents [23]. While both proposals are interesting to address in the design 
of the CC system, they still need to be validated experimentally and 
provide data such as the volume required for its installation, the back
pressure generated in the engine, adsorbent loading and unloading cy
cles, use of materials that allow rapid heating and cooling (high levels of 
thermal fatigue) and other key parameters.

4. Case study and sensitivity analysis

In the initial case study, a CCR of 100 % and a capture time of 200 s 
are assumed as starting conditions to quantify the mass of adsorbent 
required under each engine operating condition and to verify whether 
the heat contained in the exhaust gases is sufficient to meet the thermal 
demand associated with adsorbent heating and desorption processes. 
According to the results presented in Table 8, the required adsorbent 
mass in both engine conditions with Z13 is 55 % less than with AC. These 
calculations consider the loading capacity values for the adsorbents 
obtained in the experimental tests (Table 5). Therefore, given the lower 
loading capacity of AC, the CCS requires a greater mass of adsorbent 
compared to Z13.

The results for the sensible heat, desorption heat, and the heat con
tained in the exhaust gases are presented in Table 9. As shown, the 
sensible heat demand is significantly higher, being 9 times greater than 
the desorption heat in the case of Z13 and 57 times greater in the case of 
AC. When comparing the sum of these two heats with the heat contained 
in the exhaust gases, it becomes clear that the available heat is 

Table 7 
Power compression, PPP and energy consumption of the CC system.

Test Ẇcom[kW] PPP [%] Ėcap[kJ/kgCO2]

Z13-2700 0.113 13.6 % 1477.5
AC-2700 0.117 13.9 % 1511.5
Z13-3600 0.113 3.9 % 1508.3
AC-3600 0.117 4.0 % 1543.0 Fig. 8. Minimum adsorbent fixed beds required in TSA.
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insufficient to meet the thermal requirements for adsorbent regenera
tion under a 100 % CCR and a capture time of 200 s.

Two sensitivity analyses were conducted to evaluate the perfor
mance of the CO2 capture system. In the first analysis, the CCR was held 
constant at 100 % while the capture time was varied. In the second 
analysis, the procedure was reversed: the capture time was maintained 
constant at 200 s, and the CCR was varied. These analyses allowed the 
determination of the minimum operating time and CCR where the 
regeneration heat required by the adsorbent can be supplied exclusively 
by the engine's exhaust gases. Fig. 9 presents the results obtained from 
both sensitivity analyses.

In Fig. 9, it is shown that the regeneration heat can be entirely 
supplied by the energy contained in the exhaust gases when the CO2 
capture system operates for a maximum of 60 s using adsorbent Z13, and 
for 20 s when using AC. When compared with the experimentally ob
tained times (see Fig. 4), the regeneration period that can be covered 
with the waste heat of the exhaust gases for AC is extremely short, which 
prevents a CCS system using this adsorbent from reaching a satisfactory 
CCR. In contrast, with Z13, the waste heat of the exhaust gases can cover 
roughly half of the regeneration time, so that the CCR would be less 
affected. These results are entirely consistent with the outcomes of the 
second sensitivity analysis, where the maximum CCR achieved was, on 

average, 37 % for Z13 and 11.5 % for AC, under the established sensi
tivity analysis conditions. Based on these values, the PPP was calculated, 
as illustrated in Fig. 10. It can be seen that, when the engine operates at 
2700 rpm, the average 88 %, while at 3600 rpm, it decreases to values 
close to 30 % for both adsorbents. This is entirely expected, as higher 
rpm operation of the engine generates more waste heat in the exhaust 
gases, which can be used to reduce the PPP regardless of the type of 
adsorbent used.

Fig. 11 shows the parasitic load associated with the operation of the 
CCS system and the overall energy consumption of the CO2 capture 
process. As shown in this figure, when using AC, the energy consumption 
exceeds 11000 kJ/kgCO2 under both engine operating conditions. This 
behaviour is attributed to higher parasitic loads, resulting from 
increased compressor and vacuum power demands (values detailed in 
Appendix A) necessary for the CCS system to capture 100 % of the 
emitted CO2 by the engine. Conversely, when using Z13, the energy 
consumption under both engine conditions is approximately 3900 kJ/ 
kgCO2; this reduction regarding AC is primarily due to the greater mass 
of CO2 captured with Z13. Nevertheless, the energy consumption 

Table 8 
Adsorbent mass obtained at 100% of CCR.

Test ṁEG[kg/h] ṁCO2[kg/h] Adsorbent mass [kg]

Z13-2700 19.04 2.94 10.80
AC-2700 24.09
Z13-3600 24.40 3.77 13.85
AC-3600 30.88

Table 9 
Sensible and desorption heat, and the heat contained in the exhaust gases at 
100% of CCR.

Test Q̇sen[kW] Q̇der[kW] Q̇EG[kW]

Z13-2700 8.10 − 0.92 3.59
AC-2700 26.55 − 0.46 3.44
Z13-3600 10.21 − 1.18 4.89
AC-3600 34.03 − 0.59 4.90

Fig. 9. Results of sensitivity analyses.

Fig. 10. CCR and PPP found in the case study.
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obtained for both adsorbents under any engine operating condition re
mains considerably higher than the values typically reported in the 
literature [56].

5. Conclusions

This research work focused on the experimental evaluation of two 
commercial adsorbents (Z13 and AC) for CO2 capture in mobile sources 
powered by ICE. Experimental tests were conducted on a CC system, and 
a case study, along with a sensitivity analysis of a CCS system operating 
with the TSA process, were developed, with the aim of identifying the 
energy requirements that condition the performance of these systems in 
mobile sources.

Based on the results obtained, it is concluded that Z13 exhibited 
significantly superior performance compared to AC under the evaluated 
conditions. Specifically, Z13 achieved a 13 % higher CCR and a more 
effective reduction of HC in the exhaust gases compared to AC. More
over, CO2 storage using Z13 resulted in lower PPP than AC. These 
findings position Z13 as a potential adsorbent for CO2 capture in 
transport applications, pending further validation under dynamic, cyclic 
and long-term operating conditions. It should be noted, however, that 
these results are subject to experimental limitations, including the 
absence of a continuous operation strategy, the lack of implemented 
regeneration, simplified gas flow conditions, and the non-direct quan
tification of humidity, which may affect the generalisation of the 
findings.

The case study and sensitivity analysis revealed that the heat con
tained in the exhaust gases can only meet the thermal regeneration re
quirements for a maximum CCR of 37 % when using Z13 and 11.5 % 
when using AC. Furthermore, the analysis showed that when the engine 
operates at low loads and low rpm, the proposed CCS system is not 
viable from an energy perspective, as the PPP values and the energy 
consumption for CO2 capture are significantly higher than those re
ported in the literature. However, this behaviour reverses as engine load 
and rpm increase, indicating a clear trend where the proposed CCS 
system enhances its energy performance as the engine's output power 
rises. This occurs because the compression and vacuum power re
quirements in the CCS system do not increase in proportion to the en
gine's power output.

On the other hand, based on the available heat in the exhaust gases, 
the integration of additional systems, such as organic Rankine cycles, to 
enhance the energy efficiency of the CCS system does not seem viable 

within the design proposed in this research, since all the heat available 
in the exhaust gases is already utilised for adsorbent regeneration.

Future research efforts should concentrate on optimising the design 
of the CC system to enhance both the CCR and the capture duration. This 
implies that future studies should focus on areas such as rapid adsorbent 
heating and cooling, employing vessels made of advanced materials 
capable of withstanding higher stresses induced by thermal fatigue; a 
comprehensive assessment of the energy requirements associated with 
modular system configurations; and the development and evaluation of 
adsorbents with enhanced CO2 selectivity and moisture tolerance.

Additionally, comprehensive techno-economic studies and life cycle 
analyses should include estimates of capital and operational expendi
tures, as well as consider system weight and its impact on fuel con
sumption, the space required for installation, and the energy demand of 
the CC system. These factors are crucial for rigorously evaluating the 
economic feasibility and environmental impact of implementing CO2 
capture technologies in the transport sector. All these developments will 
be fundamental in ensuring that the transportation sector moves to
wards genuine sustainability in the short and medium term, in line with 
global climate change mitigation goals.
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Appendix A. Compression and vacuum powers

Fig. 11. Parasitic loads and energy consumption obtained in the case study.
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Adsorbent RPM CCR [%] Compression power [W] Vacuum power [W]

Z13 2700 36,17 704,94 501
AC 2700 11,71 732,711 501
Z13 3600 38,78 903,733 643
AC 3600 12,77 939,32 643
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