
Energy 292 (2024) 130511

Available online 30 January 2024
0360-5442/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

CO2 capture feasibility by Temperature Swing Adsorption in heavy-duty 
engines from an energy perspective 

Alexander García-Mariaca a,*, Eva Llera-Sastresa b, Francisco Moreno c 

a Energy and CO2 Group, Department of Mechanical Engineering, Aragon Institute of Engineering Research (I3A), University of Zaragoza, Zaragoza 50018, Spain 
b Department of Mechanical Engineering and CIRCE Research Institute, University of Zaragoza, María de Luna s/n, Zaragoza, 50018, Spain 
c Department of Mechanical Engineering, University of Zaragoza, Zaragoza 50018, Spain   

A R T I C L E  I N F O   

Handling editor: Krzysztof (K.J.) Ptasinski  

Keywords: 
Carbon capture and storage 
CO2 emissions 
Internal combustion engines 
Temperature swing adsorption 
Organic rankine cycle 

A B S T R A C T   

This study made an energy performance analysis and an estimate of the volume and weight of an innovative 
carbon capture and storage (CCS) system by temperature swing adsorption (TSA) hybridised with an organic 
Rankine cycle (ORC) working with the waste heat contained in the exhaust gases of a natural gas engine. To 
achieve this, two varying-sized engines are simulated across the entire rpm range and under partial engine loads. 
Subsequently, energy simulations are conducted at two CO2 capture rates (CCR) and employing three sorbents 
(MOF-74-Mg, PPN-6-CH2-DETA and activated carbon) to compare the CCS-ORC performance. Results demon-
strate the viability of installing CCS-ORC systems in heavy-duty vehicles since they require less than 6 % of the 
total volume of the studied vehicles. The engine power penalty induced by the CCS-ORC system varies from 1.9 
% with MOF-74-Mg to 23.5 % with activated carbon at 100 % of CCR, leading to a maximum 6.14 % rise in 
engine fuel consumption. Finally, the maximum CO2 capture process energy consumption is 631 kJ/kgCO2, 9.9 
% lower than the literature reported for TSA. Based on these promising results, applying the hybridised system 
presented in this paper for CO2 capture in sectors that use heavy-duty engines is a strategy to implement.   

1. Introduction 

Despite the continuous advances in emerging technologies, such as 
battery vehicles and hydrogen fuel cells, to achieve near-zero CO2 
emissions in freight and passenger road transport, these developments 
remain insufficient due to their short autonomies, overweight and poor 
chain supply development, among others [1–3]. For these reasons, this 
sector continues to use internal combustion engines (ICE) for its pro-
pulsion. Nevertheless, to reduce its carbon footprint, it has chosen to 
migrate from diesel to sustainable fuels such as natural gas (NG) [4,5]. 
Even though NG is not a renewable fuel, it is expected to facilitate the 
energy transition of this sector towards a sustainable energy system, as 
was established by the European Commission in 2022 [6]. 

However, this sector must achieve CO2 emissions close to zero; for 
this reason, existing technologies such as carbon dioxide capture, stor-
age, and utilisation (CCSU) technologies should be explored. Further, if 
any CO2 capture technology is combined with technologies such as 
power-to-gas (PtG) that operate with renewable energy sources to pro-
duce synthetic methane, it would promote a circular economy around 
the captured CO2 since this would be used as raw material to 

manufacture E-fuels [7]. Another advantage of this proposal is that the 
well-developed infrastructure of the NG could be used for methane 
transport and supply to the vehicles, so the supply chain would not be a 
drawback in this type of proposal. 

CCSU technologies have been demonstrated mainly for their use in 
power plants, steel, and cement industries, which are the main emitters 
of CO2 [8]. However, in recent years, research works have been carried 
out on CO2 capture in mobile sources (vehicles and ships) propelled with 
traditional ICEs. Several issues have been evaluated in these works: the 
energy consumption of the CCS system operating with different solvents 
and sorbents [9–15], the economic impact of the implementation of CCS 
systems [16–18], the technical feasibility of implementing the CCS 
systems [19–23]. Also, the properties of the sorbents have been 
improved to achieve better CO2 capture on board [24]. These research 
works show that the most widely used CO2 capture techniques have been 
absorption in the maritime sector and adsorption in road transport. They 
have also found that CO2 storage is the process that consumes the most 
energy, and it depends on the CO2 capture rate (CCR), which is why 
some authors have hybridised an ORC to the CCS system [25–27]. The 
ORC takes waste heat from the engine’s exhaust gases to produce power, 
thus offsetting the energy demand in the CO2 storage process. 
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Despite the increased literature on this topic in recent years, most of 
these research works have been carried out with the ICE operating in a 
single operating condition, which is suitable for the maritime sector. 
However, it is far from the actual ICE operation used in freight and 
passenger road transport vehicles, where the engine must change rpm 
and engine load constantly to adjust to the required slope or speed, 
which produces a variation in the mass flow and temperature of the 
exhaust gases (transient state). These variations affect the performance 
of any CCS system that could operate in this kind of vehicle due to the 
variation of the waste heat available in the exhaust gases. 

As evidenced in the previous paragraph, there is not enough infor-
mation in the literature about CCS-ORC systems operation on heavy- 
duty vehicles whose ICE operates in a transient state. This lack of in-
formation is due to the difficulty of obtaining results through simula-
tions of ICE operating in a transient state because of the large number of 
variables that affect its behaviour. In the same way, experimental tests 
require a significant investment, which is not easy to assume by a 
research centre. A way to approach the transient state operation of an 
ICE through simulations is by sweeping many engines operating con-
ditions, both in rpm and engine load, which would allow knowing the 
several input conditions of exhaust gases into the CCS-ORC system. With 
this and through the evaluation of different sorbents, it would establish 
the CO2 capture rate (CCR), the energy behaviour, and the first sizing of 
a CCS-ORC system able to adapt to operate to several operation condi-
tions of an engine. 

In this vein, the first objective of this research is to carry out an 
energy evaluation of a CCS-ORC system designed to capture the CO2 
contained in the exhaust gases of a NG engine operating in several loads 
and rpm of the engine. For this, two engines (used in freight and pas-
senger road transport and with different displacement volumes) oper-
ating at four engine loads in the entire engine rpm are simulated to 
determine the exhaust gases’ temperature, pressure, and composition 
conditions. The intention of this after the fact is to know if engine size 
affects the behaviour of the CCS-ORC system. Subsequently, a CCS-ORC 
system working with temperature swing adsorption (TSA) is simulated. 
Three sorbents (PPN-6-CH2-DETA, MOF-74Mg and activated carbon) 

and two CCRs (70 and 100 %) are used in the simulations. The aim is to 
establish the sensibility of the CCS-ORC system to different sorbents and 
capture rates regarding the energy balance. The second objective of this 
research is to size and quantify the volume and weight of the CCS-ORC 
system, thus determining how its installation can affect the useful space 
of the heavy-duty vehicle. For this, the heat exchange areas of the CCS- 
ORC system are calculated, and the volume and mass of the sorbent 
required in an operation of 8 h are estimated. All this work outlines for 
the first time a mapping of the energy consumption and the dimension of 
the CCS-ORC system able to adapt to operate in several loads and rpm of 
the engine, which expands the knowledge paving the way to use CCS in 
mobile sources as a valuable strategy to mitigate climate change. 

Abbreviations 

Adsorption Heat ΔHads 
Angular velocity ratio βω 
Area calculated at maximum torque ATmax 
Area current Acurrent 
Carbon Capture and Storage CCS 
Capture, Storage, and Utilisation CCSU 
Combustion efficiency ηcom 
Compressibility factor Z 
CO2 capture rate CCR 
CO2 cooling heat exchanger HE–CO2–C 
CO2 condenser CO2-con 
CO2 compressor CO2-com 
Cyclopentane C5H10 
Density ρ 
Displacement volume dv 
Displacement volume ratio βVol 
Engine load EL 
Exhaust gases EG 
Exhaust gas cooling heat exchanger 1 HE-EG1 
Exhaust gas cooling heat exchanger 2 HE-EG2 
Expander volumetric efficiency ηvol,exp 
Greenhouse gas emissions GHE 
Ideal gas constant R 
Internal Combustion Engine ICE 

Loading Capacity q 
Lower Heating Value LHV 
Mass flow ṁ 
Mass fraction x 
Natural gas NG 
ORC condenser ORC-C 
ORC evaporator ORC-E 
ORC heater ORC-H 
ORC pump ORC-P 
ORC expander ORC-X 
Organic Rankine Cycle ORC 
Parasitic Load PL 
Power-to-Gas PtG 
Revolutions per minute Rpm 
Rotary Wheel Adsorber RWA 
Saturation temperature Tsat 
Specific heat cp 
Pump volumetric efficiency ηvol,pump 
Temperature Swing Adsorption TSA 
Thermal efficiency ηth 
Overall heat coefficient U 
Volumetric efficiency product βηv 

Working Fluid WF 
Working fluid density ρpmp,in  

Table 1 
Technical specifications of the F1C and M936G engine.  

Engine M936G [30] F1C [29,31] 

Architecture In-line 6-cylinder 
engine 

In-line 4-cylinder 
engine 

Aspiration method Turbocharged with Aftercooler 
Injection Multipoint 
Valves per cylinder: 4 
Bore [mm] 110 96 
Stroke [mm] 135 104 
Displacement volume [cm3] 7700 3000 
Connecting Rod Length [mm] 250 220 
Compression ratio 17 12.5 
Maximum boost pressure ratio 2 1.5 
Firing Order 1-5-3-6-2-4 1-3-4-2 
Combustion duration [deg] 57 58 
Star of combustion BTDC 

[CAD] 
18 19 

Brake Power [kW] 222 at 1950 rpm 100 at 3500 rpm 
Torque [Nm] 1200 at 1600 rpm 350 at 1500 rpm  
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2. Methodology 

The engine simulations are done in the software AVL boost, and the 
CCS-ORC system simulations are performed in the software ASPEN +. 
The following subsections show the procedure developed in this study. 

2.1. Engine selection and simulation 

Two four-stroke turbochargers natural gas spark-ignition engines 
with different displacement volumes (dv) are selected for the energy 
analyses proposed below. These engines are used frequently in passen-
ger and freight road transport. The engines selected are the M936G 
engine manufactured by Mercedes Benz with a dv of 7700 cc and an F1C 
engine manufactured by FPT Industrial with a dv of 3000 cc, both en-
gines working with stoichiometric combustion [28,29]. Table 1 lists the 
specifications of the engines. 

The energy simulations for the CCS-ORC system require temperature, 
pressure, mass flow, and composition of the exhaust gases as input pa-
rameters. Both engines are modelled using the software AVL BOOST and 
values of these parameters are obtained at four partial engine loads (25, 
50, 75 and 100 %) in the entire rpm range. The theoretical models used 

in the engine are the Woschni heat transfer model for the heat transfer in 
the cylinders, the simplified model of boost pressure to obtain the air 
mass flow, the Re-analogy for the heat transfer in the engine ducts and 
the Heywood, Patton, Nitschke model for the friction. In addition, air at 
standard conditions (25 ◦C and 1 atm) and a lower heating value (LHV) 
of the NG of 48351 kJ/kg were taken as inlet parameters [32–34]. The 
engine performance results obtained in the engine models and the ac-
curacy between those, and the actual performance curves of the engines 
provided by the manufacturers [29,30] can be found in previous 
research [27]. The exhaust gas conditions are also obtained, which are 
required as input parameters in the CCS-ORC system simulations. These 
values are consigned in Appendix A and B, the temperature, pressure 
and mass flow for each species of exhaust gases are shown there. Finally, 
the mass fraction of the engine exhaust gases obtained in the engine 
model simulations is 15.4, 12.6 and 72 % for the CO2, H2O and N2, 
respectively. 

2.2. CCS-ORC system 

2.2.1. CCS-ORC system configuration 
The CCS-ORC system was configured using all the high-temperature 

Fig. 1. CCS-ORC system configuration.  

Fig. 2. T-S diagram for the ORC.  
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heat sources to get the most straightforward possible configuration. 
Moreover, a reduction of 78.1 % for the cooling processes was obtained 
through a Pinch analysis. Fig. 1 shows the final configuration of all 
systems integrating the CCS-ORC system proposed for this study. 

A rotary wheel adsorber (RWA) is used for the adsorption process 
(enclosed in green dotted line). The TSA process consists of four stages 
(black dot lines), represented in Fig. 1. The charged sorbent is heated to 
a desorption temperature in the first stage so that the CO2 is released 
from the sorbent [35] in the second stage. The heat required for these 
stages is extracted from the exhaust gases coming from the engine 
exhaust. In the third stage, the sorbent is cooled to the adsorption 
temperature and is prepared to adsorb CO2 from the dry exhaust gases in 
the fourth stage. Air at standard conditions is used for cooling in the last 
stages. 

A basic ORC [36] with two heat sources is integrated into the system 
to provide the mechanical energy required to compress the CO2. One 
source is heat remaining in the exhaust gases after the RWA, and the 
second is the heat produced in the CO2 compression. Four additional 
heat exchangers complete the CCS system to dry the exhaust gases and 
cool the CO2. Fig. 1 shows with a different colours each of the flows 
operating in the systems (exhaust gases - red, CO2 - blue, air cooling - 
yellow and ORC working fluid - purple) and the heat exchangers and 
devices arrangement. 

2.2.2. ORC design and working fluid selection 
The ORC’s working fluid (WF) is cyclopentane (C5H10). This organic 

fluid was selected because of the excellent performance results in pre-
vious research performed on ORC in ICE [37,38]. On the other hand, 
C5H10 has a limited environmental impact and low toxicity, is 
non-corrosive [39], has a low decomposition rate and is thermally stable 
at temperatures up to 350 ◦C despite its high flammability despite its 
high flammability and has a low decomposition rate [40], making it safe 
for use in this kind of application. 

Fig. 2 shows the TS diagram of the thermodynamic states of the WF 
along the ORC. The ORC circuit begins with preheating the WF in the 
heat exchanger (ORC-H), thanks to the heat produced during the 
compression of the CO2 (1–2 process). Afterwards, the WF is vaporised 
in the heat exchanger (ORC-E), taking the exhaust gases’ waste heat 
after CO2 desorption (2–3 process). After, WF flows through an expander 
(ORC-X) to produce power (3–4 process). Finally, the WF is condensing 
in the heat exchanger (ORC-C) (4–5 process), and pumping (ORC-P) to 
begin the cycle again (5–1 process). 

The ORC operational pressures were obtained following the pro-
cedure developed by Fatigati et al. [41,42] which is based on the 
permeability concept (equation (1)). Assuming a pressure of 1.5 bar at 
the outlet of the ORC-X and the inlet pressure in the ORC-X is obtained 
using equation (2). The meaning of the three dimensionless variables of 
equation (2) is explained in Ref. [41], and Table 2 shows the used values. 

α=
ṁWF

ΔP
(1)  

Pin,ex =ZRTsatρpmp,inβηvβVolβω (2) 

The ORC-X inlet pressure obtained following the described proced-
ure is 20.9 bar; at this pressure, the WF saturation temperature is 
184.15 ◦C. This temperature fits with the critical operation condition in 
the ORC-E, which is at 25 % engine load and 1000 rpm in the F1C engine 
(the lowest thermal energy); at this point, the inlet exhaust gases in the 
ORC-E has a temperature of 222 ◦C, so it fulfils with ΔT established for 
its operation (see Table 6). From this, the inlet pressures of the ORC 
devices are subsequently set from this value. The devices’ pressure 
drops, the heat transfer coefficient (h) and the overall heat transfer co-
efficient (U) values are taken from the literature [43–45]. Table 3 shows 
the parameter values for each device and fluid conditions in the 
simulations. 

2.2.3. Heat exchangers 
As seen in Fig. 1, the CCS system has four heat exchangers. The first 

of them serves to reduce the CO2 temperature after the desorption 
process (HE–CO2–C), the second one is used to condensate the CO2 (CO2- 
con), the third one is used as a first cooling stage of the exhaust gases 
(HE-EG1), and the last heat exchanger (HE-EG2) finishes cooling and 
drying the exhaust gases.These heat exchangers utilise the same air 
cooling that flows through the RWA and the ORC. This information is 
summarised in Table 4. An overall heat transfer coefficient of 100 W/ 
m2K corresponding to a cooling process in a compact heat exchanger 
[44,45,48] is considered. 

2.2.4. Rotary wheel adsorber (RWA) 
The four TSA processes (adsorption, heating, desorption and cooling) 

are performed on an RWA (green dot lines Fig. 1). This technology 
operates with VeloxothermTM, developed by Inventys [49]. The 
advantage of this device is that it is possible to do the TSA cycle in less 
than 90 s [35], which drives to small equipment sizes. In the simulations, 
the cooling and heating of the sorbent in the RWA are made by indirect 

Table 2 
Input parameters for the calculation of the fluid pressure at the ORC-X inlet.  

Variable Value Unit 

Compressibility factor (Z) 0.96 NA 
Ideal gas constant (R) 0.1186 kJ/kgK 
Saturation temperature (Tsat) 186.15 ◦C 
WF density at 1 bar (ρpmp,in) 735.3 kg/m3 

Expander volumetric efficiency (ηvol,exp) 0.45 [41] NA 
Pump volumetric efficiency (ηvol,pump) 0.8 NA 
Volumetric efficiency product (βηv) 0.36 NA 
Displacement volume ratio (βVol) 0.76 NA 
Angular velocity ratio (βω) 0.2 NA  

Table 3 
Parameters and conditions for ORC simulations.  

Device Parameter Unit Value State Fluid 

ORC-C Inlet 
pressure 

Bar 1.5 Vapour C5H10 

U [44] W/ 
m2K 

120→Condensation NA Air- 
C5H10 

ORC-P Inlet 
pressure 

Bar 1 Saturated 
liquid 

C5H10 

Isentropic 
efficiency 
[46] 

NA 0.55 NA 

ORC- 
H 

Inlet 
pressure 

Bar 24.9 Compressed 
liquid 

C5H10 

U [44,45] W/ 
m2K 

100→Liquid-Gas NA C5H10 - C 

ORC-E Inlet 
pressure 

Bar 22.9 Compressed 
liquid 

C5H10 

h [44] W/ 
m2K 

70→Liquid-Gas 
2000→Phase 
change 
35→Gas-Gas 

NA C5H10 - 
Exhaust 
gas 

ORC-X Inlet 
pressure 

Bar 20.9 Vapour C5H10 

Isentropic 
efficiency 
[47] 

NA 0.65 NA  

Table 4 
Overall heat coefficients for the heat exchangers used in the ORC [44,45,48].  

System Heat exchanger Process Fluids U [W/m2K] 

CCS HE–CO2–C Cooling CO2 – Air 100 
CO2-Con 
HE-EG1 Cooling Air – Exhaust gases 
HE-EG2 Dry  
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contact with air at standard conditions (25 ◦C and 1 bar) and with the 
exhaust gases coming from the engine, respectively. 

2.2.5. Sorbent selection 
Three sorbents are selected for the CCS-ORC simulations: PPN-6- 

CH2-DETA (PPN onwards), MOF-74-Mg (MOF onwards), and activated 
carbon (AC onwards). PPN and MOF sorbents present an ultra-high 
selectivity for CO2, exceptional adsorption capacity, and low desorp-
tion energy, which are suitable physical properties for CO2 capture (see 
Table 5) [26,50,51]. AC is a commercial sorbent with ultra-low 
desorption energy, and several studies have shown that it can be used 
as a sorbent [52–54]. 

According to the literature, the suitable desorption temperature that 
guarantees the greatest amount of CO2 desorption without sorbent 
degradation is 150 ◦C [51] which was chosen in the simulations. On the 
other hand, the adsorption temperature selected is 30 ◦C since the 
exhaust gas is 99 % dry at this temperature, which is ideal for sorbents 
because they lose CO2 adsorption capacity with wet exhaust gases [55]. 

2.2.6. CO2 compression and storage process 
Simulations consider the storage of CO2 as a liquid. According to the 

CO2 Mollier diagram, the thermodynamic conditions established in the 
simulations to do this are a CO2 pressure of 75 bar and a temperature of 
29.35 ◦C. Regar to the pressure, the CO2 pressure changed for each 
sorbent in the simulations due to the impurities of N2 in the CO2 stream 
(due to the selectivity). Consequently, the CO2 pressure with PPN is 75 
bar, with MOF is 77.9 bar and with AC is 85.73 bar; these pressures were 
calculated using the Dalton Law. The simulations assume an isentropic 
efficiency of 65 % for the CO2 compressor (CO2-Com onwards). The 
proposed CCS-ORC system configuration has three stages to achieve the 
CO2 storage temperature. The first one is done in the HE–CO2–C using 
air as cooling fluid before entering the CO2 compressor. After, the CO2 is 
cooled in the ORC-H using the C5H10 as a cooling fluid. The last cooling 
stage is done in the CO2-con using atmospheric air as a cooling fluid (See 
Fig. 1). 

2.3. Energy simulations of the CCS-ORC system 

The energy analysis of the CCS-ORC system aims to quantify by 
simulations the penalty over the engine in power terms that would 
induce their operation. Thus, it is necessary to know the heat and areas 
of the heat exchangers and the power consumption of the expander, 
pumps and compressors. All of this is per each rpm and engine load 
condition. The following shows the assumptions and the procedure 
developed in the simulations. 

2.3.1. Assumptions 
The following assumptions are considered in the CCS-ORC system 

simulations: (i) there are no mass losses in pipes, devices, and connec-
tions; (ii) there are no pressure drop losses in the pipes; (iii) heat losses in 

pipes are negligible; (iv) exhaust gases are non-corrosive during the heat 
transfer; (v) steady-state conditions in the simulations; (vi) inlet air for 
cooling at standard conditions; (vii) heat exchanger are simulated in 
counter-flow type. 

2.3.2. Procedure in simulations 
Simulations are performed for two CCR conditions (70 and 100 %), 

at 25, 50, 75 and 100 % of engine load and in the entire rpm range. For 
both CCR conditions, the areas of the heat exchangers of the CCS-ORC 
system must first be known. These areas were determined at 
maximum engine torque. The cooling air mass flow is obtained when the 
sorbent is cooled at 30 ◦C and are fulfil the design condition is reached of 
the heat exchanger and the selected ΔT (from the literature) between the 
hot and cold fluid in each heat exchanger is met (see Table 6). 

The ORC cycle was simulated so that the WF at the ORC-X outlet was 
always saturated vapour (see Fig. 2), which fixes the maximum mass 
flow of the WF for each engine condition in the simulations, thus 
obtaining the maximum power production. Also, the values for the 
heating, cooling, desorption and adsorption heat developed in the RWA 
are introduced for each simulation (Appendix C, D, E and F). These 
values are calculated using equations (3)–(5). The ΔT in these equations 
is 120 ◦C, which is obtained as the difference between desorption tem-
perature (150 ◦C) and exhaust gas drying temperature (30 ◦C). 

Q̇heating =CCRxCO2 ṁEGΔT
(

cp− CO2 +
cp− CO2

q

)

(3)  

Q̇cooling =
cp− CO2 CCRxCO2 ṁEGΔT

q
(4)  

Q̇desorption/adsorption =CCRxCO2 ṁEGΔHdes (5) 

This procedure allows us to calculate the power consumption of the 
ORC-P and the CO2 compressor, the power production of the ORC-X, the 
air mass flow of the fan used to cool the CCS-ORC system, the WF mass 
flow in the ORC and the heat flux of all heat exchangers in the rest of the 
engine operational points. 

As is expected, for the other simulation points, the values of the areas 
of heat exchangers change. At thermal operating conditions higher than 
maximum torque, these areas are equal to the calculated since the 
software controls this by increasing the cooling flow or limiting the WF 
flow. By contrast, at lower thermal points than the maximum torque, the 
heat exchanger areas present a lower value, which is good since if a 
larger area is required, this would indicate that the heat transfer process 
could not develop properly. The areas always were controlled and 
verified using equation (6), whose value must always be equal to or 
greater than zero. 

Adifference (%)=

(
ATmax − Acurrent

ATmax

)

100 (6)  

Table 5 
Main physical properties of the sorbents used in the simulations [50,51,53,54].  

Sorbent Adsorption 
Heat (ΔHads) 
[kJ/molCO2] 

Loading 
Capacity 
(q) 
[kgCO2/ 
kgsorbent] 

Selectivity 
CO2/N2 

Specific 
Heat (cp) 
[kJ/kgK] 

aDensity 
(ρ) [kg/ 
m3] 

PPN-6- 
CH2- 
DETA 

− 45.33 0.2354 >10.000 0.985 805 

MOF-74- 
Mg 

− 37.4 0.27808 209 0.896 914.9 

Activated 
carbon 

− 25 0.132 11 1.062 1040  

a Crystallographic density. 

Table 6 
ΔT and requirements of the heat exchangers in the CCS-ORC system simulations.  

Heat 
exchanger 

ΔT between hot and 
cold fluid [◦C] [48] 

Fluids Design condition of 
the heat exchanger 

ORC-C 5 C5H10-Air C5H10 outlet as 
saturated liquid 

ORC-E 20 C5H10-Exhaust 
gases 

C5H10 outlet as 
saturated vapour 

ORC-H 20 C5H10–CO2 – 
HE–CO2–C 3 Air-CO2 – 
CO2-Con 4 CO2 -Air CO2 outlet as 

saturated liquid 
HE-EG1 3 Exhaust gases- 

Air 
– 

HE-EG2 3 Exhaust gases- 
Air 

Exhaust gases outlet at 
30 ◦C  
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3. Results and analysis 

This section presents the results obtained from the simulations of the 
CCS-ORC system. Initially, the results of the operational parameters of 
the CCS-ORC system (heat exchanger areas and fluid mass flows) are 
presented. Then, energy performance as power production and con-
sumption by the devices and the penalisation over the engine by the 
CCS-ORC system operation is presented. Finally, the mass and volume of 
the sorbent for an ICEv operation of 8 h are quantified to establish the 
required weight and volume in the RWA and the volume of the heat 
exchangers to get the spatial dimension of the CCS-ORC system. 

3.1. Heat exchanger areas 

Table 7 shows the values of the heat exchanger areas of the CCS-ORC 
system that are obtained in the simulations. Both engines’ heat 
exchanger areas of the CCS-ORC system show similar trends. The results 
show that the ORC-E and ORC-C heat exchanger areas are larger for a 70 
% CCR than a 100 % CCR. For the ORC-E and ORC-C exchangers, it can 
be explained because of the higher WF mass flow needed to take 
advantage of the heat in the exhaust gases. This remaining heat is higher 
due to a lower heat requirement in the heating and desorption processes 
at 70 % of CCR. On the contrary, the HE-EG1, HE-EG2, ORC-H, 
HE–CO2–C and CO2–C areas are lower for the lower CCR, caused by a 
smaller mass flow of exhaust gases and CO2. 

Table 7 
Heat exchangers areas obtained in the simulations.  

Engine Sorbent CCR ORC-C [m2] ORC-E [m2] ORC-H [m2] HE–CO2–C [m2] CO2-Con [m2] HE-EG1 [m2] HE-EG2 [m2] Total [m2] 

M936G MOF 70 17.90 8.17 0.59 0.67 1.87 18.36 11.58 59.13 
PPN 16.53 8.16 0.57 0.67 1.82 18.74 10.18 56.68 
AC 16.71 7.95 0.63 0.73 1.96 17.99 10.25 56.21 
MOF 100 15.61 7.66 0.75 0.95 2.54 25.37 13.02 65.91 
PPN 13.77 7.59 0.72 0.95 2.46 25.30 11.20 62.01 
AC 13.97 7.17 0.79 1.05 2.64 24.23 11.31 61.16 

F1C MOF 70 9.56 4.27 0.31 0.35 0.98 9.61 6.12 31.19 
PPN 8.84 4.27 0.30 0.35 0.96 9.81 5.38 29.91 
AC 8.93 4.16 0.33 0.38 1.02 9.41 5.42 29.66 
MOF 100 8.36 4.02 0.50 2.54 1.33 13.30 6.88 36.93 
PPN 7.92 4.01 0.39 0.50 1.30 13.34 6.40 33.86 
AC 7.51 3.79 0.42 0.55 1.38 12.72 5.99 32.35  

Fig. 3. C5H10 Mass flow under the two CCR conditions and over the entire rpm range.  
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The effect of the sorbent in the heat exchanger areas of the CCS-ORC 
system can be seen in the CO2-Con. For instance, with MOF operation, 
there is a difference between the heat exchanger areas of 2.5 % at 70 % 
of CCR and 2.7 % at 100 % of CCR regarding PPN operation. This dif-
ference is due to the selectivity of the sorbent. The MOF-74-mg has a 
lower selectivity than the PPN-6-CH2-DETA, which makes the CO2 mass 
flow contain impurities of N2 which change the heat transfer parameters 
producing an increase in the area of the CO2-Con. This same behaviour 
can be seen with the AC sorbent, whose selectivity is the lowest of the 
three sorbents. 

Finally, the area of the HE-EG2 is, on average, 11.2 % greater with 
MOF operation regarding PPN and AC operation both for the two CCRs 
and the two engines. This result is because, in MOF operation, the 
cooling air mass flow is the lowest obtained due to the lowest heat of 
cooling and adsorption with this sorbent, which produces that this heat 
exchanger requires a larger area. 

3.2. Mass flows of C5H10 and air 

Fig. 3 shows the C5H10 mass flows in the ORC simulations. It can see a 
higher C5H10 mass flow in 70 % CCR than in 100 % CCR in both engines 
and with all sorbents at the highest engine load (EL). It can be explained 
as in the 70 % CCR case, less heat from the exhaust gases in the sorbent’s 
heating and desorption process is consumed mainly due to less sorbent 
and CO2 mass involved in the processes. However, as mentioned before, 
this rise in the WF mass flow increases the heat exchanger areas of the 
ORC-E and ORC-C, regarding the CCS-ORC system operation at 100 % of 

CCR. 
Considering sorbents, the MOF operation always presents a higher 

C5H10 mass flow than the PPN and AC operation. This result is because 
the heating and desorption heat with MOF operation is less than the PPN 
operation. At the same time, the difference between MOF and AC 
operation is due to the higher selectivity of the MOF-74-mg regarding 
the AC that involves a fewer mass of the sorbent and, hence, a low 
heating heat. 

Fig. 4 shows the cooling air mass that flows through the CO2-Con, the 
HE-EG2, the RWA, the ORC-C, the HE–CO2–C and the HE-EG1 on both 
SI-ICE, both CCRs and for the three sorbents. It can see that the highest 
cooling air mass flow values appear at a CCR of 100 %. These results are 
due to more CO2 mass for condensing and more demand for cooling the 
RWA since higher heat is consumed from the exhaust gases in the RWA 
at 100 % of CCR than at 70 % of CCR. For this reason, the air mass flow 
with PPN and AC operation is higher than with MOF operation under 
whatever engine load and rpm because of its lowest desorption heat. 

3.3. Energy consumption of the CCS system devices 

Understanding the power usage of the different devices within the 
CCS-ORC system is crucial for quantifying power losses. This section 
presents the findings regarding the power generated by the ORC-X and 
the power consumed by parasitic loads, which include the combined 
power from the CO2-com, the ORC-P, and the air fan utilised in the 
cooling processes (Equation (7)). The power consumption of the air fan 
is determined by selecting fans from the EBMPAPST company’s online 

Fig. 4. Cooling air mass flows in the CO2-Con, the RWA, the ORC-C, the HE–CO2–C and the HE-EG1 in the entire F1C and M936G engine rpm.  
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catalogue [51] that align precisely with the simulated air mass. Addi-
tionally, the section presents the percentage of engine power utilised by 
the CCS system due to its operation. 

Ẇparasitic loads = Ẇpump + Ẇcompressor + Ẇfan (7)  

3.3.1. Power production and parasitic loads in the CCS-ORC system 
The following figures show the difference between the power pro-

duced by the ORC-X and the parasitic loads of the CCS-ORC system at 70 
and 100 % CCR in both engines and for all sorbents. Fig. 5 shows the 
parasitic loads power consumption and power production of the ORC-X 
at 70 % of CCR with all sorbents in the engine F1C. There can be seen 
that with MOF operation, the parasitic loads are covered by power 
produced in the ORC-X at 100 % of the engine load from 2000 rpm; at 
75 % of the engine load, the ORC-X covers the parasitic loads from 2800 
rpm, and at 50 % of the engine load, the parasitic loads are covered from 
3200 rpm. 

During PPN operation, the ORC-X generates sufficient power to 
compensate for the parasitic loads at 100 % and 75 % of the engine load, 
starting from 2400 to 3600 rpm, respectively. However, in the case of AC 
operation, the parasitic loads are never fully compensated due to the 
elevated pressure needed for CO2 liquefaction. The lower AC selectivity 
primarily causes this limitation. Furthermore, when utilising any sor-
bent, the power generated by the ORC-X is unable to meet the re-
quirements of the parasitic loads at 25 % of the engine load. The main 
reason for this is that, under this specific engine load condition, the 
exhaust gases contain the lowest level of thermal energy. 

Fig. 6 shows the difference between the power produced by the ORC- 
X and the parasitic loads of the CCS-ORC system at 100 % CCR in the F1C 
engine with all sorbents. With this condition, the CCS-ORC system can 
not cover the parasitic loads with any sorbent. This behaviour was 
anticipated because, as the CCR increases, the mass flow of the working 
fluid (WF) in the ORC decreases, resulting in lower power production by 
the ORC-X. Additionally, the power consumption of the CO2 compressor 
rises due to the increased mass of CO2 being captured. 

In the M946G engine at a 70 % CCR (Fig. 7) in MOF operation, the 
parasitic loads are covered at 100 % of the engine load from the 
maximum torque (1500 rpm), 75 % of the engine load from 1700 rpm, 
and 50 % of the engine load from maximum power (2000 rpm). With 
PPN operation at 100 % of the engine load, the parasitic loads are 
covered from 2000 rpm and in the rest of the engine loads, the parasitic 
loads are not covered. Fig. 8 depicts a similar trend with all the sorbents 
studied at a CCR of 100 %, resembling the behaviour observed in the F1C 
case. 

3.3.2. Engine power percentage consumed by the CCS system 
Figs. 9 and 10 show the power percentage required from the engines 

to operate the CCS-ORC system across various rpm and engine load 
conditions, sorbents, and selected carbon capture rates (CCRs). These 
figures demonstrate that, regardless of the sorbent, CCR, or engine rpm, 
the most significant impact on the engines occurs at 25 % of the engine 
load. However, this penalty decreases as the engine load increases, and 
the ORC system can even deliver excess power, as with MOF operation at 
a 70 % CCR. 

Fig. 5. Power production by the ORC and parasitic loads by the CCS-ORC system in the F1C engine.  
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As anticipated, the penalty percentage of the CCS-ORC system on the 
engine follows the AC operation > PPN operation > MOF operation 
sequence. The main reason for this is the reduced need for heating and 
desorption heat in MOF operation compared to other sorbents. The 
penalty percentage values of the CCS-ORC system on the F1C engine, at 
a 70 % CCR, range from 0 % with MOF operation to 10.8 % with AC 
operation. At a 100 % CCR, these values range from 2.2 % with MOF 
operation to 23.5 % with AC operation. 

Likewise, for the M936G engine, at a 70 % CCR, the penalty per-
centage values range from 0 % with MOF operation to 7.1 % with AC 
operation. At a 100 % CCR, the penalty percentage values range from 
1.9 % with MOF operation to 13.1 % with AC operation. 

The values in the above figures show that the CCS system has a more 
significant penalty on the smaller engine size, irrespective of the sorbent 
used. In addition, at 25 % of the engine load, the highest penalty per-
centage values are obtained regardless of the sorbent since all the en-
gines’ power output is at its lowest point during this load condition, 
thereby amplifying the penalty percentage of the CCS system on the 
engines. 

3.4. Weight and volume of the CCS-ORC system 

The limited space within an ICEV poses a significant challenge for 
installing a CCS-ORC system. Hence, it is crucial to determine the mass 

and area needed to incorporate a CCS-ORC system into the vehicle. This 
estimation involves calculating the mass and volume of the sorbent 
within the CCS-ORC system. The calculation procedure assumes a CCR 
of 100 % for both engines, an 8-h operation with 48 cycles of desorption 
and adsorption (each lasting 10 min), and an engine load of 75 % at the 
maximum torque RPM. The results of these calculations are presented in 
Table 8. 

Finally, the mass and volume of the CCS-ORC system are estimated. 
The weight and volume of commercial compressors that meet the mass 
flow of CO2 obtained in both engines are taken for this [56]. Concur-
rently, the weight and volume of a screw expander operating in the 
power ranges obtained in the simulations are taken from the literature 
[57]. Subsequently, the volume of the heat exchangers is obtained 
considering an area density (β) of 100 m2/m3 and the corresponding 
weight is extrapolated from analogous studies [58]. Finally, the tanks 
and ancillary systems’ weight of the CCS-ORC system is estimated at 
200 kg for the M936G engine and 120 kg for the F1C engine. 

Based on the results, the CO2 mass captured from the exhaust gases 
during an 8-h operation weighs 710 kg and 373 kg for the M936G and 
F1C engines, respectively. In its liquid state, the storage of this captured 
CO2 requires 0.93 m3 and 0.49 m3 of volume for the M936G and F1C 
engines, respectively. The sorbent mass needed to capture CO2 in the 
M936G engine amounts to 53.2 kg, 62.9 kg, and 112.1 kg for MOF, PPN, 
and AC operation, respectively, which translates to a sorbent volume 

Fig. 6. Power production and parasitic loads in the CCS system with MOF-74-Mg and CCR of 100 % in the F1C engine.  
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(RWA volume) of 0.116 m3, 0.156 m3, and 0.224 m3. For the F1C engine, 
the required sorbent mass is 28 kg, 33 kg, and 58 kg for MOF, PPN, and 
AC operation, respectively. The corresponding sorbent volumes are 
0.061 m3, 0.082 m3, and 0.118 m3 for MOF, PPN, and AC operation, 
respectively. These results indicate that the selectivity parameter has the 
most significant impact on the weight of the CCS-ORC system. Conse-
quently, the operation with AC, which has the lowest selectivity among 
the chosen sorbents, resulted in the highest weight for the CCS-ORC 
system. 

The average weight and volume of the CCS-ORC system obtained are 
1200 kg and 2.11 m3 for the M936G engine vehicle and 695 kg and 1.12 
m3 for the F1C engine vehicle. Fig. 11 depicts the weight distribution of 
components within the CCS-ORC system. There, it can be seen that the 
CO2 compressor is the equipment exerting the greatest influence on the 
total weight of the CCS-ORC system in both ICEVs, with its values 
ranging between 39.7 % and 45.4 % of the overall weight. Conversely, 
the heat exchangers, the RWA, and the tanks and auxiliaries exhibit 
comparable weight contributions across both engines, averaging 19.8 %, 
17 %, and 6 %, respectively. Notably, the ORC-E exhibits a higher 
proportional weight in the F1C engine than the M936G; this disparity 
arises from using the same expander for both cases. The decision to use 
the same ORC-E in both ICEVs is due to its volume barely representing 
2.7 % of the total volume of the CCS-ORC system, and it has a good 
performance with the mass flows of the WF obtained in both engines 
[58]. 

4. 4analyses 

The results show that the volume obtained for the CCS-ORC system 
with a CCR of 100 % represents scarcely 3.4 % of the total volume of a 
bus that uses the M936G engine and the space that the CCS-ORC system 
would occupy of a vehicle using an F1C engine represents 10.2 % of the 
total volume of the vehicle. These values can be diminished through a 
thorough design process for the heat exchangers, Although the values in 
the present research coincide with those reported in the literature [25, 
57]. This process would consider factors such as the type of heat 
exchanger, geometric configuration, construction material, β, and other 
design parameters. Therefore, installing the CCS-ORC system in a 
heavy-duty vehicle is technically feasible since it barely affects its 
workspace. These values are even 15.6 % lower than the volume occu-
pied by an electric battery of a heavy vehicle [59]. Regarding the 
CCS-ORC system weight, this could lead to an increase in fuel con-
sumption. However, this extra weight in a heavy-duty vehicle would not 
imply a significant increase in fuel consumption [60]; consequently, the 
operation cost of the vehicle would hardly be affected by this variable. 

However, the engine must augment fuel consumption to offset the 
parasitic loads the ORC fails to address. This is despite the crucial role 
played by the ORC in mitigating the penalty of the CCS system over the 
engine, which can be up to 11 % higher in the absence of the ORC. For 
this reason, it is necessary to quantify the extra fuel mass that the engine 
needs to cover the difference between the parasitic loads (PL) caused by 
the CCS system and the power produced by the ORC-E (PE); equation (8) 

Fig. 7. Power production and parasitic loads in the CCS system with PPN-6-CH2-DETA and CCR of 70 % in the M936G engine.  
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is used. In this equation, the ηcom is the combustion efficiency and ηcom is 
the engine’s thermal efficiency. These parameters are obtained from the 
engine simulations, whose values are listed in Appendix G and H. The 
assumptions for the calculations are the same as for the mass and volume 
calculation made in section 3.5 (75 % of engine load, at maximum 
torque and 8-h of operation). The results obtained are reported in 
Table 9. 

mfuel =
28800(PL − PE)

ηcom ηthLHV
(8) 

As seen in this table and as expected, the highest increase in the fuel 
mass is at 100 % of CCR and in AC operation, with values of 7.5 % in the 
M936G engine and 6.14 % in the F1C engine. However, at 70 % of CCR, 
the rise in the fuel mass with the MOF and PPN sorbents is almost 
marginal, with values less than 0.52 %. Even the fuel mass increase at 
100 % of CCR could be covered if the transport sector must pay a carbon 
emission tax. 

In the present research, the detail of the CCS-ORC system in the 
simulations was improved. Also, the WF mass flow calculation was 
changed and the U in the heat exchangers was updated (to get a more 
realistic process). As a result of these changes, the value obtained of the 
ORC efficiency was 11.7 %, which continues to coincide with the re-
ported ORC efficiency in the literature [61,62]. In addition, as can be 
seen in Fig. 12, it was achieved that the size of the engine does not have a 
significant interference in the operation of the CCS-ORC system since the 

percentage of the power of the parasitic loads covered by the ORC vary 
only with the type of sorbent used. The main difference between one 
engine and another at 70 % of CCR is 1.3 %, and 5.8 % at 100 % of CCR. 
Finally, it is observed that at 100 % CCR, the ORC can cover 42 % of the 
parasitic loads with AC and with MOF up to 60 %, while at 70 % CCR, 
this percentage goes from 73 % with AC to 92 % with MOF. 

Fig. 13 shows the energy consumption of the capture process. As can 
be seen in this figure, the maximum energy consumption is obtained 
with CCR of 100 % in the F1C engine at 25 % of engine load and the 
lowest rpm engine, whose maximum value is 631 kJ/kgCO2 in AC 
operation; with PPN operation, the value is close to 510 kJ/kgCO2 and 
with MOF operation 429 kJ/kgCO2. With the same CCR, these values are 
nearly 12 % lower in the M936G engine. These values coincide with the 
values reported by Kim et al. [63], who simulated an onboard CO2 
capture system with TVSA in diesel heavy-duty. Additionally in the 
literature, the energy consumption values for TSA, PSA and VSA are 
higher than 700 kJ/kgCO2 at 90 % of CCR [64,65] and, with 
amine-scrubbing, are higher than 2500 kJ/kgCO2 [66,67]. Therefore, 
the energy consumption of the CCS-ORC system is observed to be lower 
than the values reported in existing literature. This reduction is due to 
the taking advantage of waste heat from exhaust gases through the ORC. 
So, the findings reported herein and, in the literature, suggest that this 
kind of system, which is still in its design and simulation phase, has good 
prospects for its experimental development. 

In analysing the behaviour of engines, the CCS-ORC system can 

Fig. 8. Power production and parasitic loads in the CCS system with MOF-74-Mg and CCR of 100 % in the M936G engine.  
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operate when there are engine accelerations (rise of load or rpm engine 
or both). Since the exhaust gas temperature increases due to the fuel 
enrichment in the engine charge (fuel-air mixture). This behaviour 
benefits the CO2 desorption and the correct functioning of the ORC since 

there is more waste heat in the exhaust gases available to take advantage 
of. On the contrary, when there are engine decelerations (reduction in 
load or rpm of the engine or both), the CCS-ORC system operation could 
be affected since there is a decrease in the fuel in the engine charge, 

Fig. 9. Power percentage consumed by the CCS system operating in the M936G engine.  

Fig. 10. Power percentage consumed by the CCS system operating in the F1C engine.  
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reducing the exhaust gas temperature. This condition limits the 
desorption of CO2 by not achieving the minimum desorption tempera-
ture, and in the ORC, there would be less waste heat available to take 
advantage of. 

5. Conclusions 

This paper introduces an innovative CCS-ORC system to mitigate 
CO2 emissions from heavy-duty vehicles. The proposed system involves 
harnessing waste heat from the exhaust gases coming from an ICE to 
desorption of CO2 and produce power into an ORC to supply the power 
demand in the CO2 compression stage and cooling of all systems (see 
Fig. 1). The study within the framework of an energy analysis encom-
passes different case scenarios, wherein the sorbent is changed (PPN-6- 
CH2-DETA, MOF-74-Mg, and activated carbon) and engine size (M936G 

and F1C). The evaluation is carried out at four partial engine loads, the 
whole rpm range, and with two CCRs (70 and 100 %). The results pro-
vide valuable information on the energy requirement and size of the 
different components of the CCS-ORC system and the energy con-
sumption by the CCS-ORC system to capture CO2. 

Based on the results, no significant difference was observed between 
the values obtained from the volume and weight of the CCS-ORC system 
when operating with the selected sorbents. This similitude is attributed 
to the fact that the RWA contributes merely 6 %, on average, to the 
weight and volume of the CCS-ORC system. 

The study further revealed that the engine’s size does not drastically 
influence the CCS-ORC system operation since the parasitic loads pro-
voked by the CCS-ORC system remain almost constant between engines 
with average values of 2.9 % at 70 % of CCR and 9 % at 100 % CCR. The 
CCS-ORC system exhibited similar behaviour during PPN and MOF op-
erations. However, when operating with AC, the CCS-ORC system ex-
hibits increased parasitic loads and energy consumption to capture the 
CO2, averaging 15 % across all engine loads and rpm ranges. This in-
crease is due to the low selectivity of AC, leading to a higher 

Table 8 
Mass and volume of sorbent for 30 min of operation at 25 % of EL at the RPM of 
maximum torque.  

Engine M936G F1C 

Sorbent MOF PPN AC MOF PPN AC 
Exhaust mass [kg] 4610.07 2417.76 
CO2 mass captured [kg] 710.13 373.16 
CO2 volume [m3] 0.93 0.49 
Sorbent mass (RWA 

weight) [kg] 
53.2 62.9 112.1 28 33.0 58.9 

aSorbent Volume (RWA 
volume) [m3] 

0.116 0.156 0.224 0.061 0.082 0.118 

CO2 compressor weight 
[kg] [56] 

540 276 

CO2 compressor volume 
[[m3] [56] 

0.366 0.183 

ORC-E weight [kg] [57] 127.8 
ORC-E volume [m3] 

[57] 
0.03 

Heat exchangers 
volume [m3] [58] 

0.66 0.62 0.61 0.35 0.34 0.32 

Heat exchangers weight 
[kg] [58] 

257 241.8 238.5 135.7 132.1 126.2 

bWeight of CCS-ORC 
system [kg] 

1178 1172.5 1218.4 687.4 688.9 708.9 

Total Volume of CCS- 
ORC system [m3] 

2.11 2.11 2.17 1.11 1.12 1.14  

a Calculated with 50 % of the crystallographic density. 
b Without the CO2 mass. 

Fig. 11. Average weight of the several components of the CCS-ORS system.  

Table 9 
Total and percentage fuel mass increase in the engines to cover the CCS-ORC system operation at 75 % of engine load, 8 h of operation and maximum torque.  

Engine mass fuel [kg] CCR [%] PPN MOF AC 

mass fuel [kg] Increase mass fuel [%] mass fuel [kg] Increase mass fuel [%] mass fuel [kg] Increase mass fuel [%] 

M936G 136.30 70 0.71 0.52 0.13 0.09 2.96 2.17 
100 7.04 5.17 6.09 4.47 10.22 7.5 

F1C 259.54 70 1.38 0.53 0.31 0.12 4.95 1.91 
100 10.87 4.19 9.37 3.61 15.94 6.14  

Fig. 12. Percentage of power of parasitic loads covered by the ORC.  
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concentration of N2 impurities in the captured CO2. Consequently, this 
necessitates greater compression power for liquefying the CO2 and in-
creases the energy consumption value to CO2 capture regarding the MOF 
and PPN sorbents. 

The information about the system’s performance, weight, volume, 
and energy consumption obtained in this research suggests that applying 
this CCS-ORC technology is feasible in various sectors that utilise heavy- 
duty engines. Therefore, future research endeavours should focus on 
experimental validation of all the information provided by the simula-
tions. Putting a particular focus on the complex operation of the RWA, 
the potential increase in fuel consumption of the ICE due to the addi-
tional weight of the vehicle caused by the CCS-ORC system, the sensi-
tivity operation of the CCS-ORC system under the weather seasons and 
the evaluation of the adsorption and desorption times of the CO2 of the 
sorbent. These areas will be the subject of further investigation by the 
current research team and contribute to their ongoing and future 
research. 
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Appendix A. Temperature, pressure, mass flow, and composition of the exhaust gases (Input parameters in the CCS-ORC simulations) 
obtained with the M936G engine model  

Load rpm TEG [◦C] ṁEG [kg/s] ṁCO2 [kg/s] ṁH2O [kg/s] ṁN2 [kg/s] Pressure [bar] 

100 1000 565.45 0.1084 0.01670 0.01370 0.07800 1.09 
100 1300 595.00 0.1470 0.02270 0.01860 0.10570 
100 1600 622.35 0.18925 0.02920 0.02390 0.13610 
100 1900 637.75 0.2096 0.03240 0.02650 0.15080 
100 2200 663.15 0.1969 0.03040 0.02490 0.14170 
75 1000 559.65 0.09203 0.01420 0.01160 0.06626 1.09 
75 1300 588.9 0.13321 0.02050 0.01679 0.09590 
75 1600 607.75 0.16007 0.02470 0.02017 0.11524 
75 1900 618.65 0.17691 0.02725 0.02230 0.12736 
75 2200 626.75 0.16704 0.02573 0.02105 0.12026 
50 1000 523.65 0.07441 0.01138 0.00931 0.05373 1.09 
50 1300 556.5 0.10554 0.01614 0.01320 0.07621 
50 1600 579.85 0.12860 0.01966 0.01609 0.09285 
50 1900 599.95 0.14275 0.02182 0.01786 0.10307 
50 2200 620.95 0.13467 0.02059 0.01684 0.09724 
25 1000 481.25 0.05788 0.00880 0.00720 0.04187 1.09 
25 1300 524.00 0.08212 0.01249 0.01022 0.05941 
25 1600 554.35 0.10012 0.01523 0.01246 0.07244 
25 1900 570.35 0.11068 0.01683 0.01377 0.08007 
25 2200 574.95 0.10445 0.01589 0.01300 0.07557  

Appendix B. Temperature, pressure, mass flow, and composition of the exhaust gases (Input parameters in the CCS-ORC simulations) 
obtained with the F1C engine model  

Load rpm TEG [◦C] ṁEG [kg/s] ṁCO2 [kg/s] ṁH2O [kg/s] ṁN2 [kg/s] Pressure [bar] 

100 1000 523.15 0.03464 0.00534 0.00437 0.02493 1.09 
100 1500 575.00 0.05806 0.00897 0.00734 0.04176 
100 2000 610.00 0.07688 0.01187 0.00971 0.05529 
100 2500 630.50 0.09893 0.01528 0.01250 0.07115 
100 3000 656.95 0.11314 0.01746 0.01429 0.08139 
100 3600 673.95 0.11258 0.01742 0.01425 0.08092 
75 1000 505.95 0.02922 0.00450 0.00368 0.02103 1.09 
75 1500 540.00 0.04900 0.00755 0.00617 0.03528 
75 2000 580.00 0.06489 0.01000 0.00818 0.04671 
75 2500 600.00 0.08395 0.01296 0.01060 0.06039 
75 3000 611.85 0.09609 0.01476 0.01208 0.06926 
75 3600 621.45 0.09709 0.01477 0.01208 0.07024 
50 1000 467.95 0.02373 0.00361 0.00295 0.01716 1.09 
50 1500 528.00 0.03900 0.00602 0.00495 0.02860 
50 2000 550.50 0.05250 0.00800 0.00660 0.03800 
50 2500 575.00 0.06750 0.01030 0.00845 0.04880 
50 3000 599.70 0.07775 0.01185 0.00970 0.05620 
50 3600 610.75 0.07720 0.01179 0.00965 0.05577 
25 1000 428.55 0.01859 0.00280 0.00229 0.01349 1.09 
25 1500 504.00 0.03070 0.00470 0.00385 0.02250 
25 2000 542.00 0.04100 0.00625 0.00513 0.02980 
25 2500 572.00 0.05300 0.00800 0.00660 0.03860 
25 3000 589.65 0.06073 0.00915 0.00749 0.04409 
25 3600 582.95 0.06113 0.00914 0.00748 0.04451  

Appendix C. Adsorption and desorption heat at 100 % of CCR in the M936G engine  

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qdes [kW] Qads [kW] Qdes [kW] 

100 1000 − 27.3251 25.6312 − 22.3638 20.6699 − 27.3466 25.6527 
100 1300 − 37.0679 34.7701 − 30.3376 28.0398 − 37.0971 34.7992 
100 1600 − 47.7225 44.7642 − 39.0577 36.0994 − 47.7600 44.8017 
100 1900 − 52.8597 49.5829 − 43.2622 39.9854 − 52.9013 49.6245 

(continued on next page) 
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(continued ) 

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qdes [kW] Qads [kW] Qdes [kW] 

100 2200 − 49.6584 46.5800 − 40.6421 37.5638 − 49.6974 46.6191 
75 1000 − 23.1591 21.7234 − 18.9542 17.5185 − 23.1773 21.7416 
75 1300 − 33.5220 31.4439 − 27.4355 25.3575 − 33.5483 31.4703 
75 1600 − 40.2806 37.7836 − 32.9671 30.4701 − 40.3123 37.8153 
75 1900 − 44.5168 41.7572 − 36.4341 33.6745 − 44.5519 41.7923 
75 2200 − 42.0343 39.4286 − 34.4023 31.7966 − 42.0673 39.4616 
50 1000 − 18.5845 17.4324 − 15.2102 14.0581 − 18.5991 17.4471 
50 1300 − 26.3587 24.7248 − 21.5729 19.9389 − 26.3795 24.7455 
50 1600 − 32.1167 30.1258 − 26.2854 24.2945 − 32.1420 30.1511 
50 1900 − 35.6516 33.4416 − 29.1785 26.9685 − 35.6797 33.4696 
50 2200 − 33.6330 31.5481 − 27.5264 25.4415 − 33.6594 31.5745 
25 1000 − 14.3795 13.4881 − 11.7686 10.8773 − 14.3908 13.4994 
25 1300 − 20.4039 19.1391 − 16.6993 15.4344 − 20.4200 19.1551 
25 1600 − 24.8755 23.3335 − 20.3590 18.8170 − 24.8951 23.3531 
25 1900 − 27.4984 25.7938 − 22.5056 20.8010 − 27.5200 25.8154 
25 2200 − 25.9518 24.3431 − 21.2399 19.6311 − 25.9722 24.3635  

Appendix D. Adsorption and desorption heat at 70 % of CCR in the M936G engine  

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qads [kW] Qdes [kW] Qads [kW] 

100 1000 − 19.1276 17.9418 − 15.6546 14.4689 − 19.1426 17.9569 
100 1300 − 25.9475 24.3390 − 21.2363 19.6279 − 25.9679 24.3595 
100 1600 − 33.4057 31.3349 − 27.3404 25.2696 − 33.4320 31.3612 
100 1900 − 37.0018 34.7081 − 30.2835 27.9898 − 37.0309 34.7372 
100 2200 − 34.7608 32.6060 − 28.4495 26.2946 − 34.7882 32.6334 
75 1000 − 16.2113 15.2064 − 13.2679 12.2630 − 16.2241 15.2192 
75 1300 − 23.4654 22.0108 − 19.2049 17.7502 − 23.4838 22.0292 
75 1600 − 28.1964 26.4486 − 23.0769 21.3290 − 28.2186 26.4707 
75 1900 − 31.1618 29.2301 − 25.5039 23.5722 − 31.1863 29.2546 
75 2200 − 29.4240 27.6000 − 24.0816 22.2576 − 29.4471 27.6231 
50 1000 − 13.0091 12.2027 − 10.6471 9.8407 − 13.0194 12.2129 
50 1300 − 18.4511 17.3073 − 15.1010 13.9572 − 18.4656 17.3218 
50 1600 − 22.4817 21.0881 − 18.3998 17.0062 − 22.4994 21.1058 
50 1900 − 24.9561 23.4091 − 20.4250 18.8779 − 24.9758 23.4287 
50 2200 − 23.5431 22.0837 − 19.2685 17.8090 − 23.5616 22.1022 
25 1000 − 10.0656 9.4417 − 8.2381 7.6141 − 10.0735 9.4496 
25 1300 − 14.2828 13.3974 − 11.6895 10.8041 − 14.2940 13.4086 
25 1600 − 17.4129 16.3335 − 14.2513 13.1719 − 17.4266 16.3472 
25 1900 − 19.2489 18.0557 − 15.7540 14.5607 − 19.2640 18.0708 
25 2200 − 18.1663 17.0402 − 14.8679 13.7418 − 18.1806 17.0544  

Appendix E. Adsorption and desorption heat at 100 % of CCR in the F1C engine  

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qads [kW] Qdes [kW] Qads [kW] 

100 1000 − 8.7208 8.1802 − 7.1374 6.5968 − 8.7277 8.1871 
100 1500 − 14.6488 13.7407 − 11.9891 11.0810 − 14.6603 13.7522 
100 2000 − 19.3949 18.1926 − 15.8734 14.6711 − 19.4101 18.2078 
100 2500 − 24.9579 23.4107 − 20.4264 18.8792 − 24.9775 23.4304 
100 3000 − 28.5223 26.7542 − 23.3437 21.5756 − 28.5448 26.7767 
100 3600 − 28.4511 26.6874 − 23.2854 21.5217 − 28.4735 26.7098 
75 1000 − 7.3543 6.8984 − 6.0190 5.5631 − 7.3601 6.9042 
75 1500 − 12.3270 11.5628 − 10.0888 9.3247 − 12.3367 11.5725 
75 2000 − 16.3365 15.3238 − 13.3703 12.3576 − 16.3493 15.3366 
75 2500 − 21.1665 19.8544 − 17.3234 16.0113 − 21.1831 19.8710 
75 3000 − 24.1111 22.6165 − 19.7334 18.2387 − 24.1301 22.6354 
75 3600 − 24.1294 22.6336 − 19.7483 18.2525 − 24.1484 22.6526 
50 1000 − 5.8999 5.5341 − 4.8287 4.4629 − 5.9045 5.5388 
50 1500 − 9.8344 9.2248 − 8.0488 7.4392 − 9.8421 9.2325 
50 2000 − 13.0690 12.2588 − 10.6961 9.8859 − 13.0792 12.2691 
50 2500 − 16.8263 15.7832 − 13.7712 12.7281 − 16.8395 15.7965 
50 3000 − 19.3605 18.1603 − 15.8453 14.6451 − 19.3757 18.1756 
50 3600 − 19.2598 18.0659 − 15.7629 14.5690 − 19.2750 18.0811 
25 1000 − 4.5741 4.2906 − 3.7436 3.4601 − 4.5777 4.2942 
25 1500 − 7.6780 7.2021 − 6.2839 5.8080 − 7.6841 7.2081 
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(continued ) 

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qads [kW] Qdes [kW] Qads [kW] 

25 2000 − 10.2101 9.5772 − 8.3563 7.7234 − 10.2182 9.5852 
25 2500 − 13.0690 12.2588 − 10.6961 9.8859 − 13.0792 12.2691 
25 3000 − 14.9470 14.0204 − 12.2331 11.3066 − 14.9588 14.0322 
25 3600 − 14.9340 14.0083 − 12.2225 11.2968 − 14.9458 14.0200  

Appendix F. Adsorption and desorption heat at 70 % of CCR in the F1C engine  

Load rpm PPN MOF AC 

Qads [kW] Qdes [kW] Qads [kW] Qads [kW] Qdes [kW] Qads [kW] 

100 1000 − 6.1046 5.7262 − 4.9962 4.6178 − 6.1094 5.7310 
100 1500 − 10.2541 9.6185 − 8.3923 7.7567 − 10.2622 9.6265 
100 2000 − 13.5764 12.7348 − 11.1114 10.2698 − 13.5871 12.7455 
100 2500 − 17.4705 16.3875 − 14.2985 13.2155 − 17.4843 16.4013 
100 3000 − 19.9656 18.7280 − 16.3406 15.1029 − 19.9813 18.7437 
100 3600 − 19.9158 18.6812 − 16.2997 15.0652 − 19.9314 18.6969 
75 1000 − 5.1480 4.8289 − 4.2133 3.8942 − 5.1521 4.8329 
75 1500 − 8.6289 8.0940 − 7.0622 6.5273 − 8.6357 8.1008 
75 2000 − 11.4355 10.7267 − 9.3592 8.6504 − 11.4445 10.7356 
75 2500 − 14.8165 13.8981 − 12.1264 11.2079 − 14.8282 13.9097 
75 3000 − 16.8778 15.8315 − 13.8134 12.7671 − 16.8911 15.8448 
75 3600 − 16.8906 15.8435 − 13.8238 12.7768 − 16.9038 15.8568 
50 1000 − 4.1299 3.8739 − 3.3801 3.1240 − 4.1332 3.8771 
50 1500 − 6.8841 6.4573 − 5.6342 5.2074 − 6.8895 6.4627 
50 2000 − 9.1483 8.5812 − 7.4873 6.9202 − 9.1555 8.5884 
50 2500 − 11.7784 11.0483 − 9.6398 8.9097 − 11.7877 11.0575 
50 3000 − 13.5523 12.7122 − 11.0917 10.2516 − 13.5630 12.7229 
50 3600 − 13.4819 12.6461 − 11.0340 10.1983 − 13.4925 12.6567 
25 1000 − 3.2019 3.0034 − 2.6205 2.4220 − 3.2044 3.0059 
25 1500 − 5.3746 5.0414 − 4.3988 4.0656 − 5.3788 5.0457 
25 2000 − 7.1471 6.7040 − 5.8494 5.4064 − 7.1527 6.7097 
25 2500 − 9.1483 8.5812 − 7.4873 6.9202 − 9.1555 8.5884 
25 3000 − 10.4629 9.8143 − 8.5632 7.9146 − 10.4711 9.8225 
25 3600 − 10.4538 9.8058 − 8.5558 7.9077 − 10.4621 9.8140  

Appendix G. Thermal and combustion efficiencies in the M936G engine  

Load rpm ηth [%] ηcom [%] 

100 1000 38.81 98.53 
100 1300 41.14 98.55 
100 1600 39.82 98.54 
100 1900 38.04 98.56 
100 2200 35.35 98.58 
75 1000 31.72 98.58 
75 1300 34.16 98.58 
75 1600 33.39 98.59 
75 1900 31.76 98.59 
75 2200 28.91 98.62 
50 1000 22.25 98.66 
50 1300 25.88 98.62 
50 1600 25.09 98.62 
50 1900 23.57 98.64 
50 2200 20.87 98.63 
25 1000 10.58 98.75 
25 1300 12.18 98.71 
25 1600 12.00 98.70 
25 1900 10.95 98.70 
25 2200 8.83 98.73  

Appendix H. Thermal and combustion efficiencies in the F1C engine 
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Load rpm ηth [%] ηcom [%] 

100 1000 32.58 97.83 
100 1500 34.50 97.82 
100 2000 35.01 97.82 
100 2500 33.60 97.86 
100 3000 30.86 97.84 
100 3600 27.35 97.88 
75 1000 27.85 97.87 
75 1500 29.10 97.84 
75 2000 29.44 97.84 
75 2500 27.80 97.90 
75 3000 25.17 97.92 
75 3600 20.36 98.01 
50 1000 20.26 98.01 
50 1500 22.10 97.98 
50 2000 22.58 97.94 
50 2500 21.05 97.94 
50 3000 18.47 98.00 
50 3600 15.56 98.04 
25 1000 8.80 98.28 
25 1500 10.24 98.18 
25 2000 10.61 98.14 
25 2500 10.12 98.12 
25 3000 8.75 98.14 
25 3600 5.67 98.25  
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