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ABSTRACT 
The freight and passenger road transport will have to continue using 

combustion-based technologies in the medium and long term since electrification 

is still far from being a reality in this sector. Using onboard CO2 capture and 

storage (CCS) systems could be a feasible option to reduce CO2 emissions 

generated by this sector. Furthermore, if the captured CO2 is used as raw material 

for producing synthetic fuels, the industry sector can use these again, thus 

reducing dependence on fossil fuels and generating added value to CO2. However, 

CO2 capture and storage in mobile sources currently present several challenges. 

Among them are the high energy consumption of traditional CCS systems, the 

limited space to install an onboard CCS system into a vehicle, and the difficulty 

that the CCS system would have in adapting to the various operating conditions 

of internal combustion engines (ICE). 

Based on the above, the first part of this thesis consisted of identifying the 

CO2 capture technique that best adapts to the operating characteristics of a heavy-

duty internal combustion vehicle (HD-ICEV). As a result of the review of 

publications and patents, it was determined that post-combustion CO2 capture 

techniques are the most suitable; in this way, the engine is not modified and, 

therefore, does not affect its operating conditions. Specifically, the most 

appropriate techniques are temperature swing adsorption (TSA) and amine-

scrubbing absorption. The advantage of these techniques is that both can use the 

waste heat contained in the exhaust gases in their processes. Furthermore, an 

energy balance on typical engines used in freight and passenger road transport 

shows that the waste heat contained in the exhaust gases (EG) can be used for 

CO2 desorption and by producing mechanical energy by integrating some 

additional system. This would allow partial or total coverage of the energy needs 

of the CCS system. 

This thesis opts to hybridize the CCS system with an organic Rankine cycle 

(ORC) to take advantage of the waste heat contained in the EG. This decision is 

based on the level of development of this technology and the ability of the ORC to 

adapt to the different operating conditions of an ICE. The following steps in this 

thesis were to select natural gas HD-ICEs (to use the methane produced from the 

captured CO2) that operate in vehicles used for freight and passenger road 

transport. These HD-ICE were simulated using the AVL software. The 

simulations were conducted under four engine loads and in the entire rpm range 

of each engine, obtaining the temperature, pressure, and composition of the EG 

for each established condition. Subsequently, the inlet pressures of each ORC 

device were determined based on the inlet pressure calculation in the expander. 

This process yielded the required mass flows of the working fluid and cooling air, 

as well as the thermal efficiency of the ORC, which reached maximum values of 

12.5% in both engines. The results also indicate that the ORC can supply the CCS 
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system, which operates using TSA, with up to 60% of the power needed operating 

at a carbon capture rate (CCR) of 90% and an engine load of 25%. 

Once it was established that the ORC avoids excessive penalties over the ICE 

due to the operation of the CCS system, a comprehensive energy assessment of 

the CCS-ORC system using three different sorbents (PPN-6-CH2-DETA, MOF-74-

Mg, and active carbon) was performed. This energy evaluation is carried out at 70 

and 100% CCR. Furthermore, this analysis made it possible to determine the 

areas of the heat exchangers that make up the CCS-ORC system, which facilitates 

the sizing of the system and the estimation of the space necessary for its 

installation in the vehicles selected for the study. The results show a penalty in 

engine power induced by the CCS-ORC system between 1.9% with MOF-74-Mg 

and 23.5% with activated carbon at 100% CCR, translating into a maximum 

increase of 6.14% in engine fuel consumption to cover this penalisation. Finally, 

the maximum energy consumption of the CO2 capture process is 631 kJ/kgCO2, 

10% lower than that reported in the literature for TSA. 

After completing the energy analysis and equipment sizing, the techno-

economic evaluation of the proposed CCS-ORC system is conducted. For this 

evaluation, the TSA device is designed, and the capital and operational 

expenditures are estimated, as well as the net present value and the cost of CO2 

abatement (CAC). In addition, a sensitivity analysis is carried out to determine 

the size of the engine necessary so that the return on investment is achieved 

within the vehicle lifespan, and it is evaluated what the CO2 tax should be so that 

the integration of the CCS-ORC system is profitable in the same period. The CAC 

obtained for the CCS-ORC system is less than €35/tCO2 at 100% CCR. 

Additionally, with engines of displacement volume greater than 18 and 21 L, the 

CAC of the CCS-ORC system is zero at 100% and 70% CCR, respectively. It was 

also determined that a CO2 emission tax greater than €71/tCO2 allows the initial 

investment of the CCS-ORC system payback within the lifespan of the HD-ICEV 

for all sorbents evaluated at 100% CCR. 

In the last part of this research and to cover the two most promising CO2 

capture techniques for the transportation sector, the CCS-ORC system was 

designed using the absorption technique, specifically amine-scrubbing. For this 

study, an energy and economic evaluation of a CCS-ORC system similar to those 

previously developed was conducted. This analysis is carried out by comparing the 

performance of a primary and a tertiary amine. The results show that the CCS-

ORC system operating with the primary amine at 30 wt% achieved a maximum 

CO2 capture rate of 66%, with a penalty on engine power of only 10%. On the other 

hand, the economic analysis revealed that the CCS system with the primary 

amine and without ORC is 31.8% cheaper than a hydrogen fuel cell bus and 26% 

cheaper than a battery electric bus. Finally, it was determined that tertiary 

amines present poor performance results due to their low reaction rate. 
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According to the results of the two techniques studied to capture CO2 in HD-

ICEV, temperature swing adsorption requires less thermal energy for CO2 

desorption than amine-scrubbing. Therefore, the ORC has more waste heat from 

the exhaust gases with temperature swing adsorption than with amine-scrubbing, 

thus producing more mechanical energy to supply the CCS system energy 

demand. This allows higher CO2 capture rates to be achieved with adsorption than 

with amine scrubbing for the same penalty on the engine. The results also show 

that the CCS-ORC system can operate under the different operating conditions of 

an ICE without a significant penalty. In addition, the CO2 abatement cost 

obtained by integrating the CCS-ORC system in a heavy vehicle is lower than that 

of other CCS system applications. These promising results suggest that, with 

further development and research in this area, CO2 capture is a strategy that 

should be implemented, thus contributing to the decarbonization of this energy-

intensive sector. 
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RESUMEN  

El transporte por carretera de mercancías y viajeros tendrá que seguir 

utilizando tecnologías basadas en la combustión a medio y largo plazo, ya que la 

electrificación aún está lejos de ser una realidad en este sector. El uso de sistemas 

de captura y almacenamiento de CO2 (CAC) a bordo podría ser una opción viable 

para reducir las emisiones de CO2 generadas por este sector. Además, si el CO2 

capturado se utiliza como materia prima para producir combustibles sintéticos, la 

industria podrá volver a utilizarlos, reduciendo así la dependencia de los 

combustibles fósiles y generando valor añadido al CO2. Sin embargo, la captura y 

almacenamiento de CO2 en fuentes móviles presenta actualmente varios desafíos. 

Entre ellos se encuentran el alto consumo de energía de los sistemas CAC 

tradicionales, el espacio limitado para instalar un sistema CAC a bordo en un 

vehículo y la dificultad que tendría el sistema CAC para adaptarse a las diversas 

condiciones de funcionamiento de los motores de combustión interna. 

Con base en lo anterior, la primera parte de esta tesis consistió en identificar 

la técnica de captura de CO2 que mejor se adapta a las características de 

funcionamiento de un vehículo pesado con motor de combustión interna. Como 

resultado de la revisión de publicaciones y patentes se determinó que las técnicas 

de captura de CO2 en postcombustión son las más adecuadas, de esta forma no se 

modifica el motor de combustión interna y por tanto no afecta las condiciones de 

operación de este. En concreto, las técnicas más apropiadas son la adsorción por 

oscilación de temperatura y la absorción por lavado de aminas. La ventaja de estas 

técnicas es que ambas pueden utilizar el calor residual contenido en los gases de 

escape en sus procesos. Además, un balance de energía hecho en motores típicos 

usados en el transporte de mercancías y pasajeros muestra que el calor residual 

contenido en los gases de escape puede ser utilizado para la desorción de CO2 y 

para la producción de energía mecánica por medio de la integración de algún 

sistema adicional. Esto permitiría cubrir parcial o totalmente las necesidades 

energéticas del sistema de CAC. 

Esta tesis opta por hibridar el sistema CAC con un ciclo orgánico Rankine 

(COR) para aprovechar el calor residual contenido en los gases de escape. Esta 

decisión se basa en el nivel de desarrollo de esta tecnología y la capacidad del COR 

para adaptarse a las diferentes condiciones de operación de un motor de 

combustión interna. Los siguientes pasos de esta tesis fueron seleccionar motores 

de gas natural (para utilizar el metano producido a partir del CO2 capturado) que 

operen en vehículos utilizados para el transporte por carretera de mercancías y 

pasajeros. Estos motores fueron simulados utilizando el software AVL. Las 

simulaciones se realizaron bajo cuatro cargas de motor y en todo el rango de rpm 

de cada motor, obteniendo la temperatura, presión y composición de los gases de 

escape para cada condición establecida. Posteriormente, las presiones de entrada 

de cada dispositivo del COR se determinaron con base en el cálculo de la presión 

de entrada en el expansor. Este proceso proporcionó los caudales másicos 



vii 

 

requeridos de fluido de trabajo y aire de refrigeración, así como la eficiencia 

térmica del COR, que alcanzó valores máximos del 12.5% en ambos motores. Los 

resultados también indican que el COR puede suministrar al sistema CAC, que 

funciona mediante adsorción por oscilación de temperatura, hasta el 60% de la 

potencia necesaria para una tasa de captura de CO2 del 90% con una carga en el 

motor del 25%. 

Una vez que se estableció que el COR evita penalizaciones excesivas sobre el 

motor de combustión interna debido a la operación del sistema CAC se realizó una 

evaluación energética integral del sistema CAC-COR utilizando tres sorbentes 

diferentes (PPN-6-CH2-DETA, MOF-74-Mg, y carbón activo). Esta evaluación 

energética se realiza al 70 y 100% de tasa de captura de CO2. Además, este análisis 

permitió determinar las áreas de los intercambiadores de calor que componen el 

sistema CAC-COR, lo que facilita el dimensionamiento del sistema y la estimación 

del espacio necesario para su instalación en los vehículos seleccionados para el 

estudio. Los resultados muestran una penalización en la potencia del motor 

inducida por el sistema CAC-COR entre un 1.9% con MOF-74-Mg y un 23.5% con 

carbón activado al 100% de tasa de captura de CO2, lo que se traduce en un 

aumento máximo del 6.14% en el consumo de combustible del motor para cubrir 

esta penalización. Finalmente, el consumo máximo de energía del proceso de 

captura de CO2 es de 631 kJ/kgCO2, un 10% menor que lo reportado en la 

literatura para adsorción por oscilación de temperatura. 

Luego de realizar el análisis energético y el dimensionamiento de los equipos, 

se realiza la evaluación tecno-económica del sistema CAC-COR propuesto. Para 

esta evaluación se diseña el dispositivo adsorción por oscilación de temperatura y 

se estiman los costes de inversión y operación, así como el valor presente neto y el 

costo de abatimiento de CO2. Además, se realiza un análisis de sensibilidad para 

determinar el tamaño del motor necesario para que el retorno de la inversión se 

logre dentro de la vida útil del vehículo, y se evalúa cuál debe ser el impuesto al 

CO2 para que la integración del sistema CAC-COR sea rentable en el mismo 

período de tiempo. El costo de abatimiento de CO2 obtenido para el sistema CAC-

COR es inferior a 35 €/tCO2 al 100% de tasa de captura de CO2. Además, con 

motores de volumen de desplazamiento superior a 18 y 21 L, el costo de 

abatimiento de CO2 del sistema CAC-COR es cero al 100% y 70% de tasa de 

captura de CO2, respectivamente. También se determinó que un impuesto a las 

emisiones de CO2 superior a 71 €/tCO2 permite recuperar la inversión inicial del 

sistema CAC-COR dentro de la vida útil del vehículo de trabajo pesado para todos 

los sorbentes evaluados al 100% de tasa de captura de CO2. 

En la última parte de esta investigación y para cubrir las dos técnicas de 

captura de CO2 más prometedoras para el sector del transporte, se diseñó el 

sistema CAC-COR utilizando la técnica de absorción, específicamente el lavado de 

aminas. Para este estudio se realizó una evaluación energética y económica de un 

sistema CAC-COR similar a los desarrollados previamente. Este análisis se lleva 

a cabo comparando el rendimiento de una amina primaria y una terciaria. Los 
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resultados muestran que el sistema CAC-ORC operando con la amina primaria al 

30% en peso logró una tasa de captura de CO2 máxima del 66%, con una 

penalización en la potencia del motor de solo el 10%. Por otro lado, el análisis 

económico reveló que el sistema CAC con la amina primaria y sin COR es un 31.8% 

más barato que un autobús de pila de combustible de hidrógeno y un 26% más 

barato que un autobús eléctrico de batería. Finalmente, se determinó que las 

aminas terciarias presentan malos resultados de rendimiento debido a su baja 

velocidad de reacción. 

Según los resultados de las dos técnicas estudiadas para capturar CO2 en 

vehículos pesados, la adsorción por oscilación de temperatura requiere menos 

energía térmica para la desorción del CO2 que el lavado de aminas. Por lo tanto, 

el ciclo orgánico Rankine tiene más calor residual de los gases de escape con 

adsorción por oscilación de temperatura que con el lavado de aminas, produciendo 

así más energía mecánica para suplir la demanda energética del sistema CAC. 

Esto permite lograr tasas de captura más altas con adsorción que con el lavado de 

aminas, para una misma penalización sobre el motor. Los resultados también 

muestran que el sistema CAC-COR es energéticamente capaz de operar bajo las 

diferentes condiciones de operación de un motor de combustión interna sin una 

gran penalización. Aunado a esto, el costo de abatimiento de CO2 obtenido al 

integrar el sistema CAC-ORC en un vehículo pesado es menor que el de otras 

aplicaciones de sistemas CAC. Estos resultados prometedores sugieren que, con 

un mayor desarrollo e investigación en esta área, la captura de CO2 es una 

estrategia que debería implementarse, contribuyendo así a la descarbonización de 

este sector de uso intensivo de energía. 
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1.1 INTRODUCTION AND JUSTIFICATION 

The International Energy Agency reports a continual rise in energy 

consumption annually [1]. Regrettably, this uptick correlates with heightened CO2 

emissions released into the atmosphere, primarily stemming from the electricity 

and heat production sectors (41.4%) and transportation (24.5%) [2]. This increase 

in CO2 emissions poses a significant challenge to meeting the European Union's 

goal of having an economy with zero net greenhouse gas emissions [3], thereby 

restring global temperature increase to below 2°C established in the Paris 

Agreement [4]. 

Addressing this challenge, the European Union (EU) has promoted renewable 

energies, energy efficiency enhancements, and fuel substitution policies [5]. 

Despite these efforts, these measures have not been enough to reduce CO2 from 

the main energy-intensive sectors [6]. Nonetheless, several technologies are being 

developed to tackle this problem. One of the most promising is carbon capture and 

storage (CCS) technologies; these technologies have undergone extensive research 

in recent years to be used mainly in power plants and other energy-intensive 

sectors such as iron and glass producers [7–9], which are large CO2 emitters 

worldwide. Until 2023, 41 commercial CCS facilities are in operation, with an 

additional 26 under construction and 325 projects in various stages of 
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development; collectively, these facilities can capture 1% of total CO2 emissions 

by 2023 [10]. 

CCS technologies are considered to have great potential for reducing CO2 

emissions from energy-intensive sectors [11,12]. The CCS systems allow CO2 to be 

separated from a gas stream before or after a combustion process [13]. The most 

studied CO2 capture technique used in CCS systems is amine scrubbing [14]. This 

method has been widely used since the 1930s to clean natural gas during 

extraction, making it relatively easy to implement for exhaust gases from 

stationary applications [15]. However, the significant energy penalty associated 

with amine scrubbing has driven researchers to develop alternative technologies 

to improve carbon capture rates (CCR), reduce energy penalties, and adapt to 

various CO2 emission sources. Notable among these new developments are 

membranes, which are still in the experimental phase [16], as well as pressure, 

vacuum and temperature swing adsorption techniques. Many of these CO2 

capture methods have already undergone experimental research in pilot plant 

applications [17–19]. 

On the other hand, current technological advancements aimed at reducing 

CO2 emissions within the transport sector are primarily centred on four key areas: 

i) the use of alternative fuels, such as biofuels, compressed natural gas (CNG), 

liquefied petroleum gas, and H2 [20,21]; ii) the fuel consumption reduction, 

through by using eco-driving technologies [22,23]; the reduction of driving 

resistances [24]; harnessing of waste heat flows through Organic Rankine Cycles 

(ORC) or Thermo-Electric Generators [25–28], and iii) advancements in electric 

powertrains that produce zero CO2 emissions in its operation [29]. The EU has 

decided to prohibit the sale of internal combustion vehicles (ICEV) in the 

European Union from 2035 unless they operate on synthetic fuels [30]. 

Nevertheless, as depicted in Figure 1, worldwide CO2 emissions from the 

transport sector continue to rise, reaching 7.98 Gt in 2022, despite the exponential 

increase in electric car sales [31,32]. Consequently, these technologies have been 

insufficient to reduce CO2 emissions from this sector, despite electric vehicles 

gaining ground between passenger vehicles [33]. However, electrification is still 

far from reality in heavy-duty internal combustion engine vehicles (HD-ICEV) 

[34], responsible for 31% of the total CO2 emission in the transport sector (Figure 

2) [35]. This is primarily due to the low energy density and high weight of their 

batteries, which result in limited ranges in those HD-ICEV [36], joined to the 

absence of an adequate charging infrastructure [37]. Moreover, significant 

technical and economic challenges are still associated with recycling battery 

electric vehicles (BEVs), particularly high-voltage lithium-ion batteries [38] even 

these batteries not only increase environmental toxicity and cause global warming 

(due to the material extraction for their manufacture and final disposal of the 
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batteries) but induce pulmonary and neurological diseases in people involved in 

the production chain [39]. 

 
Figure 1. Worldwide CO2 emission from transport and global electric car sales (source [31,32]). 

 
Figure 2. Transport sector CO2 emissions in 2022 by subsectors and vehicle type. (Adapted from 

[35]). 

Given the preceding insights, the road transport sector of goods and 

passengers must continue operating with ICE in the medium term [40], and 

therefore, it must consider integrating alternative technological innovations, such 

as CCS technologies, in order to achieve a significant CO2 reduction [41]. However, 

the integration of these kinds of technologies into an HD-ICEV poses several 
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challenges for its operation, such as variations of the mass flow and concentration 

of species in the exhaust gases due to acceleration, decelerations, and vary in the 

engine load, as well as constraints on available space for hosting the necessary 

devices and ancillaries. Additionally, in pursuing a decarbonized and circular 

economy within the transportation sector, captured CO2 could be utilized as a raw 

material for producing fuels such as synthetic methane [42–47]. This approach 

would not require additional infrastructure costs, as the existing natural gas 

networks could be used for synthetic methane distribution [48–50], allowing these 

fuels to be used in ICEV again. Therefore, an integrated CCS system in an HD-

ICEV fuelled with synthetic methane could be an excellent way to keep existing 

ICEVs in the market under near-zero CO2 emissions scenarios and without 

relying on fossil fuels [51–53]. 

In recent years, research has been carried out on CCS systems in mobile 

sources (vehicles and ships) propelled with ICEs to address these challenges. 

These studies have assessed various aspects, including the energy consumption of 

CCS systems employing different solvents and sorbents [54–64], economic 

implications of CCS system implementation [65,66], the technical feasibility of 

integrating CCS systems [67–70], enhancing of sorbent material properties to CO2 

capture on board [71], and CCR evaluations with several sorbents under 

stationary conditions and without regeneration [63,72,73]. These research works 

reveal that absorption is the predominant CO2 capture technique in the maritime 

sector, while adsorption is favoured in road transport. Additionally, they highlight 

that CO2 storage represents the most energy-intensive process, contingent upon 

the CO2 capture rate (CCR). Consequently, some researchers have proposed 

hybrid solutions integrating an Organic Rankine Cycle (ORC) with CCS systems 

[74,75]. 

The key concept behind hybridizing an ORC with a CCS system is utilising 

the waste heat in the exhaust gases to generate mechanical energy. By doing so, 

the ORC can either fully or partially supply the mechanical energy needed for the 

CCS system's operation; this integration minimizes the power the engine supplies 

to the CCS system, thereby optimizing overall energy efficiency. The ORC is a 

well-developed technology that has been extensively studied through 

experimental [76–80], simulation and modelling investigations [81–85], design of 

their devices [86], and techno-economic assessments [87]. These studies have 

found that the ORC requires low maintenance costs, is highly safe, and offers 

flexibility to adapt to different residual heat sources. 

The literature review reveals that there has been increasing interest in CO2 

capture in mobile sources in recent years, mainly in trucks (HD-ICEV). However, 

all of the studies published before the development of this thesis focused on CCS-

ORC systems operating on a single ICE operating condition, which does not 
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accurately fit the current operating conditions of ICEVs. Therefore, these research 

works do not show an objective mapping of the energy behaviour of the CCS-ORC 

system operation. Hence, their implications at energy and techno-economic levels, 

which are key factors in determining their feasibility, are unknown until the day, 

leading to biased conclusions and the inability to extrapolate their results. 

In this vein, the lack of information and poor development of CCS-ORC 

systems integrated into HD-ICEV are the main motivations for elaborating the 

present thesis. Hence, this thesis proposes and performs an energy and techno-

economic assessment of a CCS-ORC system integrated into natural gas heavy-

duty internal combustion engines. These assessments involve operating the ICE 

at partial loads and across the entire rpm range. This approach makes it possible 

to describe the behaviour of the CCS-ORC system more realistically and thereby 

assess its technical feasibility. By exploring all these aspects, this thesis aims to 

fill the knowledge gap in this field, offering the heavy transport sector an 

additional alternative to reduce its carbon footprint and improve its 

environmental sustainability. 

1.2 OBJECTIVES AND METHODOLOGY  

The main objective of this thesis is to design and evaluate the energy and 

techno-economic feasibility of a carbon capture and storage (CCS) system 

integrated into a natural gas heavy-duty internal combustion engine vehicle. This 

integration aims to address the current gap in knowledge regarding the 

operational requirements and performance characteristics of such systems, 

thereby paving the way for subsequent experimental validation. By thoroughly 

investigating the energy consumption, cost implications, and potential operational 

challenges of the CCS system, this research provides a comprehensive framework 

to guide future developments in this field. Otherwise, the heavy transport sector 

could not face the stringent CO2 emission reduction targets for 2050. Therefore, 

innovations like the one proposed in this thesis contribute to expanding academic 

knowledge and technical understanding and support broader environmental goals 

to mitigate climate change. 

The main objective of this thesis is divided into four specific objectives. These 

specific objectives are comprehensively explained below and are individually 

addressed in separate chapters. Each chapter thoroughly explores the 

methodologies employed and the results obtained. 

Objective 1: Identify the CO2 capture techniques most compatible with the 

operating characteristics of a heavy-duty internal combustion vehicle, considering 

factors such as energy consumption, operating costs, and technology readiness 

level. 

The primary purpose of this objective is to deepen the understanding of the 

CO2 capture methods and techniques that have reached a high degree of 
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development and techno-economic feasibility to discern both their advantages and 

limitations for their practical application within the transportation sector. 

Subsequently, a comprehensive review of existing patents and research works 

addressing CO2 capture, and storage systems integrated into vehicles will be 

conducted. This research process will allow previously proposed solutions to be 

compiled and analysed, and the most promising technologies and lessons learned 

from previous experiences will be identified.  

This exhaustive analysis will serve as a basis for defining the most 

appropriate methods and techniques for CO2 capture and storage in mobile 

sources, considering their technical effectiveness and practical feasibility in an 

actual application context. By thoroughly understanding the available options and 

selecting the most appropriate ones, a solid foundation will be laid for the design, 

energy evaluation and economic feasibility of the CO2 capture system proposed in 

this thesis. 

To accomplish this objective, the completion of three tasks is required: (1-a) 

Identify all the CO2 capture technologies able to adapt to the several engine 

operations; (1-b) Gather and filter information about all the carbon capture 

systems in mobile sources published until the date and (1-c) select the most 

advanced and that best suits technology to recover waste heat from the exhaust 

gases coming from internal combustion engines.  

Objective 2: Evaluate the energy feasibility of hybridizing a waste heat 

recovery system, which utilizes the thermal energy from internal combustion 

engine’s exhaust gases, with a CO2 capture and storage system. 

One of the main limitations of implementing a CO2 capture and storage 

system is its high energy consumption. However, in the case of internal 

combustion engines, approximately 30% of the fuel energy is contained in the 

exhaust gases. This energy is currently not used and could be key to mitigating 

the energy demand of the CO2 capture and storage system. 

Hence, this specific objective aims to evaluate the energy hybridisation 

between a waste heat recovery system and a CO2 capture and storage system, both 

integrated into a heavy-duty internal combustion engine. In such a way, this 

energy evaluation will determine whether the waste energy recovery system can 

fully or partially supply the power demand of the CO2 storage system, especially 

the CO2 storage stage, which is the most energy-intensive process. This analysis 

will also consider the thermal energy processes involved in the hybrid system, 

such as CO2 desorption and the necessary cooling stages. All of this will be 

designed to always seek a configuration of the studied systems that is as practical 

and simple as possible, which will be achieved by using of optimisation of thermal 

flows. 
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To achieve this goal, three tasks must be completed: (2-a) Modelling heavy-

duty internal combustion engines to determine the thermodynamic conditions of 

the exhaust gases; (2-b) Selecting, designing, and modelling a waste heat recovery 

system that can operate with the exhaust gases waste heat; and (2-c) Conducting 

an energy evaluation of the hybridization of the waste heat utilization system with 

a carbon capture system. 

Objective 3: Evaluate the energy behaviour of a CO2 capture and storage 

system hybridised with an organic Rankine cycle integrated into a heavy-duty 

internal combustion engine operating at various engine loads and in the entire 

rpm range. 

Integrating a CO2 capture and storage system into a heavy-duty vehicle with 

an internal combustion engine is crucial for several reasons. First, such a system 

must be able to adapt to the various engine operating conditions, which vary 

considerably depending on engine load and rpm. This adaptability is essential to 

ensure that the CO2 capture and storage system does not significantly compromise 

vehicle performance. 

On the other hand, the configuration of the CO2 capture and storage system 

is essential for its optimal operation. Consequently, it must maximize the use of 

the thermal resources available in the exhaust gases to release the captured CO2, 

thus improving the process's efficiency. Energy production through the ORC is a 

key component in this configuration, as it takes advantage of waste heat to 

generate useful energy, thus covering the system's energy demand. 

The CO2 capture system design also considers size and weight, ensuring its 

feasibility and practicality for integration into heavy-duty vehicles. So, a well-

conceived design will allow a harmonious integration of the capture system with 

the vehicle, taking advantage of waste energy to maximize its efficiency and 

capture the greatest amount of CO2 possible without affecting engine 

performance. 

For this objective, the tasks that should be accomplished are (3-a) 

dimensioning the carbon capture system hybridised with the waste heat recovery 

system; (3-b) performing the energy evaluation of the system proposed under 

different engine operating conditions; and (3-c) Determining the penalty of the 

system proposed over the engine performance. 

Objective 4: Perform a techno-economic assessment of a CO2 capture system 

integrated into a heavy-duty internal combustion engine vehicle. 

With the preliminary design of the carbon capture and storage system 

established, a techno-economic analysis is carried out. This analysis evaluates the 

capital expenditures (CAPEX) associated with the devices that comprise the CO2 
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capture and storage system, allowing the identification of the most expensive 

components. In addition, the operational expenditures (OPEX) that the system 

could incur are estimated. This approach calculates whether the CAPEX and 

OPEX can be a payback through the benefits derived from the reduction of CO2 

emissions, the improvement of energy efficiency, and possible economic incentives. 

The entire techno-economic assessment will consider the lifespan of a heavy-

duty internal combustion engine vehicle. This will determine how economically 

feasible it is to integrate a CO2 capture and storage system in this type of vehicle, 

providing a comprehensive view of the feasibility of implementing carbon capture 

technologies in the transportation sector. 

The tasks to be carried out in this objective are (4-a) determining the CAPEX 

and OPEX of the system proposed; (4-b) Calculating payback and carbon 

abatement cost of the system proposed; and (4-c) making a sensitivity analysis of 

scenarios where the transport sector must pay carbon taxes. 
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2. CARBON CAPTURE ON 

MOBILE SOURCES 

 

 

 

 

 
Capturing CO2 from mobile sources, mainly ships and internal combustion 

engine (ICE) vehicles, faces numerous challenges, such as space limitations to 

house the devices that compound the carbon capture and storage (CCS) system 

since the mass of CO2 produced is three times higher than the fuel consumed for 

an ICE. On the other hand, the CCS operations must be able to adapt to the actual 

operation of ICE, in which constant changes in engine load and rpm (i.e., rapid 

acceleration and deceleration) cause sudden changes in mass and temperature in 

the exhaust gases. Finally, the operation of the CCS system requires additional 

energy, which penalizes the primary source of energy production, in this case, the 

ICE. This forces fuel consumption to increase and, consequently, generates higher 

CO2 emissions, thus reducing net CO2 capture and increasing the operating cost 

of mobile sources that would integrate CCS systems into its operations. 

Following this, a detailed review of patents and literature is conducted to 

determine the most suitable method for carrying out CO2 capture in mobile 

sources. The subsequent sections present the latest advancements in CO2 capture 

within the maritime sector and ICE Vehicles (ICEVs), accompanied by an energy 

and sizing assessment of a CCS system integrated into an ICE operating at partial 

engine loads. Through this review and assessment, the aim is to pinpoint the 

knowledge gap that this research endeavours to address. 

2.1 CARBON CAPTURE IN THE MARITIME SECTOR 

Shipping is the most energy-efficient mode of transportation [88], contributing 

around 2% to global greenhouse gas emissions [89]. Based on this, in 2018, the 
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International Maritime Organization set a target of reducing CO2 emissions by at 

least 50% by 2050 [90]. So, implementing Carbon capture and storage (CCS) 

technologies seems to be a promising avenue for achieving this target [91] because 

internal combustion engines that operate on ships work at constant load and 

rotational speed, producing a quasi-constant concentration and flue gas mass flow, 

facilitating the integration of CCS technologies. 

The research endeavours in the maritime sector have directed their attention 

towards simulating CO2 capture processes using amine scrubbing, with MEA, Pz, 

and NH3 being the most employed amines [54,60,62,65,92]. All these studies agree 

that, for this type of technology to be integrated into ships, it is necessary to know 

two key variables. These are the energy consumption in the reboiler, which 

provides the thermal energy for the regeneration of the amine-solution and the 

CO2 release, and the CO2 capture cost. Further, these variables depend on several 

parameters, highlighting the carbon capture rate (CCR), the amine concentration 

in the solution, and the CO2 compression pressure for its storage. 

Figure 3 shows that the higher the amine concentration in the solution, the 

lower the heat duty in the reboiler. It is also evidenced that the CO2 capture with 

MEA at 30 wt% presents a higher heat duty than Pz at 30 wt% due to the higher 

absorption heat of MEA than the Pz, regardless of the engine’s fuel. Finally, this 

figure shows that the NH3 requires 3 times less solvent in the solution and 2.5 

times less heat duty to achieve a CCR of 90% than with MEA and Pz. 

 
Figure 3. Reboiler heat duty (own elaboration, sources [54,60,62,65,92]). 

Figure 4 shows the CO2 capture costs reported in the literature. A decreasing 
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in the solution increase. Of the amines studied, Pz, at 90% of CCR, has the most 

affordable cost for ships with engines fueled with LNG. Regarding the capital 

expenditure required for installing an amine-scrubbing facility to operate onboard 

ships, Fang et al. [93] found that this can amount to 710000 USD/MW. Other 

studies with amine-scrubbing have shown that tropical atmospheric conditions 

perform better than arctic conditions in the operation of an amine-scrubbing 

facility [61] since more waste heat from the EG is recovered, leading to a high CO2 

capture. 

 
Figure 4. Amine-scrubbing CO2 capture cost in the maritime sector (own elaboration, sources 

[54,60,62,65,92]). 
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Amine-scrubbing and temperature, pressure or vacuum swing adsorption are 

the primary techniques used for CO2 capture in ICEV. Several patents [99–101] 

and research works [63,69] have been developed regarding amine-scrubbing, 

outstanding the experimental tests developed by the Aramco company, where they 

have achieved up to 50% of CCR with an amine-solution of 30 wt% [70]. 

Adsorption has been studied more extensively than amine-scrubbing for 

capturing CO2 in ICEVs. Several research works have evaluated the CO2 capture 

capacity of different sorbents in spark ignition (SI) and compression ignition (CI) 

engines [58,59,72,73,102–106]. The experimental tests were conducted with a 

sorbent bed installed in the exhaust gas pipe. As is depicted in Figure 5, the Zeolite 

X13 has the best performance with CCR values above 60%, independent of the 

kind of fuel or ICE used. The sorbents impregnated with MEA obtained a CCR 

similar to that of zeolite X13. Both results stem from the high CO2 loading of 

zeolite X13 and MEA, which improves CO2 capture when impregnated in sorbents. 

 
Figure 5. CCR values obtained with several sorbents (own elaboration, sources [58,59,72,73,102–

106]). 

The first complete study of the energy behaviour of the CCS system integrated 

into a CI-ICE was performed by Sharma and Maréchal [74]. The CCS system 

proposed by them operates by temperature swing adsorption (TSA) with PPN-6-

CH2-TETA as sorbent, a rotary wheel adsorbed (RWA) for the TSA processes, an 

ORC, and a heat pump to supply CCS system energy requirements. The 

assumptions are a CCR of 90%, an engine operation of 8 h, and a fuel consumption 

of 50 L for a CO2 production of 117 kg of CO2. The main result shows that 

achieving the CCR established without affecting the engine performance is 

possible, i.e., the heat and power required for the CCS system operation are 

obtained by harnessing the EG waste heat. They also showed the thermal 
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requirements in the adsorption and desorption process and the energy demands 

in the CO2 storage stage for the first time. However, this study assumed a constant 

engine operation, far from the actual engine operating conditions. 

As discussed, absorption in the maritime sector and adsorption in ICEV 

predominate as CO2 capture techniques. However, only two works on post-

combustion (one with adsorption and the other with TSA) consider sorbent or 

amine regeneration and CO2 storage. Nevertheless, none of these works was 

performed under dynamic conditions, partial engine loads or varying rpm, which 

differ significantly from the actual operation of an ICE, at least of an HD-ICEV. 

Consequently, research works regarding practical and operational issues need to 

be improved to advance and close this knowledge gap. 

Following the review, a clear trend indicates that integrating CCS systems is 

more feasible in HD-ICEVs. These vehicles offer more useful space for locating 

auxiliary equipment and storing CO2. Moreover, the exhaust gas produced by an 

HD-ICE contains more waste heat, which can be harnessed to meet a CCS 

system's thermal and power demands. This minimizes the impact on engine 

performance caused by CCS system operation and presents minor spatial 

integration challenges. 

Regarding the CO2 capture technique, this thesis leans towards temperature 

swing adsorption (TSA) because it requires less energy for regeneration than 

amine solutions, Specifically, the adsorption heat value of several sorbents, 

including metal-organic frameworks, porous polymer networks, zeolites, and 

activated carbons, is less than -50 kJ/molCO2 [107]. In contrast, the absorption heat 

for commonly used amine solutions exceeds this value [108]. Furthermore, 

adsorption can be carried out in fixed beds with short time intervals during the 

CO2 adsorption and desorption processes, which allows maintaining a CCR. This 

behaviour contrasts amine-scrubbing, which holds a constant flow rate and, 

therefore, cannot adjust to variations in exhaust gas flow and CO2 concentrations 

produced during the regular operation of ICEs. Based on all of this, an initial 

energy assessment and spatial requirements for integrating a CCS system into a 

mobile source utilizing TSA as a CO2 capture technique are presented below. 

2.3 CCS-SYSTEM: FIRST ENERGY AND SIZING ASSESSMENT  

Two representatives turbocharged, four-stroke, water-cooled natural gas ICE 

(one for road and one for maritime transport) are chosen for the energy 

assessment. Table 1 presents a summary of the technical specifications of these 

engines. The CCS system uses TSA for CO2 capture. The TSA processes are 

sorbent heating, CO2 desorption, sorbent cooling, and CO2 adsorption. For the first 

two processes, EG waste heat is used. The remaining thermal energy in the EG is 
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transformed into mechanical energy through an ORC, which powers the CO2 

compression stage. Figure 6 shows the proposed CCS system. 

Table 1. Engine Technical specifications. 
 

 
Figure 6 Mass and energy chart of the CCS system for its operation into an ICE. 

 

The calculations required for the energy assessment are based on a 90% CCR, 

engines fuelled with methane undergoing stoichiometric combustion, and 

considering only CO2, H2O, and N2 as EG species. Further, three sorbents were 

selected for this first approach, PPN-6-CH2-DETA, MOF-74-Mg, and Zeolite-X13 

(PPN, MOF and Z13 onwards), to determine better performance. The energy 

analysis for the M936G engine involves three EG temperature scenarios 

representing low, medium, and high engine loads (600, 700, and 800 K) [109,110]. 

Meanwhile, the energy analysis for the maritime engine W9L46DF is conducted 

at 75% of the engine load with an EG temperature of 700 K. If the CCS system 

does not get to operate at a CCR of 90% without energy penalties, the highest CCR 

for each sorbent will be calculated, following the same procedure developed 

previously. Finally, with the results obtained, the CO2 volume stored and the 

sorbent volume in the TSA process will be calculated. 

The available thermal energy in the EG is calculated at the turbocharged 

outlet of the SI-ICE using Equation 1. The EG specific heat (cp) is obtained from 

the EG composition using Equation 2, the difference temperature (ΔT1) represents 

the difference between the EG temperature at the turbocharged outlet and the 

reference temperature (25 °C). The regeneration heat for the sorbents (𝑄̇𝑟𝑒𝑔−𝑠𝑜𝑟𝑏) 
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is the sum of the sensible heat (𝑄̇𝑠𝑒𝑛) and the desorption heat (𝑄̇𝑑𝑒𝑠), Equations 3 

and 4. The loading capacity (q) and the  ∆𝐻𝑑𝑒𝑠 are shown in Table 2. the ΔT2 in the 

𝑄̇𝑠𝑒𝑛 considers desorption and adsorption temperatures of 150 and 30 °C, 

respectively. According to the literature, 150 °C is the most suitable temperature 

because it guarantees the greatest amount of CO2 desorption without sorbent 

degradation [107,113]. At the same time 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 exposure to wet exhaust 

gases [114]. 

Table 2. Sorbent physical properties used in the simulations [107,115–118]. 

Sorbent 
Adsorption Heat 

(ΔHads) [kJ/molCO2] 

Loading Capacity 

(q) [kgCO2/kgsorbent] 

Selectivity 

CO2/N2 

Specific Heat 

(cp) [kJ/kgK] 

*Density 

(ρ) [kg/m3] 

PPN −45.33 0.2354 >10.000 0.985 805 

MOF -37.4 0.27808 209 0.896 914.9 

Z13 -49.72 0.176 17.46 1.07 1360 

AC -25 0.132 11 1.062 1040 
*Crystallographic density 

Subsequently, the power consumption of the CO2 compressor is determined 

utilizing the software ASPEN Plus, whose values are 3.16 and 1029.9 kW for the 

M936G and the W9L46DF engines, respectively. Meanwhile the power output of 

the ORC (𝑊̇𝑜𝑢𝑡) is calculated using Equation 5. This equation incorporates the 

remaining heat in the EG (𝑄̇𝑟𝑒𝑚) as defined by Equation 6, considering an ORC 

cycle efficiency (𝜂𝑂𝑅𝐶) of 20% [82,119]. 

The space requirements for the CCS system are determined in terms of 

volume. The CO2 will be stored as a liquid at 75 bar and 29.35 °C; resulting in a 

CO2 density (𝜌𝐶𝑂2−𝐿) of 762.6 kg/m3 under these conditions. The process begins by 

calculating the mass of CO2 to be stored (𝑚𝐶𝑂2
), assuming an 8-hour operation, i.e. 

28800 s (Equation 7). As was mentioned before, the TSA process comprises four 

stages (Figure 6), each expected to run for 30 minutes. Therefore, the sorbent mass 

(𝑚𝑠𝑜𝑟) is divided by 4 (Equation 8), and the sorbent volume (𝑉𝑠𝑜𝑟) is calculated 

using Equation 9. Finally, the CO2 volume (𝑉𝐶𝑂2
) is determined using Equation 

10, and the approximate total volume of the CCS system is obtained by summing 

the volumes of CO2 and sorbent. 

𝑄̇𝐸𝐺 = 𝑚̇𝐸𝐺 𝑐𝑝−𝐸𝐺
 ∆𝑇1 (1) 

𝑐𝑝−𝐸𝐺 = 𝑥𝐶𝑂2
 𝑐𝑝−𝐶𝑂2

+ 𝑥𝑁2
 𝑐𝑝−𝑁2

+ 𝑥𝐻2𝑂 𝑐𝑝−𝐻2𝑂 (2) 

𝑄̇𝑟𝑒𝑔−𝑠𝑜𝑟𝑏 = 𝑄̇𝑑𝑒𝑠 + 𝑄̇𝑠𝑒𝑛 (3) 

𝑄̇𝑟𝑒𝑔 = 𝐶𝐶𝑅𝑥𝐶𝑂2
𝑚̇𝐸𝐺∆𝐻𝑑𝑒𝑠 + 𝑐𝑝−𝐶𝑂2

𝐶𝐶𝑅𝑥𝐶𝑂2
𝑚̇𝐸𝐺∆𝑇2 + 𝑐𝑝−𝑎𝑑𝑠

𝐶𝐶𝑅𝑥𝐶𝑂2
𝑚̇𝐸𝐺

𝑞
∆𝑇2 (4) 

𝑊̇𝑜𝑢𝑡 = 𝜂𝑂𝑅𝐶𝑄̇𝑟𝑒𝑚 (5) 

𝑄̇𝑟𝑒𝑚 = 𝑄̇𝐸𝐺−𝑄̇𝑟𝑒𝑔 (6) 
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2.3.1 Results 

The findings presented in Table 3 indicate that the heat available in the EG 

is sufficient to regenerate the sorbent in the TSA process for all temperatures in 

both engines. This margin increases as the ΔT rises. Similarly, the remaining heat 

in the EG and the output power in the ORC have the same behaviour, as seen in 

Table 4. Further, when the ORC operates at an EG temperature of 800 K, it 

generates enough power to meet the consumption requirements of the CO2 

compressor with the CCS system employing MOF-74-Mg as sorbent. However, in 

other scenarios, the power generated by the ORC proves insufficient to satisfy the 

demands of the CO2 compressor. 

Table 3. Available heat in the EG at low, medium, and full engine load and regeneration heat at 

90% of CCR for each sorbent 

 

Table 4. Power produced by the ORC at low, medium, and full engine loads in each engine. 

 

 

 

Figure 7 depicts the maximum CCR with which the ORC can cover the total 

power demand of the CO2 compressor for each sorbent in both engines, given an 

EG temperature of 700 K. The maximum CCR values achieved without the need 

to draw power from the engine to compress the CO2 and therefore without 

affecting its performance are 73, 68 and 64% with MOF, PPN and Z13, 

respectively. Finally, the estimated total volume of the CCS system is obtained 

using the sorbents that performed better in the energy analysis (PPN and MOF). 

𝑚𝐶𝑂2
= 28800 𝐶𝐶𝑅 𝑥𝐶𝑂2

 𝑚̇𝐸𝐺 (7) 

𝑚𝑠𝑜𝑟 =
𝑚𝐶𝑂2

4𝑞
 (8) 

𝑉𝑠𝑜𝑟 =
𝑚𝑠𝑜𝑟

𝜌𝑠𝑜𝑟
 (9) 

𝑉𝐶𝑂2
=

𝑚𝐶𝑂2

𝜌𝐶𝑂2−𝐿
 (10) 

Engine 
EG Mass 

Flow [kg/s] 
Sorbent 

Regeneration Heat 

90% of CCR [kW] 

Available Heat in the EG [kW] 

600 K 700 K 800 K 

M936G 0.03772 

PPN 11.2 

13.4 18.5 23.7 MOF 7.3 

Z13 10.1 

W9L46DF 12.3 

PPN 2737.5 

NA 6021.4 NA MOF 2240.5 

Z13 3291.5 

Engine M936G W9L46DF 

Sorbent PPN MOF Z13 PPN MOF Z13 

Ẇout at 600 K [kW] 0.434 1.219 0.661 NA NA NA 

Ẇout at 700 K [kW] 1.448 2.233 1.675 656.8 756.2 545 

Ẇout at 800 K [kW] 2.492 3.277 2.719 NA NA NA 
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As detailed in Table 5, the volume values obtained are less than 0.3 m3 for the 

M936G engine and less than 100 m3 for the W9L46DF engine. 

 
Figure 7. Remaining heat, ORC power output, CO2 compression power output and maximum CCR 

obtained in each engine. 

Table 5. Volume calculations for each sorbent and engine. 
 

 

 

 

 
 

2.4 SUMMARY 

The combination of a CCS system that uses TSA as a CO2 capture technique 

and an ORC for efficiency improvement is a promising alternative for CO2 capture 

and storage in mobile sources. This hybridization theoretically allows optimal 

integration of the CCS system into an HD-ICEV without compromising engine 

performance, as it harnesses the EG waste heat to meet its energy demands. 

However, a detailed understanding of the CCS-ORC system is necessary to assess 

this promising application objectively. Therefore, the detailed design of these 

systems and their corresponding energy and techno-economic assessments will be 

addressed in the following chapters of this thesis, thereby establishing the 

feasibility of this application. 

2.5 PUBLISHED PAPER 

Finally, all the details, findings and conclusions of this study have been 

included in an article published in the journal "energies", which has the following 

reference:  
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Engine M936G W9L46DF 

Sorbent PPN MOF PPN MOF 

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

Sorbent mass [kg] 118.8 100.5 38726 32782 

Sorbent density [kg/m3] 805.00 914.88 805.00 914.88 

Sorbent Volume [m3] 0.148 0.110 48.106 35.832 

CO2 Volume stored [m3] 0.147 0.147 47.815 47.815 

Total volume [m3] 0.295 0.257 95.922 83.647 
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• García-Mariaca, A.; Llera-Sastresa, E. Review on Carbon Capture in 

ICE Driven Transport. Energies 2021, 14, 6865. 

https://doi.org/10.3390/en14216865 

 



19 

 

 



20 

 

 



21 

 

 
 

 



22 

 

 



23 

 

 



24 

 

 



25 

 

 



26 

 

 



27 

 

 



28 

 

 



29 

 

 



30 

 

 



31 

 

 



32 

 

 
 



33 

 

 
 



34 

 

 
 



35 

 

 



36 

 

 



37 

 



38 

 

 



39 

 

 



40 

 

 



41 

 

 



42 

 

 



43 

 

 



44 

 

 



45 

 

 



46 

 

 



47 

 

 
 

  



48 

 

3. WASTE HEAT RECOVERY TO 

MEET THE ENERGY 

DEMANDS OF A CCS 

SYSTEM IN AN HD-ICEV. 

 

 

 

 

 
As evidenced in the previous chapter, the strategic utilization of exhaust gas 

waste heat, which contains about 30% of the fuel's energy [120] is crucial to 

successfully integrating a CCS system into an HD-ICEV. Among the available 

technologies for harnessing the waste heat from exhaust gases coming from ICE, 

the ORC stands out as the most promising technology. This is due to its mature 

development, low maintenance costs, high safety, and adaptability to various 

residual heat sources [81–83,87,121–123]. However, implementing an ORC on 

board an ICEV poses several challenges that have yet to be solved. In addition to 

the impact on the exhaust gas back pressure and the intrinsic engine operating 

conditions [84], the system's added weight raises specific fuel consumption by 

roughly 2 g/kWh at low rpm [76]. 

Although the previous chapter used an ORC thermal efficiency to determine 

the amount of energy that can be recovered from the EG, this first approach does 

not accurately reflect the actual operating conditions of an ICE. It was based on 

three temperatures for the same mass flow of the EG, which is quite different from 

the actual operation of an ICE, where the temperature and mass flow of EG vary 

with each rpm and engine load condition leading to changes in the ORC’s 
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performance. Therefore, a deeper analysis must be conducted, considering an 

engine's most realistic operating conditions. 

This chapter presents a more thorough analysis of harnessing waste heat 

using ORC and explores how it can reduce the energy consumption of a CCS 

system. This chapter will begin by simulating two ICEs of different sizes 

commonly used in road transport. The objective is to determine the actual 

thermodynamic conditions of exhaust gases under various operating parameters 

of the ICE. Based on the results from engine simulations, an ORC will be designed 

to evaluate its possible dimensions and the power it could generate. Moreover, an 

energy analysis will be carried out, correlating the power output from the ORC 

with the power required by a CCS system. This analysis will provide a more 

detailed understanding of the power penalty imposed by the CCS system on the 

ICE. Finally, a dynamic analysis will be performed to assess the energy behaviour 

of the CCS system under varying conditions. 

3.1 ENGINE SIMULATIONS  

Two stoichiometric natural gas four-stroke turbocharger spark-ignition 

engines (SI-ICE) with different displacement volumes (Vd) were selected to 

perform the simulations [124,125]. The simulations were conducted using AVL 

BOOST software. The theoretical models used in each engine are the simplified 

model of boost pressure to obtain the air mass flow, the Woschni heat transfer 

model for the heat transfer in the cylinders, the Heywood, Patton, Nitschke model 

for the friction, and the Re-analogy for the heat transfer in the engine ducts. Air 

at standard conditions and a lower heating value (LHV) of the CNG of 48351 kJ/kg 

were taken as inlet parameters [126–128]. Table 6 shows the engine's technical 

specifications. 

Table 6. Technical specifications of the study engines 

Engine M936G [111] F1C [125] 

Architecture In-line 6-cylinder engine In-line 4-cylinder engine 

Injection Multipoint  Multipoint  

Valves per cylinder: 4 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 [CAD] 57 58 

Star of combustion BTDC [CAD] 18 19 

Torque [Nm] 1200 at 1600 rpm 350 at 1500 rpm 

 

Figure 8 compares each engine's simulation results and performance curves 

[111,125]. The maximum error obtained is 3.39% in both BP and torque and 4.4% 

in BSFC for the M936G engine. On the other hand, the F1C engine has a 
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maximum error of 5.36% in BP and Torque. The highest values in the errors in 

the F1C engine regarding the M936G engine could be due to its smaller size, which 

makes it more sensitive to the values in the parameters and models used in the 

simulation. However, these low errors and the fuel energy distribution (Figure 9) 

indicate that the models and parameters used in the simulation accurately 

represent the selected engines' behaviour, consistent with those reported in the 

literature [129,130]. 

 
Figure 8. Performance curves of the engines at full engine load. 

 
Figure 9. Fuel energy distribution obtained in the engines used in the simulations. 

The thermodynamic conditions of the exhaust gas obtained from the 

simulations indicate that the pressure fluctuates between 1.07 and 1.11 bar. 

Moreover, the species concentration consistently reflects stoichiometric 

combustion, with mass fractions of 15.2% CO2, 12.4% H2O, and 72.4% N2 across 

all engine loads and the entire range rpm for both engines. Figure 10 shows that 
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the exhaust gas temperatures and mass flow increase in tandem with the engine 

load and rpm rise, a trend consistent with findings reported in the literature 

[109,110]. 

 
Figure 10. Behaviour of the exhaust gas temperatures and mass flow at partial engine loads. 

3.2 ORC DESIGN  

Figure 11 illustrates the layout of the proposed ORC system. In this design, 

the first heat input comes from CO2 after its compression in the CCS system; this 

is harnessed in the heat exchanger (HE) ORC-H to preheat the working fluid 

(WF). The waste heat of the exhaust gases is the second heat input in the ORC, 

and it is used to evaporate the WF in the HE called ORC-E. The remainder of the 

ORC devices are an expander (ORC-X), a pump (ORC-P), and a condenser (ORC-

C). This configuration is chosen for its cost-effectiveness and simplicity [131]. 

Cyclopentane (C5H10) is selected as the working fluid due to its thermal stability 

at temperatures up to 350 °C [132], but also because of the excellent performance 

results in previous ORC research works performed on ICE [133]. Its minimal 

environmental impact, low toxicity, and non-corrosive nature make it a favourable 

choice [82]. 

The ORC was designed using the concept of permeability, defined as the ratio 

of the working fluid (WF) mass flow to the pressure difference between the 

expander inlet and outlet (∆P) [80], as expressed in equation 11. The inlet pressure 

for the ORC-X is determined using Equation 12, developed by Fatigati et al. 

[78,80,134]. This equation establishes a relationship between the WF inlet 
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conditions in the pump and in the expander through three dimensionless 

variables: βηv, which represents the product of the volumetric efficiencies of the 

pump and the expander; βVol, the ratio between the displacement volume of the 

pump and the inlet volume of the expander and βω, the ratio between the angular 

velocity of the pump and the expander. To solve this, the WF is treated as an ideal 

gas at the expander inlet, necessitating the determination of the compressibility 

factor (Z) and the ∆TSH value, which is the superheat temperature value of the 

working fluid. Table 7 presents the assumed values, from the literature, to 

calculate the maximum inlet pressure for the ORC-X. 

 
Figure 11. ORC system layout proposed. 

Table 7. Parameter values used in the calculation of the inlet pressure to the ORC-X 

Variable Value Unit 

Compressibility factor (Z) 0.96 NA 

Ideal gas constant (R) 0.1186 kJ/kgK 

Tsat at 25% of engine load 457.3 K 

∆𝑇𝑆𝐻 at 25% engine load 0 K 

∆𝑇𝑆𝐻 at 50% engine load 37 K 

∆𝑇𝑆𝐻 at 75% engine load 81 K 

∆𝑇𝑆𝐻 at 100% engine load 124 K 

WF density at 1 bar (𝜌𝑝𝑚𝑝,𝑖𝑛) 735.3 kg/m3 

Expander volumetric efficiency (ηvol,exp) 0.45 [78] 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 

The calculated maximum ORC-X inlet pressure is 20.96 bar. This value allows the 

establishment of the inlet pressures for each device. These values incorporate the 

pressure drops observed in experimental tests for each device [134]. Table 8 shows 

𝛼 =
𝑚̇𝑊𝐹

∆𝑃
 (11) 

𝑃𝑖𝑛,𝑒𝑥 = 𝑍𝑅(𝑇𝑠𝑎𝑡 + ∆𝑇𝑆𝐻)𝜌𝑝𝑚𝑝,𝑖𝑛𝛽𝜂𝑣𝛽𝑉𝑜𝑙𝛽𝜔 (12) 
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the values of the pressures and different parameters considered for each device in 

the simulations, such as efficiencies, convection heat transfer coefficient (h), and 

overall heat coefficient (U). Finally, the ORC thermal efficiency is calculated using 

Equation 13. 

Table 8. Equipment conditions in ORC simulations 

 

3.3 CARBON CAPTURE AND STORAGE (CCS) SYSTEM 

The thermal power consumption of the CCS system is related to the stages 

that the sorbent undergoes in the TSA process (cooling, adsorption, heating, and 

desorption). The heat calculations for each TSA stage are done following 

procedures outlined in Section 2.3, utilizing the properties of the sorbent PPN-6-

CH2-DETA and a CCR of 90%. The CCS system's power consumption is only 

associated with CO2 compression developed in the storage stage; this is simulated 

for a rise in the pressure from 1 to 75 bar with a CO2 initial temperature of 30 °C 

and isentropic efficiency of 70% for the compressor. Finally, the cooling heat (𝑄̇𝑐𝑜𝑜𝑙) 

is assumed to be the same as the sorbent regeneration heat (𝑄̇𝑟𝑒𝑔−𝑠𝑜𝑟𝑏). Figure 12 

presents the values obtained of the 𝑄̇𝑐𝑜𝑜𝑙 and 𝑄̇𝑟𝑒𝑔−𝑠𝑜𝑟𝑏 

 
Figure 12. Total and cooling heat required by the TSA process. 
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𝜂𝑡ℎ−𝑂𝑅𝐶 =
𝑊̇𝑒𝑥𝑝 − 𝑊̇𝑐−𝑎𝑖𝑟 − 𝑊̇𝑝𝑢𝑚𝑝

𝑄̇𝐸𝐺 + 𝑄̇𝐻

 (13) 

Device Parameter Unit Value State Fluid 

ORC-C 
Inlet pressure Bar 1.5 Vapour C5H10 

U [135]. W/m2K 500 - Condensation NA Air- C5H10 

ORC-P 
Inlet pressure Bar 1 Saturated liquid 

C5H10 
Isentropic efficiency NA 0.55 NA 

ORC-H 
Inlet pressure Bar 24.9 Compressed liquid C5H10 

U [135]. W/m2K 150 - Liquid-Gas NA C5H10 - CO2 

ORC-E 

Inlet pressure Bar 22.9 Compressed liquid C5H10 

h [135]. W/m2K 

70 - Liquid-Gas 

3000 - Phase change 

35 - Gas-Gas 

NA C5H10 - EG 

ORC-X Inlet pressure Bar 20.9 Vapour C5H10 
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3.4 SIMULATION PROCEDURE  

The simulation considers the following assumptions: (i) there are no mass 

losses in pipes, devices, and connections; (ii) there are no pressure drop losses in 

pipes; (iii) negligible heat losses in pipes; (iv) EG do not change phase-and non-

corrosive during the heat transfer; (v) steady-state conditions in the simulations; 

(vi) inlet cooling air at standard conditions (vii) counter-flow type heat exchangers 

are simulated. The temperature differentials (∆T) between the hot and cold fluids 

within the heat exchangers are detailed in Table 9. Figure 13 illustrates the 

operational characteristics of the Organic Rankine Cycle (ORC) at both minimum 

and maximum engine loads. Each simulation verifies that the C5H10 temperature 

at the evaporator outlet does not exceed 345 °C (it is thermally stable up to 350 

°C). With these assumptions and restrictions, the areas of the heat exchangers are 

first obtained, and then these areas are kept constant for all engine conditions. 

Subsequently, the mass flow of C5H10 and cooling air, the pump’s power 

consumption, the power production of the ORC-X, and the heat flux of all heat 

exchangers are obtained. 

Table 9. Simulation restriction parameters 

Heat 

exchanger 

Engine 

load 

∆T between hot and 

cold fluid [°C] [136] 

C5H10 outlet 

Temperature [°C] 

ORC-C All 5  ≤ 48.87 

ORC-E 
25 10 184.15 

50 to 100 10 184.15 >T< 350 

ORC-H All 10 48.87 <T< 184.15 

 

(a) (b) 

Figure 13. ORC behaviour: a) 25% of engine load and b) engine loads above 25%. 

3.5 RESULTS 

Table 10 summarises the magnitudes and variations of the ORC heat 

exchanger areas obtained in the simulations at partial engine loads. On the other 

hand, The ORC thermal efficiency has an average value of 13% in the M936G 

engine and 12% in the F1C engine. Moreover, it is observed that the highest values 

of the ORC thermal efficiency are at the lowest engine load. This behaviour occurs 

since the permeability, fan, and pump powers have the lowest values due to the 
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lowest mass flow of cooling air and C5H10 present at this point, as is shown in 

Figures 14 and 15. The areas and the ORC thermal efficiency are comparable to 

those found in the literature for an ORC operating at partial engine loads 

[74,79,81,84,134,137–140] 

Table 10. Heat exchanger areas obtained from ORC simulations. 

Engine Heat Exchanger Area [m2] Variation [%] Total area [m2] 

M936G 

ORC-C 1.817 -0.5 

7.098 ORC-H 0.083 -4.6 

ORC-E 5.198 -0.7 

F1C 

ORC-C 0.853 -7.6 

2.039 ORC-H 0.030 -4.7 

ORC-E 1.156 1.0 
 

 
Figure 14. Air cooling and C5H10 mass flows obtained from ORC simulations. 

 

 
Figure 15. Permeability behaviour in the entire rpm range and at partial engine loads 
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highest parasitic load covered by the ORC is 61% at 3400 rpm and 23% at 1000 

rpm. Table 11 shows that the average power percentage produced by the ICE 

consumed by the CCS-ORC system remains below 8.84% for the F1C engine and 

5.71% for the M936G engine. However, parasitic loads increase by up to 10% 

without integrating the ORC into the CCS system. 

 
Figure 16. Percentage of parasitic loads covered by the ORC-X under partial engine loads. 

Table 11. Average percentage penalty of the CCS system over the engines power with and without 

ORC. 

3.6 DYNAMIC OPERATION OF THE CCS-ORC SYSTEM 

The World Harmonized Transient Cycle (WHTC) is employed to evaluate the 

CCS-ORC system's operation under dynamic conditions. Equations 14 and 15 

determine the actual engine speed and torque values [141]. Table 12 lists the 

values of the parameters involved in Equation 14. Figure 17 depicts the actual 

speed and torque the M936G engine attained. 

 
Figure 17. Actual torque and speed for the M936G engine  
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Table 12. Speed variable values taken for actualising the engine speed in the WHTC. 

Variable Unit Value 

nlo RPM 1045.3 

npre RPM 1552.4 

nhi RPM 1213.6 

nidle RPM 1000 

n95h RPM 2095 

After acquiring the torque and speed values corresponding to the WHTC points, 

the polynomial functions for each speed and load condition of the engine are 

calculated for the main variables of the CO2 capture process (required power by 

the CCS system and CO2 and fuel mass flows) based on the previous results 

obtained in ASPEN +; these polynomial functions have a coefficient of 

determination (R²) greater than 99%. After that, using these polynomial functions, 

the main variables of the CO2 capture process are calculated for each WHTC point. 

This procedure is made in the following form: for a WHTC engine load ≤ 25%, it 

uses the polynomial function of 25% of the engine load of the main variables of the 

CO2 capture process, and so on until 100% engine load. Finally, this process is 

done entirely by iterating until the error between the final captured CO2 and the 

previous iteration is less than 0.1%. Figure 18 illustrates the outcomes obtained. 

 

 
Figure 18. Power penalisation, fuel mass and CO2 mass flow increase in dynamic conditions. 
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g/kWh. 

1000 1200 1400 1600 1800 2000 2200

4

6

8

10

12

14

16

18

20

1000 1200 1400 1600 1800 2000 2200

0.002

0.004

0.006

0.008

0.010

0.012

1000 1200 1400 1600 1800 2000 2200

0.010

0.015

0.020

0.025

0.030

0.035

Engine load  25 %  50 %  75 %  100 %

P
o
w

e
r 

[k
W

]

RPM

F
u
e
l 
m

a
s
s
 f

lo
w

 [
k
g
/s

]

RPM

C
O

2
 m

a
s
s
 f
lo

w
 [

k
g
/s

]

RPM

𝑛𝑎𝑐𝑡 = 𝑛𝑛𝑜𝑟𝑚 (0.45 𝑛𝑙𝑜 + 0.45 𝑛𝑝𝑟𝑒 + 0.1 𝑛ℎ𝑖 − 𝑛𝑖𝑑𝑙𝑒)2.0327 + 𝑛𝑖𝑑𝑙𝑒 (14) 

𝑇𝑎𝑐𝑡 =
%𝑇 𝑇𝑚𝑎𝑥

100
 (15) 



58 

 

 
Figure 19. Initial and final engine power due to the CCS system operation in the WHTC 

3.7 SUMMARY 

The results confirm that the exhaust gases can meet all thermal energy 

demands of the CCS system. Regarding the ORC, its efficiency at partial engine 

loads does not present higher variations, and its power production reduces 

between 3.9 and 13.9 % the penalisation of the CCS system imposed over the 

engine (depending on the engine load and size). However, the proposed ORC 

configuration can only take advantage of some of the thermal energy available in 

the exhaust gases at high engine loads. Hence, the ORC operation must be 

optimised to improve its performance, thus enhancing its power production and 

reducing the penalisation provoked by the CCS system over the engine 

performance. This key factor and a deep energy analysis will be carried out in the 

next chapter of this thesis. 
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Finally, all the details, findings, and conclusions of this study have been 

included in two publications. The first is in an article published in the journal 

Energy Conversion and Management, and the second one is in the Proceedings of 

the 16th Greenhouse Gas Control Technologies Conference (GHGT-16), held in 

Lyon, France, from 23 to 24 October 2022. 

• García-Mariaca, A., Llera-Sastresa, E., & Moreno, F. (2022). 

Application of ORC to reduce the energy penalty of carbon capture in 

non-stationary ICE. Energy Conversion and Management, 268, 116029. 

https://doi.org/10.1016/j.enconman.2022.116029  

• García Mariaca, Alexander and Llera, Eva, Dynamic CO2 Capture in a 

Natural Gas Engine Used in Road Freight Transport (August 30, 2022). 
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4. CARBON CAPTURE IN 

HD-ICEV BY 

ADSORPTION 

 

 

 

 

 
Continuing with the research, the next step involves conducting an energy 

analysis of a CCS-ORC system employing temperature swing adsorption (TSA). 

The aim of this analysis is to quantify, through simulations, the power penalty 

induced by the operation of the CCS-ORC system over the engine. This requires 

detailed knowledge of the heat transfer and areas of the heat exchangers, as well 

as the power production of the ORC expander, pumps, and compressors. These 

parameters are evaluated for each rpm and partial engine load. 

For this, a new operation scheme of the ORC is applied, aimed at enhancing 

power output at the high engine load points. In addition, a much more detailed 

sizing of the CCS-ORC system is carried out, including heat exchanger areas, 

volumes and weight of the primary devices that make up the CCS-ORC system. 

Finally, the energy consumption cost of CO2 capture for the proposed system is 

determined. This exhaustive energy analysis is essential to evaluate the 

feasibility of implementing the adsorption capture system compared to other 

available technologies. The comprehensive procedure and outcomes obtained from 

this novel study are detailed below. 

4.1 CCS-ORC SYSTEM CONFIGURATION AND DESIGN 

The CCS-ORC system was configured using all the available waste heat 

sources. This configuration also has an analysis Pinch to reduce the energy 

requirement in the cooling processes and effectively manage the energy through 
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heat exchangers involved in the configuration. A RWA is assumed to develop the 

TSA processes [143]. The advantage of this device is that it is possible to do the 

TSA cycle in less than 90 s [144], which drives to small equipment sizes. The TSA 

processes are heating the sorbent, CO2 desorption, cooling the sorbent, and CO2 

adsorption [144]. The heating and desorption processes harness the waste heat of 

the EG. Air at standard conditions is used for the cooling and adsorption 

processes. 

As shown in Chapter 3, the ORC takes advantage of two waste heat sources: 

the remaining heat of the EG after the RWA and the heat contained in the CO2 

after its compression. Four additional heat exchangers complete the CCS system 

to dry the exhaust gases and cool the CO2. Figure 20 shows, with different colours, 

each energy and mass flow operating in the several devices and their 

arrangement. Additionally, on this occasion, the WF in the ORC will always be 

saturated vapour at the ORC-X inlet; this allows more mass of the WF to circulate 

through the ORC (as is shown in Figure 13a), thus taking advantage of more waste 

heat and, therefore, producing more power output at high engine loads. The ORC 

operational pressures were obtained following the procedure shown in Chapter 3. 

For these new simulations, the U and h are actualized to get a more realistic 

operation of the ORC. These values are shown in Table 13. 

 
Figure 20. Energy and mass flows and CCS-ORC system configuration. 

Table 13. Parameters and conditions used in the ORC simulations. 
Device Parameter Unit Value State Fluid 

ORC-C 
Inlet pressure bar 1.5 Vapour C5H10 

U [135] W/m2K 120→Condensation NA Air-C5H10 

ORC-P 
Inlet pressure bar 1 Saturated liquid 

C5H10 
Isentropic efficiency [145] NA 0.55 NA 

ORC-H 
Inlet pressure bar 24.9 Compressed liquid C5H10 

U [135,146] W/m2K 100→Liquid-Gas NA C5H10-CO2 

ORC-E 

Inlet pressure bar 22.9 Compressed liquid C5H10 

h [135] W/m2K 

70→Liquid-Gas 

2000→Phase change 

35→Gas-Gas 

NA C5H10-EG 

ORC-X 
Inlet pressure bar 20.9 Vapour 

C5H10 
Isentropic efficiency [147] NA 0.65 NA 
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4.1.1 Heat exchangers 

As seen in Figure 20, 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 the primary stage for cooling the EG (HE-EG1), and the last heat exchanger 

(HE-EG2) completes the cooling and drying process of the exhaust EG. Notably, 

these heat exchangers utilise the same air cooling that flows through the RWA 

and the ORC. This information is summarised in Table 14. The simulations 

consider a U of 100 W/m2K corresponding to a cooling process in a compact heat 

exchanger [135,146,148]. 

Table 14. U for the heat exchangers used in the CCS system [135,146,148]. 

Heat exchanger Process Fluids U [W/m2K] 

HE-CO2-C 
Cooling CO2 – Air 

100 
CO2-Con 

HE-EG1 Cooling 
Air – EG 

HE-EG2 Dry 

4.1.2 Sorbent selection 

Three sorbents have been chosen for the CCS-ORC simulations: PPN-6-CH2-

DETA, MOF-74-Mg, and activated carbon (AC onwards). PPN and MOF sorbents 

are notable due to their ultra-high selectivity for CO2, low desorption energy and 

exceptional adsorption capacity, all of which are favourable physical properties for 

CO2 capture. On the other hand, AC, a commercially available sorbent, boasts a 

deficient desorption energy, and numerous studies have demonstrated its efficacy 

as a CO2 sorbent material [115,116,149]. Table 2 shows the properties of each 

sorbent. The desorption and adsorption temperatures used in the simulations are 

presented in Chapter 2.  

4.1.3 CO2 compression and storage process 

Simulations consider the storage of CO2 as a liquid at 75 bar and a 

temperature of 29.35 °C. However, variations in CO2 pressure occur across 

different sorbents due to impurities such as 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. The CO2 compressor (CO2-Com onwards) is 

attributed an assumed isentropic efficiency of 65%. The proposed CCS-ORC 

system configuration involves three stages to attain the CO2 storage temperature. 

Initially, cooling is achieved in HE-CO2-C using air as a cooling fluid before 

entering the CO2 compressor. Subsequently, CO2 is further cooled in ORC-H using 

C5H10 as the cooling fluid. Finally, the last cooling stage occurs in CO2-con, 

employing air again. 

4.1.4 Assumptions and procedures in the simulations 

The following assumptions are considered in the CCS-ORC system 

simulations: (i) there are no pressure, heat and mass losses in pipes, devices, and 
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connections; (ii) EG are non-corrosive during the heat transfer; (iii) steady-state 

conditions in the simulations and (iv) heat exchangers are simulated in counter-

flow type. Simulations are performed at 25, 50, 75 and 100% of engine load, in the 

entire rpm range and at 70 and 100% of CCR. For both CCR conditions, the areas 

were determined at maximum engine torque, fulfilling the design condition of 

each heat exchanger and meeting the selected ∆T between the hot and cold fluid 

in each heat exchanger, as seen in Table 15. The values for the cooling, heating, 

adsorption and desorption heat developed in the RWA introduced for each 

simulation are listed in Annexes A, B, C, and D. These values are calculated using 

equations 16 to 18. The ΔT in these equations is 120 °C, obtained as the difference 

between desorption temperature and EG drying temperature. 

Table 15. ∆T and design conditions of the heat exchangers in the CCS-ORC system simulations 

Heat 

exchanger 

∆T between hot and 

cold fluid [°C] [148] 
Fluids 

Design condition of the heat 

exchanger 

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

ORC-E 20 C5H10-EG 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 EG-Air - 

HE-EG2 3 EG-Air EG outlet at 30°C 

 

The areas were always controlled and verified using equation 19, whose value 

must always be equal to or greater than zero in each simulation. This method 

enables us to determine 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 

employed for cooling the CCS-ORC system, the WF mass flow in the ORC and the 

heat flux of all heat exchangers in the whole of the engine operational points.  

4.2 RESULTS AND ANALYSIS 

4.2.1 Heat transfer areas and WF and cooling mass flows 

Table 16 shows the values of the areas of the heat exchangers of the CCS-ORC 

system obtained in the simulations. The areas found for the ORC-E and ORC-C 

heat exchangers are greater at 70% CCR than 100% CCR. This discrepancy arises 

from the higher WF mass flow achieved at 70% CCR due to the increased heat 

available in the EG after the desorption process compared to 100% CCR. On the 

𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝐶𝐶𝑅 𝑥𝐶𝑂2
 𝑚̇𝐸𝐺  ∆𝑇 (𝑐𝑝−𝐶𝑂2

+
𝑐𝑝−𝐶𝑂2

𝑞
) (16) 

𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =
𝑐𝑝−𝐶𝑂2

 𝐶𝐶𝑅 𝑥𝐶𝑂2 𝑚̇𝐸𝐺  ∆𝑇

𝑞
 (17) 

𝑄̇𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛/𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐶𝐶𝑅 𝑥𝐶𝑂2 𝑚̇𝐸𝐺 ∆𝐻𝑑𝑒𝑠 (18) 

𝐴𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
𝐴𝑇𝑚𝑎𝑥 − 𝐴𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝐴𝑇𝑚𝑎𝑥
) 100% (19) 
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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 EG and CO2. 

Table 16. 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] 

M
9
3

6
G

 

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 

F
1
C

 

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 

During MOF operation, there is an area increase of 2.5% in the CO2-Con at 

70% of CCR and 2.7% at 100% of CCR compared to the PPN operation. This 

difference is due to the lower selectivity of the MOF-74-mg relative to PPN-6-CH2-

DETA, resulting in a CO2 mass flow with impurities of N2, changing the heat 

transfer parameters and producing this increase. A similar trend is observed with 

the AC sorbent, which exhibits the lowest selectivity among the three sorbents. 

Finally, the HE-EG2 area presents an average increase of 11.2% during MOF 

operation compared to PPN and AC operations across the two CCRs and 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 heat required by the 

CCS-ORC system with this sorbent. 

Figure 21 illustrates that in all instances, a greater mass flow of C5H10 is 

attained at 70% CCR compared to 100% CCR. This is attributed to higher heat in 

the EG after the sorbent's heating and desorption process at this CCR. In this line, 

MOF operation always presents a higher C5H10 mass flow than the PPN and AC 

operation because of its lower desorption heat than the other evaluated sorbents. 

On the other hand, Figure 22 depicts that the cooling air mass presents its highest 

values at a CCR of 100%. These results are due to the increased CO2 mass for 

condensing and the higher cooling requirements in the RWA. This also means that 

cooling air mass flow with PPN and AC operation is higher than with MOF 

operation, irrespective of engine load and rpm, because of the lowest desorption 

heat of this latter. 
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Figure 21. C5H10 mass flow obtained for the two CCRs in both engines at the entire rpm range and 

engine loads. 

 
Figure 22. Cooling mass flow obtained for the two CCRs in both engines at the entire rpm range 

and engine loads. 

4.2.2 Energy analyses  
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load, starting from 2000 rpm; at 75% engine load, the ORC-X covers the parasitic 

loads from 2800 rpm and at 50% engine load, from 3200 rpm onwards. 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 and 3600 

rpm, respectively. However, the parasitic loads are only partially compensated at 

25% of EL at 70% of CCR and 100% of CCR with any sorbent, as is shown in Figure 

24, due to the high power required to achieve the CO2 storage conditions. 

 
Figure 23. Parasitic loads covered by the ORC at 70% of CCR in the F1C engine. 

 
Figure 24.Parasitic loads covered by the ORC at 100% of CCR in the F1C engine. 
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engine load starting from 1500 rpm, at 75% of the engine load from 1700 rpm, and 

at 50% of the engine load from 2000 rpm. During PPN operation, at 100% of the 

engine load, the parasitic loads are covered from 2000 rpm, and for the rest of the 

engine loads and rpm, the parasitic loads are partially covered. Figure 26 

illustrates a similar pattern across all the sorbents studied at a CCR of 100% to 

the behaviour observed in the F1C case. 

 
Figure 25.Parasitic loads covered by the ORC at 70% of CCR in the M936G engine. 

 
Figure 26. Parasitic loads covered by the ORC at 100% of CCR in the M936G engine. 
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Figures 27 and 28 depict the percentage of engine power utilized by the CCS-

ORC system across various rpm and engine load conditions, sorbents, and selected 

CCRs. As can be seen in these figures, the most significant impact on the engine 

performance occurs at 25% of the engine load regardless of the sorbent, CCR, or 

engine rpm since the engine power output is at its lowest point during this load 

condition. Consequently, the penalty percentage imposed by the CCS system on 

the engines is magnified. However, this penalty diminishes as engine load 

increases; even the ORC system can deliver excess power, as with MOF operation 

at a 70% CCR. As expected, the CCS-ORC system's penalty percentage on engine 

performance follows the AC operation > PPN operation > MOF operation 

sequence. Also, the CCS system has a more significant penalty on the smaller 

engine, irrespective of the sorbent used. 

 

 
Figure 27. Power percentage required by the CCS system operating in the M936G engine. 

 
Figure 28. Power percentage required by the CCS system operating in the F1C engine. 
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4.2.3 Weight and volume of the CCS-ORC system 

The limited space within an ICEV poses a notable challenge when installing 

a CCS-ORC system. Hence, it becomes imperative to ascertain the volume and 

weight constraints associated with such a system. The calculation procedure for 

this purpose entails assuming a CCR of 100% for both engines, an 8-hour 

operation with 48 cycles of desorption and adsorption, and an engine load of 75% 

at the maximum torque rpm. Subsequently, the weight and volume of commercial 

compressors that meet the mass flow of CO2 obtained in both engines are taken 

[150]. Following this, the volume of the heat exchangers is calculated based on an 

area density (β) of 100 m2/m3 and the corresponding weight is extrapolated from 

analogous studies [77]. Finally, the weight of the tanks and ancillary systems 

associated with the CCS-ORC system is estimated at 200 kg for the M936G engine 

and 120 kg for the F1C engine. 

Table 17. Sorbent mass and volume at 25% of EL and maximum RPM for 30 min of operation of 

CCS-ORC system. 

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 

*Sorbent Volume (RWA volume) [m3] 0.116 0.156 0.224 0.061 0.082 0.118 

CO2 compressor weight [kg] [150] 540 276 

CO2 compressor volume [[m3] [150] 0.366 0.183 

ORC-E weight [kg] [151] 127.8 

ORC-E volume [m3] [151] 0.03 

Heat exchangers volume [m3] [77] 0.66 0.62 0.61 0.35 0.34 0.32 

Heat exchangers weight [kg] [77] 257 241.8 238.5 135.7 132.1 126.2 

**Weight 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 
*Calculated with 50% of the crystallographic density. 
** Without the CO2 mass 

Table 17 shows that 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. This table also observes that CO2 loading 

governs this evaluation since the highest sorbent mass and volume values found 

are for AC, whose CO2 loading is the lowest of the sorbents studied. Figure 29 

shows that the CO2 compressor is the equipment exerting the greatest influence 

on the total weight of the CCS-ORC system in both ICEVs. Conversely, the heat 

exchangers, the RWA, and the tanks and auxiliaries exhibit comparable weight 

contributions across both engines. 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 [77]. 
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Figure 29. Average percentage weight of the components of the CCS-ORS system 

4.3 ANALYSES 

The findings reveal that the volume occupied by the CCS-ORC system with a 

CCR of 100% amounts to merely 3.4% of the total volume of a bus employing the 

M936G engine, while for a vehicle equipped with an F1C engine, the space 

allocated for the CCS-ORC system constitutes 10.2% of the vehicle's total volume. 

Therefore, integrating the CCS-ORC system into a heavy-duty vehicle appears 

technically feasible since it barely affects its workspace. Notably, these 

proportions are even 15.6% lower than the volume of an electric battery in a heavy 

vehicle[152]. 

Nevertheless, the engine must increase fuel consumption to offset the 

parasitic loads the ORC fails to address and not for the extra weight that entails 

integrating the CCS-ORC system into the ICEV [153]. This extra mass fuel is 

quantified using Equation 20, where 𝜂𝑐𝑜𝑚  is the combustion efficiency and 𝜂𝑡ℎ  is 

the engine’s thermal efficiency. These parameters are obtained from the engine 

simulations, whose values are listed in Annexes E and F. The results are 

presented in Table 18, revealing, as anticipated, the highest increase in fuel mass 

occurring at 100% CCR, particularly evident during AC operation. However, at 

70% of CCR, the rise in the fuel mass with the MOF and PPN sorbents is almost 

marginal. This highlights that maximum energy consumption is observed with a 

CCR of 100% in the F1C engine at 25% engine load and the lowest engine rpm 

(Figure 30). These findings align with those reported by Kim et al. [64]. 

Additionally, in the literature, the energy consumption values for TSA, PSA and 

VSA are higher than 700 kJ/kgCO2 at 90% of CCR [113,154] and, with amine-

scrubbing, are higher than 2500 kJ/kgCO2 [155,156]. 

6.4%
16.8%
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10.7%
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18.4%

18.9%

17.3%
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39.7%

 CO2 compressor  ORC-E  Heat exchangers  Tanks and ancillary systems  RWA
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𝑚𝑓𝑢𝑒𝑙 =
28800 (𝑃𝐿 − 𝑊̇𝑂𝑅𝐶−𝑛𝑒𝑡)

𝜂𝑐𝑜𝑚  𝜂𝑡ℎ 𝐿𝐻𝑉
 (20) 
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Table 18. Total and percentage increase of fuel mass in the engines to cover the operation of the 

CCS-ORC system at 75% of EL, 8 hours of operation and maximum torque. 

 
Figure 30. Energy consumption of the CO2 capture process obtained for the study cases. 
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be performed to determine the complete feasibility of the CCS-ORC system. 
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mass 
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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 
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4.5 PUBLISHED PAPER 

Finally, all the details, findings, and conclusions of this study have been 

included in an article published in the journal Energy. 

• García-Mariaca, A., Llera-Sastresa, E., & Moreno, F. (2024). CO2 

capture feasibility by Temperature Swing Adsorption in heavy-duty 

engines from an energy perspective. Energy, 292, 130511. 

https://doi.org/10.1016/j.energy.2024.130511 

 

https://doi.org/10.1016/j.energy.2024.130511
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5. SIZING AND TECHNO-

ECONOMIC ASSESSMENT 

OF A CCS-ORC SYSTEM BY 

ADSORPTION 

 

 

 

 

 
Techno-economic assessment represents the ultimate phase in gauging the 

viability of incorporating a CCS-ORC system into a natural gas-powered HD-

ICEV. This chapter thoroughly explains the techno-economic assessment of the 

CCS-ORC system designed in the previous chapter. This assessment will be 

executed with the CCS-ORC system operating with the same selected ICEVs, 

sorbents and CCRs and under the same operative parameters as in the previous 

chapter. 

5.1 METHODOLOGY 

5.1.1 Description of CCS-ORC system and assessment conditions 

Figure 31 depicts the schematic representation of the CCS-ORC system 

developed in the prior chapter. This Figure shows that the RWA was changed to 

a shell-and-tubes system to perform the TSA processes. This change is because 

the diameter that the RWA needed to house the mass sorbent is very high, which 

did not make it feasible to install it in a vehicle. The computation and design of 

this novel TSA system will be expounded upon in a subsequent section. 

5.1.2 Heat exchanger sizing 

As illustrated in Figure 31, the CCS-ORC system comprises seven heat 

exchangers, whose areas were determined through energy modelling conducted in 
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ASPEN+. Nonetheless, a meticulous design process is essential to validate the 

findings from ASPEN+ and thus ascertain the heat exchangers' cost. The 

assumptions for the calculations include: i) heat exchangers operating in cross-

flow, ii) consideration of fully developed fluids, iii) the heat exchangers operating 

in steady-state conditions, iv) The fluids' inlet and outlet temperatures and mass 

flows of each fluid in the heat exchanger are taken at maximum power and engine 

load (refer to values for each heat exchanger, sorbent, and engine in Annexes G, 

H, and I). 

 
Figure 31. CCS-ORC system schematic layout. 

This computation's initial phase involves identifying each fluid's flow regime 

using Equation 21. Suitable correlations are selected based on the Reynolds 

number values obtained to compute the Nusselt number (Nu). Zukauskas' 

correlations for external convection in a flow cross-tube bank heat exchanger with 

staggered tube arrangement are employed for the shell side. Table 19 outlines the 

correlations for each heat exchanger and their corresponding operating fluid. The 

choice of correlation in the annular section is contingent upon whether it is 

heating, cooling, or condensing and the fluid regime (all instances are turbulent). 

Table 20 delineates the selected correlation for each heat exchanger calculation. 

Each correlation underwent verification to ensure compliance with associated 

constraints. Lastly, Equation 26 was employed to determine the h for all cases 

listed in Tables 19 and 20. 

Table 19. Correlation to obtain the Nusselt number in the shell side. 

𝑅𝑒 =
𝜌 𝑢 𝐷

𝜇
 (21) 

Heat exchanger Fluid Nusselt Correlation Restriction source 

ORC-H Air 

𝑁𝑢 = 0.35 (
𝑆𝑇

𝑆𝐿

)
0.2

𝑅𝑒0.6 𝑃𝑟0.36 (
𝑃𝑟

𝑃𝑟𝑠

)
0.25

  (22) 
0.7 < 𝑃𝑟 < 500 

1000 < 𝑅𝑒 < 2𝑥105 
[157] 

ORC-E EG 

ORC-C Air 

HE-CO2-C Air 

HE-EG1 Air 

HE-EG2 Air 

CO2-Con Air 𝑁𝑢 = 0.031 (
𝑆𝑇

𝑆𝐿

)
0.2

𝑅𝑒0.8 𝑃𝑟0.36 (
𝑃𝑟

𝑃𝑟𝑠

)
0.25

  (23) 
0.7 < 𝑃𝑟 < 500 

2𝑥105 < 𝑅𝑒 < 2𝑥106 
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Table 20. Correlation to obtain the Nusselt number in the annular section. 

 

The evaporative process of C5H10 conducted in the ORE-E is calculated using 

Equation 27 [160]. As this equation delineates, h hinges on various factors: the 

stratification parameter f(Fr) [161], the surface-fluid combination (Gs,f) set at 1.5 

(for copper pipes with different refrigerants) [106], the mean vapour mass fraction 

(𝑋̅) calculated using Equation 28, assuming x is half the pipe length, and the 

nucleate boiling heat (qs) determined through Rohsenow's correlation (Equation 

29) [162]. The coefficients Csf and the exponent n, in Equation 29, depend on the 

specific surface and fluid combination, with assigned values of 0.0154 and 1.7, 

respectively, for the n-pentane-copper polished configuration [163]. Lastly, hsp is 

computed using Equation 24, with fluid properties evaluated at the saturation 

temperature of C5H10. 

The CO2 liquefaction process in the CO2-Con exhibits a low Re. A correlation 

found in the literature allows calculation h directly (Equation 30) [164], where the 

latent heat of vaporization (hfg) is modified as is shown in Equation 31. Finally, U 

is determined using a fouling factor outside and inside the heat exchanger of 4 x 

10-4 and 2 x 10-4 m2K/W, corresponding to air and WF values [165], respectively. 

The heat of each heat exchanger is calculated using equation 32, where the ∆Tln 

is the mean temperature logarithm. 

The β calculation for the heat exchangers is performed with a restriction on 

tube length, which must not exceed 0.6 m for the CCS-ORC system heat 

Heat exchanger Fluid Nusselt Correlation Constraints Source 

ORC-H C5H10 

𝑁𝑢 =
𝑓/8(𝑅𝑒 − 1000) 𝑃𝑟

(1 + 12.7(𝑓/80.5 (𝑃𝑟2/3 − 1))
    (24) 

0.5 ≤ 𝑃𝑟 ≤ 2000 

3000 < 𝑅𝑒
≤ 5 𝑋 106 

[158] 
HE-CO2-C CO2 

HE-EG1 EG 

HE-EG2 EG 

ORC-C C5H10 𝑁𝑢 = 0.85𝑅𝑒𝑣
0.11𝑅𝑒𝑙

0.45𝐽𝑎−0.12𝑆𝑐−0.45   (25) 

0.07 ≤ 𝐽𝑎 ≤ 0.34 
0.7 ≤ 𝑆𝑐 ≤ 2.2 

𝑅𝑒 > 35000 
[159] 

ℎ =
𝑁𝑢𝑘

𝐷
 (26) 

ℎ𝑒𝑣𝑎 = [0.6683 (
𝜌𝐶5𝐻10,𝑙

𝜌𝐶5𝐻10,𝑣
)

0.1

𝑋̅0.16(1 − 𝑋̅)0.64𝑓(𝐹𝑟) + 1058 (
𝐴𝑐 𝑞𝑠

𝑚̇𝐶5𝐻10 ℎ𝑓
)

0.7

(1 − 𝑋̅)0.8𝐺𝑠,𝑓] ℎ𝑠𝑝 (27) 

𝑋̅ =
𝑞𝑠 𝜋 𝐷𝑥

𝑚̇𝐶5𝐻10
 ℎ𝑓𝑔

 (28) 

𝑞𝑠 = 𝜇𝐶5𝐻10,𝑙  ℎ𝑓𝑔 [
𝑔 (𝜌𝐶5𝐻10,𝑙 − 𝜌𝐶5𝐻10,𝑣)

𝜎
]

0.5

(
𝑐𝑝,𝑙  ∆𝑇𝑒

𝐶𝑠𝑓 𝑃𝑟𝑙
𝑛)

3

 (29) 

ℎ𝑐,𝐶𝑂2
= 0.555 [

𝑔 𝜌𝐶𝑂2,𝑙 (𝜌𝐶𝑂2,𝑙 − 𝜌𝐶𝑂2,𝑣) 𝑘𝐶𝑂2,𝑙
3 ℎ′𝑓𝑔

𝜇𝐶𝑂2,𝑙 (𝑇𝐶𝑂2,𝑜𝑢𝑡 − 𝑇𝑠) 𝐷
]

1/4

    𝑅𝑒 < 35000 (30) 

 ℎ𝑓𝑔
′ = ℎ𝑓𝑔 +

3 𝑐𝑝,𝑙 (𝑇𝑠𝑎𝑡 − 𝑇𝑠)

8
 (31) 

𝑄̇ = 𝑈 𝐴 ∆𝑇𝑙𝑛  (32) 
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exchangers intended for vehicles with M936G engines and 0.5 m for those with 

F1C engines. All these calculations are carried out using EES software, where the 

U values for each heat exchanger must have a maximum variation of ± 2% 

compared to the results obtained in the previous chapter. 

5.1.3 Design of the TSA device 

The proposed TSA device utilizes a shell-and-tube heat exchanger design. The 

sorbent bed is placed inside the tubes while the hot exhaust gases or cooling air 

circulate through the shell. Figure 32 presents a cross-sectional view of the TSA 

device. The sizing process for the TSA device begins by determining the maximum 

radius of a cylindrical sorbent bed using a transient heat transfer model simplified 

in the radial direction (Equation 33). This model is applied at the sorbent bed 

outlet, where the exhaust gas temperature is known and represents the lowest 

temperature during desorption (Table 21). If the required desorption temperature 

(150 °C [107]) is achieved at the centre of the sorbent, it ensures the entire bed 

reaches the desired temperature within the specified timeframe. The boundary 

conditions governing the resolution of this equation involve a specular image at 

the centre (Equation 34) and a convection boundary condition at the surface 

(Equation 35). Finally, the initial condition stipulated is a sorbent temperature of 

25 °C. The discretization of these equations is explained in Annex J. 

 
Figure 32. Cross-sectional view of TSA device 

Table 21. Sorbent properties and temperature conditions used in the heat transfer mathematical 

model. 

Engine F1C M936G F1C M936G F1C M936G 

Sorbents AC MOF PPN 

Ti at 25 % EL [°C] 428.55 481.25 428.55 481.25 428.55 481.25 

To at 25% EL and 100 CCR [°C] 221.85 275.53 260.33 313.85 222.02 275.70 

To at 25% EL and 70 CCR [°C] 285.01 338.42 311.57 364.85 285.13 338.53 

cp [J/kgK] [107] 1062 985 896 

k [W/mK] 0.36 [166] 0.52 [167] 0.3 [168] 

CO2 loading [kgCO2/kgsor] [107] 0.132 0.278 0.235 

ρ [kg/m3] [107] 1140 812.88 805 
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The heat transfer model presupposes a constant thermal conductivity and 

specific heat for the sorbent. Additionally, the density utilized is half of each 

sorbent's crystallographic density. The Nu is computed by following the procedure 

outlined in section 5.1.2 but utilizing equations 36 to 39 [169], where (B), (C’), (Pt) 

and (De) are the baffles in the shell, the clearance between tubes, the tube pitch, 

and the equivalent diameter, respectively. Ultimately, the h value is ascertained 

using Equation 26. 

The mass flow and temperature values are selected at the lowest engine rpm 

and load. At these points, the exhaust gas mass flow is 66.9 kg/h for the F1C 

engine and 208.4 kg/h for the M936G engine, while the corresponding temperature 

values are provided in Table 21. The sorbent mass is calculated based on the CO2 

mass flow at the average operational points of the engines during the WHTC (see 

section 3.6). The CO2 mass flow values are 45 kg/h for the M936G engine and 22.3 

kg/h for the F1C engine. Based on the acquired results, the TSA device's geometry 

is determined, and its surface area is used to estimate the cost of the TSA device, 

treating it as if it were a heat exchanger. This process is repeated for each CCR 

condition and sorbent.  

5.1.4 Economic assessment  

The economic analysis aims to determine the capital expenditure (CAPEX) 

and the Operating Expenditure (OPEX) of the CCS-ORC system. The CAPEX is 

the sum of the costs of all components and the sum of the direct and indirect costs 

of the CCS-ORC system (equation 40) [170,171]. The correlations utilised to 

ascertain the CAPEX of the CCS-ORC system are delineated in Table 22. The 

OPEX variables considered in this research are maintenance, sorbent renovation 

cost, and the rise in engine fuel consumption resulting from CCS-ORC system 

𝑘

𝑟
 (

𝜕

𝜕𝑟
 𝑟 

𝜕𝑇

𝜕𝑟
) = 𝜌 𝐶𝑝

𝜕𝑇

𝜕𝑡
  (33) 

2 𝑘 
𝜕2𝑇

𝜕𝑟2
= 𝜌 𝐶𝑝

𝜕𝑇

𝜕𝑡
  (34) 

−𝑘
𝜕𝑇(𝑟, 𝑡)

𝜕𝑡
= ℎ (𝑇𝑖𝑛𝑓 − 𝑇(𝑟, 𝑡))  (35) 

𝐴 =
𝐷𝑠ℎ𝑒𝑙𝑙  𝐶′ 𝐵

𝑃𝑡
  (36) 

𝐷𝑒 =
4 (𝑃𝑡

2 − 0.25 𝜋 𝑑𝑜
2)

𝜋𝑑𝑜
  (37) 

𝑅𝑒 =
𝐷𝑒 𝑚̇𝐸𝐺

𝐴 𝜇
 (38) 

𝑁𝑢 = 0.027 𝑅𝑒0.8 𝑃𝑟
1
3 (𝜇 𝜇𝑤⁄ )0.14 (39) 
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operation, as summarized in Table 23. The calculation of the latter is contingent 

upon the compressed natural gas (CNG) price, which is 1.017 €/kg (average 

consumer price in Spain in March of 2024 tax included) [172,173], the power 

penalty over the engine provoked by the CCS-ORC system (PP), the LHV, whose 

value is 48351 kJ/kg [128], and the combustion and engine efficiencies of the 

average operational points of the engines within the WHTC. It also assumes 

vehicle operation is 350 days and 16 hours per day. All these variable’s values are 

listed in Annexes E and F. 

Table 22. CAPEX cost correlations and parameters 

Table 23. OPEX cost correlations and parameters 

5.2 SIZING AND TECHNO-ECONOMIC ASSESSMENT 

RESULTS 

5.2.1 Heat exchanger sizing 

Tables 24 and 25 display the results for the number and length of tubes and β 

for each heat exchanger. These tables show that the heat exchangers of the CCS-

ORC system operating with the F1C engine generally exhibit a higher β than 

those operating with the M936G engine. This difference is attributed to the lower 

mass flows of the substances within the heat exchangers, which allows for a more 

𝐶𝐴𝑃𝐸𝑋 = ∑ 𝐶𝑜𝑠𝑡𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 + ∑ 𝐶𝑜𝑠𝑡𝑑𝑖𝑟𝑒𝑐𝑡 + ∑ 𝐶𝑜𝑠𝑡𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 (40) 

Process Equipment Cost correlation Parameter (A) Ref. 

TSA TSA-Device 3397A0.86 Area (m2) [174–176] 

Waste heat 

recovery (ORC) 

ORC-expander 10{2.2476+1.4965𝑙𝑜𝑔10(𝐴)+0.1618[𝑙𝑜𝑔10(𝐴)]2} Volume (m3) [177] 

ORC-pump 900(A/300)0.25 Power (kW) 

[178] 

ORC-C5H10 tank 31.5+16A Volume (L) 

ORC-Evaporator 190+310A Area (m2) 

ORC-heater 190+310A Area (m2) 

ORC-condenser 190+310A Area (m2) 

Exhaust 

gases 

condition 

(EGC) 

HE-EG1 190+310A Area (m2) 

HE-EG2 190+310A Area (m2) 

Cyclone 1776.22A Volume (m3) [179] 

Fan 900(A/300)0.25 Power (kW) 
[178] 

CO2 storage 

system (CSS) 

Condenser 190+310A Area (m2) 

Compressor 267000(A/445)0.67 Power (kW) [180] 

CO2 tank 31.5+16A Volume (L) [178] 

Direct cost 

Installing 8%A 

TSA+ORC+EGC+

CSS 
[181] 

Instrumentation 5%A 

Piping 1.5%A 

Electric installing 1%A 

Indirect cost Engineering 7%A 
TSA+ORC+EGC+

CSS + direct cost 
[182,183] 

Concept Cost correlation Parameters A, B, C, D, E, F and G Ref. 

Sorbent renovation 
2%A for PPN and 

MOF and 1%A for AC 
Total CAPEX 

Own 

criterion 

Increased fuel 

consumption 

3.6𝐴𝐵𝐶𝐷

𝐸𝐹𝐺
 

Power penalty (kW), CNG cost (€/kg), hour 

operation, operation days, LHV (kJ/kg), 

Combustion efficiency, engine efficiency 

Own 

criterion 

O&M 1%A Total CAPEX [182,183] 
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compact tube bank arrangement. Consequently, this leads to an increase in the 

Re number, ensuring compliance with the values of U and resulting in higher β 

values for the F1C engine. 

Table 24. β, number and length of tubes for the heat exchangers operating in the CCS-ORC system 

in the M936G engine 

 

Table 25. β, number and length of tubes for the heat exchangers operating in the CCS-ORC system 

in the F1C engine 

*Calculated with a diameter of 12 mm. 

5.2.2 TSA device design 

The high temperature and velocity of the exhaust gases within the TSA device 

enhance the heat transfer parameters (Re, h), allowing for obtaining a sorbent 

heating time of 180 seconds. This finding aligns with experimental results 

documented in the literature [184]. Tables 26 and 27 show that the smallest size 

of the TSA device is achieved with the MOF sorbent; this is because the MOF 

sorbent has higher thermal conductivity than the PPN and AC sorbents, 

facilitating the MOF sorbent's more expeditious reach of the required desorption 

temperature. Consequently, the TSA device incorporating the MOF sorbent can 

accommodate a greater sorbent mass and needs fewer tubes than its counterparts. 

Table 26. Sizing of the TSA device operating in the CCS-ORC system at 100% of CCR.  

Variable 
M936G F1C 

AC MOF PPN AC MOF PPN 

Sorbent mass [kg] 17.03 8.09 9.56 8.44 4.01 4.73 

Tube diameter [m] 0.078 0.122 0.09 0.046 0.09 0.062 

Sorbent bed diameter [m] 0.074 0.118 0.086 0.042 0.086 0.058 

Sorbent bed length [m] 6.95 1.62 4.08 10.69 1.51 4.45 

Tube length [m] 1 1 1 1 1 1 

Number of tubes 7 2 5 11 2 5 

h [W/m2K] 126.8 114.9 109.9 65.69 60.87 63.58 

Re number 25465 36949 25462 6337 12967 8851 

Shell diameter[m] 0.2496 0.2562 0.288 0.2024 0.189 0.1953 

Heat transfer area [m2] 1.72 0.77 1.41 1.59 0.57 0.97 

 

  

Equipment 

Number of tubes Tube length [m] β [m2/m3] 

100 CCR 70 CCR 100 CCR 70 CCR 100 CCR 70 CCR 

PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF 

ORC-H 36 25 0.320 0.349 0.332 0.364 0.398 0.372 104.0 97.7 102.2 100.6 

ORC-E 256 256 0.472 0.446 0.477 0.508 0.494 0.508 124.5 123.7 124.5 124.9 124.5 124.6 

ORC-C 375 372 420 450 480 0.584 0.598 0.592 0.585 0.591 0.593 107.0 99.3 125.2 115.2 106.9 

HE-CO2-C 28 36 16 25 0.543 0.463 0.498 0.425 0.466 0.424 97.2 93.5 97.9 97.3 

CO2-Con 66 81 70 64 0.593 0.519 0.577 0.453 0.486 0.465 92.4 90.2 88.8 90.2 88.7 93.1 

HE-EG1 675 510 480 496 0.597 0.597 0.598 0.585 0.596 0.589 126.6 114.6 116.0 102.3 109.4 132.7 

HE-EG2 300 360 276 276 315 0.594 0.600 0.576 0.587 0.591 0.585 91.0 93.5 102.0 94.8 98.6 111.2 

Equipment 

Number of tubes Tube length [m] β [m2/m3] 

100 CCR 70 CCR 100 CCR 70 CCR 100 CCR 70 CCR 

PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF PPN AC MOF 

ORC-H 25 15 16 0.329 0.352 0.335 0.425 0.436 0.407 134.9 134.6 125.7 125.9 126.1 

ORC-E 176 169 187 196 0.484 0.475 0.456 0.462 0.451 0.463 167.2 164.7 166.9 166.4 166.4 167.2 

ORC-C 338 330 372 380 418 0.497 0.483 0.477 0.494 0.499 0.485 105 109 110.9 105.1 105.1 106.3 

HE-CO2-C 25 24* 0.423 0.465 0.423 0.385 0.423 0.384 101.6 100.2 141.4 145.1 141.4 

CO2-Con 64 49 0.431 0.459 0.441 0.414 0.444 0.424 98.1 96.2 99.36 100.1 102.7 104.1 

HE-EG1 570 540 570 420 400 408 0.497 0.5 0.495 0.496 0.499 0.500 152.1 139.9 139.5 103.8 101.2 104.3 

HE-EG2 276 260 300 240 250 260 0.492 0.489 0.487 0.487 0.460 0.499 109.2 110.3 107.9 124.9 126.0 121.7 
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Table 27. Sizing of the TSA device operating in the CCS-ORC system at 70% of CCR. 
Variable 

M936G F1C 

AC MOF PPN AC MOF PPN 

Sorbent mass [kg] 11.92 5.66 6.69 5.91 2.81 3.31 

Tube diameter [m] 0.092 0.142 0.106 0.064 0.114 0.082 

Sorbent bed diameter [m] 0.088 0.138 0.102 0.06 0.11 0.078 

Sorbent bed length [m] 3.44 0.83 2.03 3.67 0.65 1.72 

Tube length [m] 0.90 0.90 0.90 0.70 0.70 0.70 

Number of tubes 4 1 3 6 1 3 

h [W/m2K] 148.1 178.7 141.8 61.32 75.72 62.33 

Re number 36321 77594 41056 8385 22016 11665 

Shell diameter[m] 0.2392 0.1704 0.2438 0.2048 0.1368 0.1886 

Heat transfer area [m2] 1.04 0.4 0.9 0.84 0.25 0.4 

5.2.3 Tecno-economic assessment 

CAPEX results are summarized in Tables 28 and 29. For all sorbents, the 

CAPEX mean value of the CCS-ORC system integrated within the M936G engine 

at 100% of CCR is 68.2 k€, and at 70% of CCR presents a reduction of 15.3%. 

Similarly, in the F1C engine, the CAPEX mean value of the CCS-ORC system at 

100% CCR stands at 39.9 k€, decreasing by 17.3% its value at 70% CCR. 

Table 28. CAPEX results of the CCS-ORC system operating in the m936G engine. 

Table 29. CAPEX results of the CCS-ORC system operating in the F1C engine. 

Process Equipment 

Parameter [A] Cost [k€] 

100 CCR 70 CCR 100 CCR 70 CCR 

PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC 

TSA TSA device 1.41 0.77 1.72 0.9 0.4 1.04 4.56 2.71 5.42 3.10 1.54 3.51 

Waste 

heat 

recovery 

(ORC) 

ORC-E 12.45 13.81 12.6 14.38 15.55 14.52 4.93 5.54 4.99 5.80 6.33 5.86 

ORC-P 1.08 1.13 1 1.17 1.24 1.18 0.22 0.22 0.22 0.23 0.23 0.23 

ORC-C5H10 tank 0.01 0.01 0.01 0.01 0.01 0.01 0.19 0.19 0.19 0.19 0.19 0.19 

ORC-E 7.59 7.66 7.17 8.16 8.17 7.95 2.54 2.56 2.41 2.72 2.72 2.65 

ORC-H 0.72 0.75 0.79 0.57 0.59 0.63 0.41 0.42 0.43 0.37 0.37 0.39 

ORC-C 13.77 15.61 13.97 16.53 17.9 16.71 4.46 5.03 4.52 5.31 5.74 5.37 

Exhaust 

gases 

condition 

HE-EG1 25.3 25.37 24.23 18.74 18.36 17.99 8.03 8.05 7.7 6.00 5.88 5.77 

HE-EG2 11.2 13.02 11.31 10.18 11.58 10.25 3.66 4.23 3.7 3.35 3.78 3.37 

Cyclone 0.3 0.3 0.3 0.21 0.21 0.21 0.53 0.53 0.53 0.37 0.37 0.37 

Fan 0.99 0.7 1.05 1.282 0.834 1.35 0.22 0.2 0.22 0.23 0.21 0.23 

CO2 

storage 

system 

Condenser 2.46 2.54 2.64 1.82 1.87 1.96 0.95 0.98 1.01 0.75 0.77 0.80 

Cooling 0.95 0.75 1.05 0.67 0.67 0.73 0.48 0.42 0.52 0.40 0.40 0.42 

Compressor 17.93 18.33 21.76 12.7 13.03 15.28 11.64 11.86 13.65 8.78 8.96 10.21 

CO2 tank 0.47 0.47 0.47 0.33 0.33 0.33 7.58 7.55 7.55 5.31 5.31 5.31 

Direct 

cost 

Installing 

50.43 50.50 53.06 42.91 42.81 44.68 

4.03 4.04 4.24 3.43 3.42 3.57 

Instrumentation 2.52 2.53 2.65 2.15 2.14 2.23 

Piping 0.76 0.76 0.8 0.64 0.64 0.67 

Electric installing 0.5 0.51 0.53 0.43 0.43 0.45 

Indirect 

cost 

Engineering 
58.24 58.33 61.28 50.72 50.65 52.90 

4.08 4.08 4.29 3.47 3.46 3.61 

Contingency 4.66 4.67 4.9 3.96 3.96 4.13 

Total CAPEX 66.95 67.08 70.47 56.99 56.86 59.35 

Process Equipment 

Parameter [A] Cost [k€] 
100 CCR 70 CCR 100 CCR 70 CCR 

PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC 

TSA TSA device 0.97 0.57 1.59 0.54 0.25 0.84 3.31 2.09 5.06 2.00 1.03 2.92 

Waste 

heat 

recovery 

(ORC) 

ORC-E 7.22 7.89 7.20 8.17 8.73 8.28 2.59 2.88 2.58 3.01 3.25 3.06 

ORC-P 0.61 0.69 0.59 0.70 0.73 0.66 0.19 0.20 0.19 0.20 0.20 0.19 

ORC-C5H10 tank 0.01 0.01 0.01 0.01 0.01 0.01 0.19 0.19 0.19 0.19 0.19 0.19 

ORC-E 4.01 4.02 3.79 4.27 4.27 4.16 1.43 1.44 1.36 1.51 1.51 1.48 

ORC-H 0.39 0.39 0.42 0.30 0.31 0.33 0.31 0.31 0.32 0.28 0.29 0.29 

ORC-C 7.92 8.36 7.51 8.84 9.56 8.93 2.65 2.78 2.52 2.93 3.15 2.96 

HE-EG1 13.34 13.30 12.72 9.81 9.61 9.41 4.33 4.31 4.13 3.23 3.17 3.11 
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The CAPEX results derived from the CCS-ORC systems add to the original 

purchase cost of a CNG vehicle, allowing for the calculation of the increase in the 

initial purchase price of CNG vehicles equipped with CCS-ORC systems. The 

baseline initial purchase values are obtained from a 75 m3, 19 t bus employing the 

M936G engine [111], and a 5.2 t, 12 m3 van utilizing the F1C engine [185]. These 

values are then compared with those of other vehicles adopting zero CO2 emissions 

technologies, such as electric battery (EB) vehicles and those equipped with 

hydrogen fuel cell batteries (HFCB), as detailed in Table 30. 

Table 30 CAPEX including the initial purchase of the vehicle. 

As depicted in Table 30, vehicles employing zero-emission technologies are 

priced 61% and 73% higher than baseline CNG vehicles lacking the CCS-ORC 

system. However, introducing the CCS-ORC system in the CNG bus resulted in 

an 18.2% increase in its initial price at 100% CCR and 15.4% at 70% CCR. 

Conversely, the van with 100% CCR experiences a 33.2% price hike, while at 70% 

CCR, it rises by 21.7% compared to the EB van. These findings suggest that while 

the increased cost is manageable for bus owners, it may pose feasibility challenges 

for smaller vehicle owners. 

Table 31 presents the OPEX findings from the four case studies. The 

calculated OPEX for the CCS-ORS system, using the M936G engine, stands at an 

average of 10.91 k€ at 100% CCR and 4.4 k€ at 70% CCR. For the F1C engine, the 

figures are 6.05 k€ and 2.24 k€ at 100 and 70% CCR, respectively. Additionally, it 

is noted that despite AC having a 50% lower sorbent renewal cost in OPEX 

calculations due to its commercial nature, the operating expenses of the CCS-ORC 

Exhaust 

gases 

condition 

(EGC) 

HE-EG2 6.40 6.88 5.99 5.38 6.12 5.42 2.17 2.32 2.05 1.86 2.09 1.87 

Cyclone 0.15 0.15 0.15 0.11 0.11 0.11 0.27 0.27 0.27 0.19 0.19 0.19 

Fan 0.46 0.32 0.48 0.31 0.23 0.32 0.18 0.16 0.18 0.16 0.15 0.16 

CO2 

storage 

system 

(CSS) 

Condenser 1.30 1.33 1.38 0.96 0.98 1.02 0.59 0.60 0.62 0.49 0.49 0.51 

Cooling 0.50 0.50 0.55 0.35 0.35 0.38 0.35 0.35 0.36 0.30 0.30 0.31 

Compressor 9.71 9.92 11.78 6.88 7.03 8.34 7.04 7.17 8.25 5.31 5.40 6.22 

CO2 tank 0.24 0.24 0.24 0.17 0.17 0.17 3.81 3.81 3.81 2.67 2.67 2.67 

Direct 

cost 

Installing 

29.40 28.88 31.89 24.33 24.09 26.13 

2.35 2.31 2.55 1.95 1.93 2.09 

Instrumentation 1.47 1.44 1.59 1.22 1.20 1.31 

Piping 0.44 0.43 0.48 0.36 0.36 0.39 

Electric installing 0.29 0.29 0.32 0.24 0.24 0.26 

Indirect 

cost 

Engineering 
34 33.4 36.8 28.88 28.57 31.07 

2.38 2.34 2.58 1.97 1.95 2.11 

Contingency 2.72 2.67 2.95 2.25 2.23 2.41 

Total CAPEX 39.05 38.36 42.35 32.31 32.00 34.71 

Vehicle Technology Purchase [€] Difference from baseline [%] Reference 

Bus with an 

M936G engine 

of 19 t and 75 

m3 [111] 

CNG 374600 0.0 [186,187] 

HFCB 650000 -73.5 [188] 

EB 604000 -61.2 [189] 

CNG+CCS-ORC at 100% of CCR 442767 -18.2 Own study 

CNG+CCS-ORC at 70% of CCR 432333 -15.4 Own Study 

VAN with an 

F1C engine (or 

similar Vd) 5.2 t 

and 12 m3 [185] 

CNG 40000 0.0 [190] 

EB 60000 50.0 [191,192] 

CNG+CCS-ORC at 100% of CCR 79922 -99.8 Own study 

CNG+CCS-ORC at 70% of CCR 73008 -82.5 Own Study 
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system in both engines employing AC are, on average, 27 and 43% higher at 100 

and 70% CCR, respectively, compared to OPEX values obtained with MOF. This 

discrepancy is attributed to the greater impact of the CCS-ORC system with AC 

operation on the engines, leading to increased fuel consumption. 

Table 31. OPEX [k€/year] for the CCS-ORC systems  

Previously found results suggest that integrating a CCS-ORC system into 

heavy-duty vehicles may lack economic feasibility unless accompanying benefits 

or tax exemptions. This section will provide an economic assessment, taking 2027 

as the starting point, when stricter emissions regulations in the transport sector 

will be enforced through the emission trading system 'ETS2' [193]. In this system, 

the EU has set a CO2 emission rights price for the transport sector at 45 €/tCO2 

[193,194]. Transportation costs will rise in this situation unless the sector adopts 

more technologies to reduce CO2 emissions. 

The initial assessment aims to determine the period required for the 

integrated CCS-ORC system to pay for itself considering the annual net profit 

(Table 32). The payback time of the CCS-ORC system is ascertained by obtaining 

the benefits' net present value (NPV), which is calculated using an interest rate 

of 4% and deducted this value from the CAPEX for each year. Figure 33 provides 

the results obtained for 10 years, which, according to the literature, mirrors the 

typical useful lifespan of heavy transport vehicles [195]. 

Table 32. Incomes and Profits obtained for integrating a CCS-ORC system in a heavy-duty vehicle. 
 M936G F1C 

Concept 100 70 100 70 

 PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC 

OPEX [k€/year] 10.40 9.52 12.81 3.95 3.43 5.82 5.66 5.14 7.33 1.97 1.66 3.11 

Income [k€/year] 11.33 7.93 5.67 3.97 

Profits [k€/year] 0.93 1.81 -1.48 3.98 4.50 2.11 0.01 0.53 -1.66 2.00 2.31 0.86 

The values obtained from the payback indicate that the initial investment fails 

to be recouped under any evaluated condition over the vehicle's useful lifespan. 

With MOF, the recovery percentages stand at 22 and 64% at 100 and 70% CCR, 

respectively, in the M936G engine. While in the F1C engine, the recovery 

percentages stand at 11 and 59% at 100 and 70% CCR, respectively. Employing 

PPN yields recovery percentages of 11% and 57% at 100% and 70% CCR, 

respectively, for the M936G engine and 50% at 70% CCR for the F1C engine. 

Concept 
M936G F1C 

100 CCR 70 CCR 100 CCR 70 CCR 

PPN MOF AC PPN MOF AC PPN MOF AC PPN MOF AC 

Sorbent renovation 1.34 1.34 0.70 0.85 0.85 0.59 0.59 0.58 0.42 0.48 0.48 0.35 

Fuel consumption 

increase 
8.39 7.51 11.40 2.53 2.01 4.63 4.69 4.18 6.49 1.16 0.86 2.42 

O&M 0.67 0.67 0.7 0.57 0.57 0.59 0.39 0.38 0.38 0.32 0.32 0.35 

Total OPEX 10.40 9.52 12.81 3.95 3.43 5.82 5.66 5.14 7.33 1.97 1.66 3.11 
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Figure 33. NPV calculated at 10 years of CCS-ORC system for the whole sorbent, CCR and engines. 

It is highlighted to note that the carbon abatement costs (CAC) obtained for 

the CCS-ORC system proposed in this research, operating at 100% CCR, vary 

from 26.2 €/tCO2 with MOF to 46.8 €/tCO2 in the vehicle with the F1C engine and 

from 19.4 €/tCO2 with MOF up to 33.9 €/tCO2 with AC in the vehicle equipped 

with the M936G engine, as shown in Figure 34. These values are lower than those 

observed in other industries, such as glass and steel, whose CAC ranges are 

between 50 and 350 €/tCO2 [196,197]. 

 
Figure 34. CCS-ORC system carbon abatement cost calculated for each sorbent, CCR, and engine. 

5.3 SENSITIVITY ANALYSIS 

This section presents two sensitivity analyses. The first determines the CO2 

emissions tax required to achieve payback on the initial investment within the 10-

year lifespan of a heavy-duty vehicle. The second identifies the engine size that 

achieves a zero CAC, with a fixed CO2 tax of 45 €/tCO2. Figure 35 shows that for 

a 10-year payback with a CCR of 100%, the CO2 tax must be 70.6, 74.4, and 85.4 

€/tCO2 for MOF, PPN, and AC operation in the M936G engine, respectively, and 

78.3, 83.8, and 99.7 €/tCO2 in the F1C engine. Lowering the CCR to 70% reduces 

the required CO2 tax by 10 to 15 €/tCO2 for all three sorbents in both engines. 
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Figure 35. Payback sensitivity analysis: a) 100 CCR and b) 70 CCR 

Figure 36 shows that achieving a zero or negative CAC at a 100% CCR 

requires an engine displacement volume (Vd) of over 20 L with AC and 22 L with 

MOF and PPN. This is due to the steeper slope of the CCS-ORC system's CAC 

between the F1C and M936G engines with AC. At a 70% CCR, a zero or negative 

CAC is achieved with a Vd of 18 L for MOF, 19 L for PPN, and 21 L for AC. Finally, 

regardless of the CCR rate, it is evident that a CCS-ORC system could yield a CAC 

of zero in engines with high Vd. 

 
Figure 36. CAC sensitivity analysis for engine size 

5.4 SUMMARY  

The techno-economic assessment conducted in this chapter shows that 

integrating the CCS-ORC system in vehicles used in heavy transport is feasible 

because the required volume of the devices hardly affects the vehicle's useful space 

and because it could be profitable in the medium term if the CO2 tax value is above 

65 €/tCO2. Hence, the proposed integration may mitigate CO2 in the atmosphere 

at a low cost by the transport sector (if it is compared with other intensive energy 

sectors) and even would provide CO2 for manufacturing e-fuels if they are used in 

the vehicles could reduce the time for recovery of the initial investment of the 

CCS-ORC system. 
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5.5 PUBLISHED PAPER 

Finally, this study’s details, findings, and conclusions have been included in 

an article published in the journal Applied Energy. 

• García-Mariaca A, Llera Sastresa Eva. (2024). Techno-economic 

assessment for the practicability of on-board CO2 capture in ICE vehicles. 

Applied energy, 376, Part B, 124167. 

https://doi.org/10.1016/j.apenergy.2024.124167 
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6 CARBON CAPTURE IN HD-

ICEV BY ABSORPTION 

 

 

 

 

 
Once the path of adsorption as a CO2 capture technique has been explored, 

the final step of this thesis is to address CO2 capture by absorption. This chapter 

objectively evaluates the energy consumption, operating costs, and economic 

viability of using absorption as a CO2 capture technique in HD-ICEV. One of the 

engines previously used in the adsorption process is employed to ensure a 

comprehensive and accurate comparison between the two capture techniques. 

Additionally, a comparison between the CCS-ORC system and other CO2 

reduction technologies available on the market is made.  

The aim is to thoroughly understand each method's advantages and 

disadvantages, addressing key questions such as i) is the intended heat 

integration of the exhaust gases with the CCS systems and ORC thermally 

feasible? ii) what is the maximum CCR with amine-scrubbing? iii) what is the 

purchase cost of a vehicle with a CCS system installed? iv) what is the power 

penalty of the CCS on engine performance? All of this enables the identification 

of the most viable and efficient option for CO2 capture in HD-ICEV. 

6.1 SIMULATION DESCRIPTION OF THE CCS-ORC SYSTEM 

The amine scrubbing, CO2 compression, and ORC facilities were designed and 

modelled in Aspen Plus. These systems have been integrated to use the EG waste 

heat from an ICEV in the stripper for the desorption process and the ORC for 

power production that supplies the power demand of the auxiliaries such as 

pumps and compressors.  

Figure 37 displays the layout elaborated in the simulations of the CCS-ORC 

system proposed. There, the EG from the ICE is used to regenerate the solvent in 

the stripper (1). The desorption temperature is set to 120 °C to avoid corrosion 
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problems and high solvent degradation [198–200]. A pinch delta temperature of 

10 °C is adopted; consequently, the EG outlet temperature in the stripper is set at 

130 °C (2). After releasing heat in the ORC, the EG is cooled down and dried to 40 

°C before entering the bottom of the absorber unit (4) [201]. The lean solvent 

enters at the top of the absorber unit (24), and it, in a countercurrent, reacts with 

the EG; the clean exhaust gas leaves the absorber at the top (5). Rich solvent 

leaves the column at the bottom (18) and is pumped to the heat exchanger (19), 

where its temperature is raised to 87 °C before entering the top of the stripper 

(20). The lean solvent abandons the stripper at 101 °C, then goes to the heat 

exchanger to reduce its temperature to 84 °C and transfer heat to the rich solvent 

(21-22). After, the lean solvent is cooled down to 40 °C in a cooler before entering 

the absorber again. On the other hand, the water content in the CO2 stream is 

removed in the condenser, and the high-purity CO2 stream goes to the 

compression stage (11). The CO2 is stored in a tank as a liquid, gaseous CO2 is 

compressed from 1 to 75 bar (11-12) with two cooling stages up to 29 °C. In the 

first cooling stage, the CO2 releases heat to the ORC (12-13), and in the second 

stage, the CO2 is cooled with atmospheric air under standard conditions (13-14). 

The ORC was designed following the procedure described in the previous chapter. 

However, the operation parameters vary due to the lower heat available in the EG 

after the desorption process in the stripper. Therefore, less pressure was obtained 

at the inlet expander than the CCS system working with adsorption. Table 33 

summarises all pressure and temperature values for each set point in the 

simulations. 

 

Table 33. Thermodynamic conditions of the fluids in the simulations 

Point Fluid Quality Pressure [bar] Temperature [°C] 

1, 2, 3 EG 1 1.09 f(Engine load, rpm) 

4 EG 1 1.09 40 

5 EG 1 1.09 f(absorber process) 

6 C5H10 1 6.8 ≥ 120 

7 C5H10 f(Engine load, rpm) 1.2 f(C5H10 mass Flow) 

8 C5H10 0 1 49 

9 C5H10 0 9 49 

10 C5H10 f(exhaust gases mass flow) 7.9 122 

11 CO2 1 1 40 

12 CO2 1 75 565 

13 CO2 1 75 ≥ 120 

14 CO2 0 75 29.3 

15 Air 1 1 25 

16 Air 1 1 f(CO2 mass flow) 

17 Air 1 1 f(C5H10 mass Flow) 

18 Rich solvent 1 1 f(absorber process) 

19 Rich solvent 1 1.1 f(absorber process) 

20 Rich solvent 1 1.1 87 

21 Lean solvent 1 1 118 

22, 23,24 Lean solvent 1 1.1 f(stripper process) 
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Figure 37. layout of the CCS-ORC system with amine-scrubbing 

The simulations are carried out with a primary amine (MEA) and a tertiary 

amine (MDEA) (each one in a solvent concentration of 30 wt%) to conduct a 

comprehensive sensitivity analysis of the CCS system's performance. Table 34 

provides the main properties of the selected amines. The EG's temperature and 

mass flow in the simulations correspond to the M936G engine operating at four 

engine loads in the entire rpm (see Figure 10). The regeneration heat of the solvent 

is obtained employing equation 41, which relates to the heat given up by the EG 

in the stripper (see Figure 37) and the CO2 mass captured. Finally, the pump and 

compressor in the simulations use an isentropic efficiency of 0.55 and 0.65 [78]. 

Table 34. Amine properties at 313 K and 30wt%. 

 

6.2 ABSORPTION RESULTS 

Figure 38 shows that the highest CCRs occur at the lower engine loads and 

highest rpm, with values of 50.6 and 65.5% for MDEA and MEA, respectively. 

Conversely, the CCR decreases with the engine load increase and the rpm 

reduction. This behaviour is because the heat duty in the stripper was set up to 

correspond to the heat generated by the EG at 25 % of the engine load for each 

rpm (because of that, it increases with the rise of the rpm, Figure 39). Figure 39 

shows that there is less mass of CO2 captured with DMEA than with MEA, despite 

DMEA having a higher solvent mass flow than MEA, as depicted in Figure 40. 

Hence, the determining factor in CO2 capture between these amines is the rate 

Solvent 
Rate constant 

reaction [m3/kmol-s] 

Absorption heat 

[kJ/kmolCO2] 

CO2 loading 

[molCO2/molamine] 
Reference 

Ethanolamine (MEA) 8400 85.13 0.59 [200,202] 

Methyl diethanolamine 

(MDEA) 
11.5 52.51 0.74 [203,204] 

𝑄𝑟𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑄𝐸𝐺

𝑚𝐶𝑂2−𝑠𝑡𝑜𝑟𝑎𝑔𝑒
 (41) 
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constant reaction, which is significantly higher with MEA than with DMEA. 

Consequently, despite MEA's lower solvent mass flow, its higher reaction rate 

constant enables more efficient CO2 absorption from the EG in the absorber. This 

results in a higher CCR and requires less regeneration heat than DMEA. 

 
Figure 38. CCRs for MEA and MDEA over the entire rpm range and at partial engine loads. 

 
Figure 39. Heat duty in stripper and CO2 mass captured with the amine selected 

 

 
Figure 40. Solvent mass flow and regeneration. 
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6.3 ORC AND ENERGY ANALYSIS 

Table 35 presents the areas of the ORC heat exchangers obtained from the 

simulations conducted with each solvent. As can be seen, the total sum of ORC 

heat exchanger areas is 0.741 m2 with the MEA and 0.509 m2 with MDEA. This 

difference is because there is less WF mass flow in the ORC with MDEA than 

MEA due to the less CO2 captured with DMEA (see Figures 40 and 41); thus, less 

heat is transferred to the ORC. This situation produces less demand for cooling, 

whereby the CCS system operating with MDEA requires less air mass flow of 

cooling than with MEA. 

Table 35. Heat exchangers areas obtained in the simulations 

 
Figure 41. Air and working fluid mass flows in the ORC 

Figure 42 shows that the ORC thermal efficiency peaks at 11% for both 

solvents at 1900 rpm and 25% engine load while reaching a minimum of 8.6% at 

1000 rpm and full engine load. Figure 43 shows that the CCS-ORC system with 

MEA and working with the ORC has a penalisation over the engine at the critical 

juncture of 10.1%, whereas with MDEA, the penalty is 8%. This discrepancy arises 

from the higher CO2 capture rate achieved with MEA, necessitating increased CO2 

compression power. However, simulations reveal that the CCS system without 

ORC produces a penalisation on average over the engine power of 1.5% higher 
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than the CCS system with ORC for both solvents. Conversely, the impact on 

engine power is scarcely discernible at the nadir. 

 
Figure 42. ORC efficiency over the entire engine rpm range and engine load conditions. 

 
Figure 43. Percentage of power penalized of the engine by the CCS system with and without ORC. 
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shows equipment costs that are determined using established equations from 

literature sources. Then, each result obtained is added to the initial investment 

price of CNG-fueled bus and compared against other commercial buses featuring 

CO2 reduction technologies, such as hydrogen fuel cell buses (HFCB) and electric 
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Table 36. CO2 capture equipment installation costs CAPEX 

Figure 44 shows the percentage of the different items considered in the 

CAPEX and the total investment of the CCS-ORC system. Notably, the cost of the 

amine plant constitutes over 50% of the total expenditure across all scenarios. 

Meanwhile, the contribution of ORC costs to the total investment ranges from 

9.5% to 10.7%, contingent upon the amine utilized in the plant. This discrepancy 

is attributed to the dimensions of the heat exchangers and the CO2 compressor.  

 
Figure 44. Total and percentage weight of each item included in the CAPEX 

The findings reveal that employing MEA leads to a CAPEX increase of 14.3 

k€ compared to MDEA. This difference is because the CCS-ORC system with MEA 

has a higher CCR than MDEA, requiring larger devices, which increases its cost. 

Conversely, opting for MEA in the CCS system without ORC results in a 14.1% 

reduction in CAPEX relative to the base case. Referring to the bus prices outlined 

in Table 37, diesel buses remain the most cost-effective option, 8.5% cheaper than 

the base case. However, it is well known that high pollutant emissions, mainly 

particulate matter and nitrogen oxide emissions, are the Achilles heel of these 

vehicles. On the other hand, it is observed that the price of buses equipped with a 

13%
11.7%

12.5% 10.7%

52%

13%

11.7%

12.6%

9.5%

53.2%

MDEA with ORC

Total 65.5 k€

13%

11.7%

14.6%

60.7%

MEA with ORC

Total 79.8 k€

MEA without ORC

Total 68.5 k€

 Amine plant  ORC  CO2 storage system  Direct cost  Indirect cost

Process Equipment Cost equation Parameter (A) Ref. 

Amine plant All equipment's 26.094x106(A/408)0.65 CO2 captured (t/h) [182,183] 

ORC 

ORC-expander 1.5(225+170A) Volume (m3) [177] 

ORC-pump 900(A/300)0.25 Power (kW) 

[178] 

ORC-fan 900(A/300)0.25 Power (kW) 

ORC-C5H10 tank 31.5+16A Volume (L) 

ORC-Evaporator 190+310A Area (m2) 

ORC-heater 190+310A Area (m2) 

ORC-condenser 190+310A Area (m2) 

CO2 storage 

system 

Condenser 190+310A Area (m2) [178] 

Compressor 267000(A/445)0.67 Power (kW) [180] 

CO2 tank 31.5+16A Volume (L) [178] 

Direct cost 

Installing 8%A 

Amineplant+ORC+CO2 

storage system 
[181]  

Instrumentation 5%A 

Piping 1.5%A 

Electric installing 1%A 

Indirect cost 

Engineering 7%A Amineplant+ORC+CO2 

storage system+ direct 

cost 

[182] 
Contingency 8%A 
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CCS-ORC system is approximately 40% more economical than HFCB and EB 

buses. 

Table 37. Initial purchase value of a bus 

The obtained data show that installing a CCS-ORC system increases the cost 

of a CNG-fueled bus by 18.3 to 21.3%. Even under the conditions set out in this 

study, installing a CCS-ORC system with a 1 m3 storage tank could give the 

vehicle autonomy up to 600 km (calculated with a fuel consumption of 0.68 kg/km 

[205]), which is 2.4 times longer than the current maximum range of commercial 

electric vehicles, which is 250 km on average [206]. Nevertheless, it is essential to 

note that the maximum CCR achieved with MEA is 66%, meaning that the 

integrated CCS-ORC system does not achieve CO2 neutrality, unlike electric and 

hydrogen cell vehicles. From an economic perspective, the captured CO2 could 

serve as a raw material for producing fuels (e-fuels), thus adding value to the CO2 

captured. This added value could offset the initial investment, and operational 

costs of a bus equipped with an integrated CCS-ORC system. Furthermore, the 

transport sector will avoid paying the CO2 tax, which will be implemented in this 

sector from 2025. Thus, it would obtain an income for selling the CO2 captured, 

making the proposed CCS-ORC systems integrated into an ICEV could be 

competitive with their counterparts, such as HFCB and EB buses. 

6.5 SUMMARY AND COMPARISON 

According to the results, the amine with the highest potential for CO2 capture 

is MEA, which has a higher CO2 capture rate than MDEA under the whole range 

of engine operating conditions. However, the thermal integration of the exhaust 

gases between the CCS and ORC systems is not techno-economic feasible. Since 

the remaining waste thermal energy in the exhaust gases after the CO2 desorption 

is insufficient to produce power in the ORC. Hence, incorporating an ORC into the 

CCS system does not offer a real benefit. On the contrary, it would add weight and 

volume to the vehicle, increasing its operating and maintenance costs. Even so, a 

CCS by amine-scrubbing with MEA and without ORC can become a competitive 

alternative to other technologies such as BEV and FCV, particularly in HD-ICEV. 

Comparing the two CO2 capture techniques studied in this thesis, it is clear 

that adsorption has better energy results than absorption. This is due to a lower 

heat requirement for sorbent regeneration than the heat required for amine 

regeneration. This behaviour in the absorption process causes that there is less 

available heat in the exhaust gases to be transformed into power by the ORC, 

Technology or fuel Value [k€] Difference from the base case [%] Reference 

CNG 374.6 0.0 [186,187] 

Diesel 342.9 8.5 [187] 

HFCB 650 -73.5 [188] 

EB 604 -61.2 [189] 

CNG+CCS+ORC 454.4 -21.3 Own study 

CNG+CCS 443.1 -18.3 Own Study 
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which results in low power production to meet the energy requirements of the CCS 

system, preventing achieve CO2 capture rates above 70%, with average power 

penalties over the ICE less than 10%. On the other hand, as seen in Figure 34, the 

weight of the TSA device in the CAPEX value is less than 10%, while, as shown in 

Figure 44, the required amine plant represents more than 50% of the CAPEX 

value. This makes an approximately 50% more economical a CCS system with 

adsorption than a CCS system with amine-scrubbing. Therefore, energy and 

techno-economic studies addressed in this thesis demonstrate that adsorption is 

the technique with the greatest potential to be used in a CCS system in HD-ICEV. 

6.6 PUBLISHED PAPER 

Finally, all the details, findings, and conclusions of this study have been 

included in an article published in the journal "Greenhouse Gases: Science and 

Technology", which has the following reference: 

• García‐Mariaca, A., & Llera‐Sastresa, E. (2023). Energy and economic 

analysis feasibility of CO2 capture on a natural gas internal combustion 

engine. Greenhouse Gases: Science and Technology, 13(2), 144-159. 

https://doi.org/10.1002/ghg.2176 

 

https://doi.org/10.1002/ghg.2176
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7 CONCLUSIONS, SCIENTIFIC 

CONTRIBUTIONS AND 

FUTURE RESEARCH AND 

ENDEAVOURS 

 

 

 

 

 
7.1 CONCLUSIONS 

The transportation sector's electrification is advancing steadily. However, 

despite ongoing progress and the various alternatives available on the market, the 

persistent increase in CO2 emissions from heavy transport continues to pose a 

significant challenge. This issue requires a different approach to meet the 

objectives set by the European Union. Consequently, exploring alternatives to 

reduce the carbon footprint in the transportation sector is imperative. To offer 

solutions for reducing CO2 emissions in this sector, this thesis proposes and 

analyses an innovative CO2 capture and storage (CCS) system designed to adapt 

to the various operating conditions of heavy-duty internal combustion engine 

vehicles (HD-ICEVs). 

According to the bibliographic review conducted, a higher level of research is 

observed in the maritime sector compared to road transport. It is also evident the 

exhaust gases can be used for CO2 desorption. In particular, on ships, the ICE 

regularly operates in a constant regime, which implies less variation in the EG 

mass flow. This behaviour along with the ample space on ships to install 

additional equipment makes the amine-scrubbing process more suitable for these 

characteristics. In contrast, HD-ICEVs operate with frequent accelerations and 

decelerations, causing continuous variations in the EG mass flow. Additionally, 
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the limited space in these vehicles poses a challenge when installing the necessary 

equipment for a CAC system. In this context, adsorption emerges as the most 

viable option, as it operates with fixed beds that can be regenerated using the EG 

waste heat. Being a cyclic process, desorption times and equipment sizes can be 

tailored to the specific operating conditions of the vehicle. 

The results confirmed that the waste heat contained in the EG can cover all 

the thermal energy demands in the CCS system operating with temperature 

swing adsorption (TSA). Furthermore, hybridising the organic Rankine cycle 

(ORC) is advantageous since, depending on the sorbent used, the penalty imposed 

by the CCS system on the engine power varies between 1.9% and 23.5% at a 100% 

CO2 capture rate (CCR). These results corroborate that implementing an ORC as 

a complement to a CCS system is theoretically feasible from an energy point of 

view. Additionally, a dynamic analysis revealed that the CCS-ORC system 

produces a slight increase in engine power of 4.93%, which leads to an increase in 

fuel consumption of 10%. Likewise, it was found that the energy consumption for 

CO2 capture is, on average, 450 kJ/kgCO2 at 100% of CCR and 150 kJ/kgCO2 at 

70% of CCR, which is almost 50% less than reported in the literature. These 

promising results are mainly due to the integration of the ORC and the thermal 

configuration of the devices proposed in this thesis. 

On the other hand, no significant difference was observed in the values 

obtained from the volume and weight of the CAC-COR system when operating 

with the sorbents selected for the study. This similarity is attributed to the fact 

that the TSA device merely contributes, on average, 6% to the weight and volume 

of the CAC-COR system. The study further revealed that the engine size does not 

substantially influence the operation of the CCS-ORC system as the parasitic 

loads caused by the CCS-ORC system remain almost constant, with average 

values of 2.9% at 70% of CCR and 9% at 100% of CCR. In contrast, the type of 

sorbent is a predominant factor in the performance behaviour of the CAC-COR 

system. The CCS-ORC system exhibited a suitable performance with the PPN and 

MOF sorbents, and both displayed similar energy behaviour. However, when 

carbon active was used, the CCS-ORC system incurred higher parasitic loads and 

energy consumption to capture CO2, with an average of 15% across all engine 

loads and rpm ranges. This increase is due to the low selectivity of activated 

carbon, leading to a higher concentration of N2 impurities in the captured CO2. 

Consequently, this requires higher compression power to liquefy CO2 and 

escalates energy consumption for CO2 capture compared to MOF and PPN 

sorbents. Therefore, ideal sorbent properties should include low heat of 

adsorption, high selectivity and the ability to tolerate small fractions of water if 

complete drying of the EG is not achieved. Based on these criteria, the sorbent 

that most closely aligns with these characteristics is PPN. However, this type of 
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sorbent is still in laboratory production, so it would not yet be a viable option for 

immediate implementation. 

As previously mentioned, no significant differences are observed in the energy 

behaviour results attributed to the engine's size. However, concerning the 

available space for integrating the CCS-ORC system and in the economic analysis 

carried out in this thesis, significant differences related to the engine size were 

found. For large engine, analysed in a bus, the impact vehicle’s usable volume is 

only 3.4%. In contrast, in the vehicle with the smallest engine (VAN), the required 

volume to install the CCS-ORC system is 10.2%. Furthermore, CAPEX results 

show that the increase in initial investment for a bus with an integrated CCS-

ORC system is barely higher than that of the base bus and is 29% lower compared 

to other existing zero-emission technologies for buses. Conversely, the initial 

investment for VAN with an integrated CCS-ORC system is not feasible as its cost 

increases by 25% compared to electrical technologies and almost 50% compared to 

the base VAN. 

On the other hand, it is observed that the payback on investment of a system 

like the one proposed in this thesis, evaluated throughout the lifespan of an HD-

ICEV (10 years), is significantly impacted by the increase in the fuel consumption 

necessary to cover the parasitic loads, as well as of the cost of the equipment and 

the maintenance and operation of the CCS-ORC system. However, the carbon 

abatement cost (CAC) values obtained are between 19 and 47 €/tCO2 at 100% of 

CCR, which is up to 50% lower than other proposals for CCS systems developed 

for different industries. Based on these results, the transport sector could consider 

this investment, which is not very high, if it is to meet the CO2 reduction objectives 

established by the European Union for the year 2050. 

According to the sensitivity analyses carried out in the techno-economic 

assessment, the value of the CO2 tax that the transport sector would need to pay 

to recover the initial investment in the vehicle lifespan must be greater than 65 

€/tCO2. Furthermore, if the CO2 captured is sold as a raw material for the 

production of synthetic fuels, this could offset the vehicle's operating cost and 

provide additional income, thereby increasing the benefits derived from 

integrating a CCS-ORC system. This would reduce the payback time or the price 

of the CO2 tax. Likewise, it would prevent the CO2 captured from being stored 

underground, giving a productive value to this emission. 

In the case of absorption, the results show that the MEA has the highest CO2 

capture potential, surpassing the MDEA in the entire range of engine operating 

conditions. However, the thermal integration of EG waste heat with CCS and ORC 

systems is technically feasible only for the CCS system. This is because the waste 

heat from the EG can cover only the thermal demand of the CO2 desorption 

process. Therefore, hybridising an ORC with the CCS system is not feasible since 
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it increases the weight, volume and cost of the CCS-ORC system. These increases 

are not compensated since the ORC cannot generate enough power to cover the 

parasitic loads generated by the CCS system using the EG waste heat available 

after passing through the stripper. 

In summary, this study reveals that integrating the CCS-ORC system into an 

HD-ICEV holds considerable promise from both the absorption and adsorption 

processes from the perspective of CO2 mitigation and a medium-term techno-

economic approach. The proposed integration has the potential to reduce CO2 

emissions from the transport sector and supply CO2 for the production of synthetic 

fuels. For this to be fully functional, the ICEs of these vehicles should operate on 

natural gas, as it yields lower CO2 emissions compared to those powered by diesel 

or gasoline, thus allowing for greater CO2 storage capacity. Furthermore, using 

synthetic fuels from captured CO2 opens the opportunity for a circular and 

sustainable transportation system focused on ICEs, a widely recognised and 

established technology. Therefore, it is necessary to carry out experimental 

studies to validate the CCS-ORC system under real world conditions and address 

the existing knowledge gap. Such measures will enable the development of a 

feasible solution that supports the complete decarbonisation of this energy-

intensive sector 

7.2 SCIENTIFIC CONTRIBUTIONS 

The main contributions of this thesis are related to innovative proposals and 

explorations of the technical issues involved in developing CO2 capture and 

storage technologies in heavy transport vehicles. In this case, the problems 

addressed were the adaptability of the capture and storage system to operate at 

different load conditions and engine rpms and the need for knowledge of the 

economic impact that integrating this type of system in a vehicle would entail. 

This perspective differs entirely from previous works found in the literature and 

patents that address the issue of configuring the CO2 capture and storage system 

but with the engine operating under a single operating condition [64,74]. The main 

contributions of this thesis are summarized below: 

• First energy validation of integrating an ORC that takes the EG waste heat 

coming from an ICE to produce power and thus supply the power demand 

of a CCS system integrated into a heavy-duty vehicle. 

• First thermal design and energy analysis of a CCS system operating by TSA 

and another by amine-scrubbing, able to work under different operating 

conditions of an ICE 

• First energy evaluation of three different sorbents and two amines 

operating in a CCS system on board a heavy transport vehicle 

• First conceptual design, sizing, and thermal modelling of a CCS system and 

its CO2 capture unit operating with TSA. 
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• First techno-economic analysis of a CCS system, obtaining variables such 

as initial investment costs, carbon abatement costs, and investment 

payback. 

• First calculation of performance penalties on the engine due to the 

integration of a CCS system operating by TSA working under the dynamic 

conditions of an ICE was obtained. 

Other complementary contributions resulting from this thesis are: 

• Elaboration of the first bibliographic review of CO2 capture and storage 

systems for mobile sources was conducted, classifying them by CO2 capture 

method and technique. 

• Participation in the national research project titled: Decarbonisation of 

energy-intensive sectors. CO2 capture in gas engines for the circularisation 

of sustainable synthetic fuels and viability of the storage of pollutants 

(CAPTICES) 2022-2025. 

• Application of research project to regional call, titled: Techno-economic 

study of the adsorption capture with zeolites for closing the CO2 cycle in the 

road transport sector (Z-CAT) 

The scientific contributions presented at international conferences during the 

development of the thesis are: 

• García Mariaca, Alexander and Llera, Eva, Dynamic CO2 Capture in a 

Natural Gas Engine Used in Road Freight Transport. Proceedings of the 

16th Greenhouse Gas Control Technologies Conference (GHGT-16), 23-24 

Oct 2022, Lyon France.  

• García Mariaca, Alexander, Llera, Eva and Francisco Moreno, Energy 

Analysis of a Mobile CCS-ORC System Operating in a Heavy-Duty Engine. 

Proceedings of the International Conference on Efficiency, Cost, 

Optimization, Simulation and Environmental Impact of Energy Systems 

(ECOS 2024), 30 June - 5 July, 2024, Rhodes, Greece. 

• Alexander García Mariaca, Jorge Perpiñan, Manuel Bailera, Eva Llera-

Sastresa, Begoña Peña, Techno-Economic analysis of the Integration of 

Mobile-CCS and PTG in a Heavy Vehicle Flee. Proceedings of the 19th 

Conference on Sustainable Development of Energy, Water and 

Environment Systems (SDEWES-19), 8 – 12 September 2024. Rome, Italy 

• Alexander García-Mariaca, Eva Llera-Sastresa, Francisco Moreno, Luis M 

Romeo, Energy Efficiency Evaluation of a Mobile CCS-ORC System in 

Operation with a Heavy-Duty Engine. Proceedings of the 17th 

International Conference on Greenhouse Gas Control Technologies (GHGT-

17), 20 -24 October 2024, Calgary Canada 
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Finally, the thesis has contributed to training in human resources for science, 

technology and innovation through the preparation of three final degree projects 

titled: 

• Development of a simplified model for the analysis of the operation of a 

natural gas spark engine. Rosana Blecua Arilla, 2020. 

• Thermal modeling of a zeolite bed for CO2 capture by temperature swing 

adsorption. Alejandro Aparacio, (in progress). 

• Design of the evaporator of an organic Rankine cycle to drive a CO2 

capture system in engines. Raúl Alvira, (in progress). 

7.3 FUTURE RESEARCH ENDEAVOURS 

Integrating CCS-ORC systems in heavy-duty vehicles involves complex 

activities that must be addressed from an interdisciplinary approach to adress all 

the concepts necessary for real implementation. Based on this, future works 

should focus in the following directions: 

• Experimental validation with the engine operating at partial loads and in 

a transient state to know: 

➢ The increase in engine back pressure, caused by the installation of 

additional systems in the exhaust gases duct. 

➢ The operation of the TSA device, including sorbent regeneration 

times and maximum CCRs. 

➢ The sorbent's or solvent's degradation due to their interaction with 

other polluting emissions such as nitrogen oxides, carbon dioxide, 

and unburned hydrocarbons. 

➢ The behaviour of the CCS-ORC system considering the thermal 

inertia. 

➢ The increase in the engine fuel consumption to fulfil the parasitic 

loads provoked by the operation of the CCS system. 

 

• Life cycle analysis to conclude the feasibility of installing a CAC system in 

mobile sources. 

• Theoretical and experimental evaluation of the CCS-ORC system under 

various climatic conditions. 

• Detailed design of the CCS-ORC system, which includes the selection of 

materials, sizing, possible location in the vehicle, structural loads, 

maintenance, operation and control in the system's operation. 

• Optimization of the cooling systems of the CCS-ORC system 

• In the case of the CCS-ORC absorption system, the sizing of the 

absorber and scrubber 
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CONCLUSIONES, 

APORTACIONES CIENTIFICAS 

Y TRABAJOS FUTUROS 

 

 

 

 

 
CONCLUSIONES 

La electrificación en el sector del transporte avanza paulatinamente. No 

obstante, a pesar de los continuos progresos y de las diversas alternativas 

disponibles en el mercado, el incremento persistente de las emisiones de CO2 

originadas por el transporte pesado sigue representando un desafío significativo. 

Este problema requiere un enfoque distinto para cumplir con los objetivos 

establecidos por la Unión Europea. En consecuencia, resulta imperativo explorar 

alternativas para reducir la huella de carbono en el sector del transporte. Con el 

propósito de ofrecer soluciones para la reducción de emisiones de CO2, esta tesis 

propone y analiza un innovador sistema de captura y almacenamiento de CO2 

(CAC), diseñado para adaptarse a las diversas condiciones operativas de los 

vehículos de trabajo pesado con motores de combustión interna. 

Según la revisión bibliográfica realizada, se observa un mayor nivel de 

investigación en el sector marítimo en comparación con el transporte por 

carretera. Se evidencia también que el calor residual de los gases de escape se 

puede utilizar para la desorción del CO2. En particular, en los barcos, los motores 

de combustión interna operan regularmente a un régimen constante, lo que 

implica una menor variación en el flujo másico de los gases de escape. Este 

comportamiento, junto con el amplio espacio disponible en los barcos para instalar 

equipos adicionales hace que el proceso de lavado con aminas sea más adecuado 
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para estas características. En contraste, los vehículos de trabajo pesado con motor 

de combustión interna operan con frecuentes aceleraciones y desaceleraciones, lo 

que provoca variaciones continuas en el flujo másico de los gases de escape. 

Además, el espacio limitado disponible en estos vehículos dificulta la instalación 

del equipamiento necesario para un sistema CAC. En este contexto, la adsorción 

se presenta como la opción más viable, ya que opera con lechos fijos que pueden 

regenerarse utilizando el calor residual de los gases de escape. Al ser un proceso 

cíclico, los tiempos de desorción y los tamaños de los equipos pueden ajustarse a 

las condiciones operativas específicas del vehículo. 

Los resultados confirman que el calor residual contenido en los gases de escape 

puede cubrir todas las demandas de energía térmica en el sistema CAC operando 

con adsorción por oscilación de temperatura. Además, la hibridación del ciclo 

orgánico de Rankine (COR) es ventajosa, ya que, dependiendo del sorbente 

utilizado, la penalización que impone el CAC sobre la potencia del motor apenas 

varía entre un 1.9% y un 23.5% a una tasa de captura de CO2 de 100%. Estos 

resultados corroboran que implementar un COR como complemento a un sistema 

CAC es teóricamente factible desde el punto de vista energético. Adicionalmente, 

un análisis dinámico reveló que el sistema CAC-COR produce un aumento de la 

potencia del motor del 4.93%, lo que conlleva un incremento del consumo de 

combustible del 10%. Asimismo, se encontró que el consumo de energía para la 

captura de CO2 es, en promedio, de 450 kJ/kgCO2 a una tasa de captura de CO2 

de 100% y de 150 kJ/kgCO2 a una tasa de captura de CO2 de 70%, lo cual es casi 

un 50% menos de lo reportado en la literatura. Estos prometedores resultados se 

deben principalmente a la integración del COR y a la configuración térmica de los 

dispositivos propuesta en esta tesis. 

Por otro lado, no se observó ninguna diferencia significativa en los valores 

obtenidos del volumen y peso del sistema CAC-COR al operar con los sorbentes 

seleccionados para el estudio. Esta similitud se atribuye al hecho de que el 

dispositivo de adsorción por oscilación de temperatura apenas contribuye, en 

promedio, con un 6% al peso y volumen del sistema CAC-COR. El estudio reveló 

además que el tamaño del motor no influye drásticamente en el funcionamiento 

del sistema CAC-COR, ya que las cargas parásitas provocadas por el sistema CAC-

COR se mantienen casi constantes, con valores promedio de 2.9% con un 70% de 

tasa de captura de CO2 y de 9% con un 100% de tasa de captura de CO2. En 

contraste, el tipo de sorbente sí es un factor predominante en el desempeño del 

sistema CAC-COR. El sistema CAC-COR mostró un rendimiento adecuado con los 

sorbentes PPN y MOF y ambos mostraron un comportamiento energético similar. 

Sin embargo, cuando se utilizó carbón activo, el sistema CAC-COR tuvo mayores 

cargas parásitas y consumo de energía para capturar CO2, con un promedio del 

15% en todas las cargas del motor y rangos de rpm. Este aumento se debe a la baja 

selectividad del carbón activo, lo que lleva a una mayor concentración de 
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impurezas de N2 en el CO2 capturado. En consecuencia, esto requiere una mayor 

potencia de compresión para licuar el CO2 y aumenta el consumo de energía para 

la captura de CO2 en comparación con los sorbentes MOF y PPN. Por lo tanto, las 

propiedades ideales del sorbente deben incluir un bajo calor de adsorción y una 

alta selectividad, además de la capacidad de tolerar pequeñas fracciones de agua 

en caso de que no se logre el secado completo de los gases de escape. Basado en 

estos criterios, el sorbente que más se acerca a estas características es el PPN. No 

obstante, este tipo de sorbente aún se encuentra en producción a nivel de 

laboratorio, por lo que aún no sería una opción viable para su implementación 

inmediata. 

Como se mencionó anteriormente, a nivel energético no se observan grandes 

diferencias en los resultados debido al tamaño del motor. Sin embargo, en lo que 

respecta al espacio útil para la integración del sistema CAC-COR y en el análisis 

tecno-económico realizado en esta tesis, sí se encontraron diferencias 

significativas relacionadas con el tamaño del motor. Para el caso del motor grande 

cuyo, cuyo vehículo de análisis fue un bus, la afectación en el volumen de trabajo 

del vehículo es de apenas un 3.4%, mientras que en el vehículo que opera con el 

motor más pequeño (VAN), el volumen útil requerido para la instalación del 

sistema CAC-COR es del 10.2%. Además, los resultados de CAPEX muestran que 

el incremento de la inversión inicial para bus con un sistema CCS-ORC integrado 

es apenas superior al del bus base y es un 29% menor en comparación con otras 

tecnologías de cero emisiones existentes para buses. Por el contrario, la inversión 

inicial para VAN con un sistema CAC-COR integrado no es viable, ya que su coste 

se incrementa en un 25% respecto a las tecnologías eléctricas y casi un 50% 

respecto a la VAN base. 

Por otro lado, se observa que el retorno de la inversión de un sistema como el 

propuesto en esta tesis, evaluado a lo largo de la vida útil de un vehículo pesado 

(10 años), está lejos de ser cero debido al incremento en el consumo de combustible 

necesario para cubrir las cargas parásitas, así como al coste de los equipos y al 

mantenimiento y operación del sistema CAC-COR. Sin embargo, los valores de 

costos de abatimiento de carbono obtenidos se encuentran entre 19 y 47 €/tCO2 a 

una tasa de captura de CO2 de 100%, lo cual es hasta un 50% más bajo en 

comparación con otras propuestas de sistemas de captura y almacenamiento de 

CO2 desarrollados para otras industrias. Basado en estos resultados, el sector del 

transporte podría considerar esta inversión, que no es muy alta, si se pretende 

cumplir con los objetivos de reducción de CO2 establecidos por la Unión Europea 

para el año 2050. 

Según los análisis de sensibilidad realizados en la evaluación tecno-económica, 

el valor del impuesto de CO2 que el sector del transporte debería pagar, una vez 

implementado, para recuperar la inversión inicial en la vida útil de los vehículos, 
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debe ser superior a 65 €/tCO2. Además, si el CO2 capturado se vende como materia 

prima para la producción de combustibles sintéticos, esto podría compensar el 

coste operativo del vehículo y proporcionar ingresos adicionales, aumentando así 

los beneficios obtenidos al integrar un sistema CAC-COR. Esto reduciría el tiempo 

de recuperación de la inversión o el coste del impuesto de CO2. Asimismo, evitaría 

que el CO2 capturado se almacene bajo tierra, otorgándole un valor productivo a 

esta emisión. 

En el caso de la absorción, los resultados obtenidos muestran que la MEA tiene 

el mayor potencial de captura de CO2, superando a la MDEA en todo el rango de 

condiciones de operación del motor. Sin embargo, la integración térmica del calor 

residual de los gases de escape con los sistemas CAC y COR solo es técnicamente 

viable para el sistema CAC. Esto se debe a que el calor residual de los gases de 

escape puede cubrir solo la demanda térmica del proceso de desorción del CO2. Por 

lo tanto, la hibridación de un COR con el sistema CAC no es factible, ya que 

conlleva un aumento en el peso, volumen y costo del sistema CAC-COR. Este 

incremento no se compensa, dado que el COR no puede generar suficiente potencia 

para cubrir las cargas parásitas generadas por el CAC utilizando el calor residual 

de los gases de escape disponible después de pasar por el stripper. 

En resumen, este estudio evidencia que la integración del sistema CAC-COR 

en los vehículos de trabajo pesado con motor de combustión interna es 

prometedora tanto en el proceso de absorción como en el de adsorción, desde la 

perspectiva de la mitigación del CO2 y desde un enfoque tecno-económico a medio 

plazo. La integración propuesta puede reducir las emisiones de CO2 del sector del 

transporte y proporcionar CO2 para la producción de combustibles sintéticos. Para 

que esto sea completamente funcional, los motores de combustión interna de estos 

vehículos deberían operar con gas natural, ya que este produce menos emisiones 

de CO2 en comparación con los motores de combustión interna alimentados con 

diésel o gasolina. Esto permitiría una mayor autonomía en términos de 

almacenamiento de CO2. Además, el uso de combustibles sintéticos producidos a 

partir del CO2 capturado abre la puerta a un sistema de transporte circular y 

sostenible centrado en los motores de combustión interna, la cual es una tecnología 

ampliamente conocida. Por consiguiente, es necesario llevar a cabo estudios 

experimentales para validar el sistema CAC-COR en condiciones reales y cerrar 

la brecha de conocimiento existente. Esto permitirá alcanzar una aplicación viable 

que posibilite la descarbonización completa de este sector intensivo en energía. 

CONTRIBUCIONES CIENTÍFICAS 

Las principales contribuciones de esta tesis están relacionadas con propuestas 

innovadoras y la exploración de los aspectos técnicos involucrados en el desarrollo 

de tecnologías de captura y almacenamiento de CO2 en vehículos de transporte 

pesado. En particular, los problemas que se abordaron fueron la adaptabilidad del 
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sistema de captura y almacenamiento para operar en diferentes condiciones de 

carga y rpm del motor y el desconocimiento del impacto económico que supondría 

la integración de este tipo de sistemas en un vehículo. Esta perspectiva difiere 

completamente de los trabajos previos encontrados en la bibliografía y patentes 

que se centran en la configuración del sistema de captura y almacenamiento de 

CO2 con el motor funcionando bajo una única condición de operación [64,74]. Así, 

las principales aportaciones de esta tesis se resumen a continuación: 

• Primera validación energética de la integración de un COR que toma el 

calor residual de los gases de escape provenientes de un motor de 

combustión interna para producir potencia que satisfaga la demanda de 

potencia de un sistema CAC integrado en un vehículo pesado. 

• Primer diseño térmico y análisis energético de un sistema CAC operado por 

adsorción por oscilación de temperatura y otro por lavado de aminas, capaz 

de trabajar bajo diferentes condiciones de operación de un motor de 

combustión interna. 

• Primera evaluación energética de tres sorbentes diferentes y dos aminas 

funcionando en un sistema CAC a bordo de un vehículo de transporte 

pesado 

• Primer diseño conceptual, dimensionamiento y modelado térmico de un 

sistema CAC y su unidad de captura de CO2 operando con adsorción por 

oscilación de temperatura. 

• Primer análisis tecno-económico de un sistema CAC, obteniendo variables 

como costos de inversión inicial, costos de abatimiento de carbono y retorno 

de la inversión. 

• Primer cálculo de las penalizaciones sobre el rendimiento del motor por la 

integración de un sistema CAC operado por adsorción por oscilación de 

temperatura trabajando en las condiciones dinámicas de un motor de 

combustión interna. 

Otras contribuciones complementarias producto de esta tesis son: 

• Elaboración de la primera revisión bibliográfica de sistemas de captura y 

almacenamiento de CO2 para fuentes móviles, clasificándolos por método y 

técnica de captura de CO2. 

• Participación en el proyecto de investigación nacional titulado: 

Decarbonisation of energy-intensive sectors. CO2 capture in gas engines for 

the circularisation of sustainable synthetic fuels and viability of the storage 

of pollutants (CAPTICES) 2022-2025 

• Postulación de proyecto de investigación a convocatoria autonómica, 

titulado: Estudio tecno-económico de la captura por adsorción con zeolitas 

para el cierre del ciclo de CO2 en el sector del transporte por carretera (Z-

CAT)., en caso de ser aprobado se ejecutará en los años 2025-2026  

Las contribuciones científicas presentadas a conferencias internacionales 

durante el desarrollo de la tesis son: 



172 

 

• García Mariaca, Alexander and Llera, Eva, Dynamic CO2 Capture in a 

Natural Gas Engine Used in Road Freight Transport. Proceedings of the 

16th Greenhouse Gas Control Technologies Conference (GHGT-16), 23-24 

Oct 2022, Lyon France.  

• García Mariaca, Alexander, Llera, Eva and Francisco Moreno, Energy 

Analysis of a Mobile CCS-ORC System Operating in a Heavy-Duty Engine. 

Proceedings of the International Conference on Efficiency, Cost, 

Optimization, Simulation and Environmental Impact of Energy Systems 

(ECOS 2024), 30 June - 5 July 2024, Rhodes, Greece. 

• Alexander García Mariaca, Jorge Perpiñan, Manuel Bailera, Eva Llera-

Sastresa, Begoña Peña, Techno-Economic analysis of the Integration of 

Mobile-CCS and PTG in a Heavy Vehicle Flee. Proceedings of the 19th 

Conference on Sustainable Development of Energy, Water and 

Environment Systems (SDEWES-19), 8 – 12 September 2024. Rome, Italy 

• Alexander García-Mariaca, Eva Llera-Sastresa, Francisco Moreno, Luis M 

Romeo, Energy Efficiency Evaluation of a Mobile CCS-ORC System in 

Operation with a Heavy-Duty Engine. Proceedings of the 17th International 

Conference on Greenhouse Gas Control Technologies (GHGT-17), 20 -24 

October 2024, Calgary Canada 

Finalmente, la formación en recurso humano para la ciencia, la tecnología y 

la innovación también ha sido un componente importante de esta tesis a través de 

la elaboración de tres trabajos fin de grado titulados: 

• Elaboración de un modelo simplificado para el análisis del funcionamiento 

de un motor de encendido provocado con gas natural. Rosana Blecua Arilla. 

2020 

•  Modelado térmico de un lecho de zeolita para la captura de CO2 mediante 

adsorción por oscilación de temperatura. Alejandro Aparacio, (en curso). 

• Diseño del evaporador de un ciclo orgánico Rankine para el accionamiento 

de un sistema de captura de CO2 en motores. Raúl Alvira, (en curso). 

FUTUROS ESFUERZOS DE INVESTIGACIÓN 

La integración de sistemas CCS-ORC en vehículos pesados implica 

actividades complejas que deben abordarse desde un enfoque interdisciplinar para 

abarcar todos los conceptos necesarios para su implementación real. En base a 

esto, los trabajos futuros deberían orientarse en las siguientes direcciones: 

• Validación experimental con el motor funcionando a cargas parciales y en 

estado transitorio para conocer: 
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➢ El aumento de la contrapresión del motor, provocado por la 

instalación de sistemas adicionales en el conducto de gases de 

escape. 

➢ El funcionamiento del dispositivo de adsorción por oscilación de 

temperatura, incluidos los tiempos de regeneración del sorbente y 

la tasa de captura de CO2 máxima. 

➢ La degradación del sorbente o solvente debido a su interacción con 

otras emisiones contaminantes como óxidos de nitrógeno, dióxido de 

carbono e hidrocarburos no quemados. 

➢ El comportamiento del sistema CAC-COR teniendo en cuenta la 

inercia térmica. 

➢ El aumento en el consumo de combustible del motor para satisfacer 

las cargas parásitas provocadas por el funcionamiento del sistema 

CAC. 

• Análisis de ciclo de vida para concluir sobre la viabilidad de la instalación 

de un sistema CAC en fuentes móviles. 

• Evaluación teórica y experimental del sistema CCS-ORC bajo diversas 

condiciones climáticas. 

• Diseño detallado del sistema CCS-ORC, que incluye la selección de 

materiales, dimensionamiento, posible ubicación en el vehículo, cargas 

estructurales, mantenimiento, operación y control en la operación del 

sistema. 

• Optimización de los sistemas de refrigeración del sistema CCS-ORC. 

• En el caso del sistema de absorción CCS-ORC, el dimensionamiento del 

absorbente y del depurador 
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ANNEXES 

Annex A 

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 

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 
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Annex B 

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 
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Annex C 

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 

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 
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Annex D 

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 
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Annex E 

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 
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Annex F 

Thermal and combustion efficiencies in the F1C engine 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

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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Annex G 

Area, temperature, pressure and mass flows of each heat exchanger with the 

CCS-ORC system operating with PPN. 

  

Engine CCR Heat exchanger 
Area 

[m2] 

𝑚̇in_HF 

[kg/h] 

Tin_HF 

[°C] 

Tout_HF 

[°C] 

𝑚̇in_CF 

[kg/h] 

Tin_CF 

[°C] 

Tout_CF 

[°C] 

Pin_HF 

[bar] 

Pout_HF 

[bar] 

Pin_CF 

[bar] 

Pout_CF 

[bar] 

M936G 100 

ORC-H 0.72 104.60 573.87 119.49 527.52 50.93 99.49 75 75 24.9 22.9 

ORC-E 7.59 681.48 421.73 119.49 527.52 99.49 184.15 1.09 1.09 22.9 20.9 

ORC-C 13.77 527.52 121.02 48.87 43529.61 30.00 35.99 1.5 1 1 1 

HE-CO2-C 0.95 104.60 150.00 39.23 43529.61 35.99 36.23 1 1 1 1 

CO2-Con 2.46 104.60 119.49 29.30 43529.61 25.00 25.58 75 75 1 1 

HE-EG1 25.30 681.48 119.49 39.23 43529.61 36.23 41.05 1 1 1 1 

HE-EG2 11.20 681.48 39.23 30.00 43529.61 25.58 26.31 1 1 1 1 

M936G 70 

ORC-H 0.57 73.53 581.23 102.28 617.26 50.93 82.47 75 75 24.9 22.9 

ORC-E 8.16 681.48 483.01 102.47 617.26 82.47 184.15 1.09 1.09 22.9 20.9 

ORC-C 16.53 617.26 121.07 48.87 32357.23 30.00 39.42 1.5 1 1 1 

HE-CO2-C 0.67 73.53 150.00 42.70 32357.23 39.42 39.65 1 1 1 1 

CO2-Con 1.82 73.53 102.28 29.30 32357.23 25.00 25.50 75 75 1 1 

HE-EG1 18.74 477.04 102.47 42.65 32357.23 39.65 43.55 1 1 1 1 

HE-EG2 10.18 477.04 42.65 30.00 32357.23 25.50 26.52 1 1 1 1 

F1C 100 

ORC-H 0.39 42.49 573.36 79.39 203.44 38.80 95.97 75 75 24.9 22.9 

ORC-E 4.01 276.75 408.58 115.97 203.44 95.97 184.15 1.09 1.09 22.9 20.9 

ORC-C 7.92 203.44 121.05 36.76 17615.38 30.00 35.98 1.5 1 1 1 

HE-CO2-C 0.50 42.49 150.00 38.98 17615.38 35.98 36.22 1 1 1 1 

CO2-Con 1.30 42.49 79.39 29.30 17615.38 25.00 25.46 75 75 1 1 

HE-EG1 13.34 276.75 115.97 39.22 17615.38 36.22 41.00 1 1 1 1 

HE-EG2 6.40 276.75 39.22 30.00 17615.38 25.46 26.29 1 1 1 1 

F1C 70 

ORC-H 0.30 29.83 580.19 72.21 239.41 40.53 76.58 75 75 24.9 22.9 

ORC-E 4.27 276.75 470.12 96.58 239.41 76.58 184.15 1.09 1.09 22.9 20.9 

ORC-C 8.84 239.41 121.03 38.48 13162.36 30.00 39.36 1.5 1 1 1 

HE-CO2-C 0.35 29.83 150.00 42.36 13162.36 39.36 39.58 1 1 1 1 

CO2-Con 0.96 29.83 72.21 29.30 13162.36 25.00 25.41 75 75 1 1 

HE-EG1 9.81 193.73 96.58 42.58 13162.36 39.58 43.38 1 1 1 1 

HE-EG2 5.38 193.73 42.58 30.00 13162.36 25.41 26.53 1 1 1 1 
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Annex H.  

Area, temperature, pressure and mass flows of each heat exchanger with the 

CCS-ORC system operating with MOF. 

  

Engine CCR Heat exchanger 
Area 

[m2] 

𝑚̇in_HF 

[kg/h] 

Tin_HF 

[°C] 

Tout_HF 

[°C] 

𝑚̇in_CF 

[kg/h] 

Tin_CF 

[°C] 

Tout_CF 

[°C] 

Pin_HF 

[bar] 

Pout_HF 

[bar] 

Pin_CF 

[bar] 

Pout_CF 

[bar] 

M936G 100 

ORC-H 0.75 104.99 584.02 116.12 591.17 50.93 96.11 77.9 77.9 24.9 22.9 

ORC-E 7.66 681.48 458.93 116.13 591.17 96.11 184.15 1.09 1.09 22.9 20.9 

ORC-C 15.61 591.17 121.02 48.87 38743.25 30.00 37.54 1.5 1 1 1 

HE-CO2-C 0.95 104.99 150.00 40.80 38743.25 37.54 37.81 1 1 1 1 

CO2-Con 2.54 104.99 116.12 29.30 38743.25 25.00 25.66 77.9 77.9 1 1 

HE-EG1 25.37 681.48 116.13 40.81 38743.25 37.81 42.97 1 1 1 1 

HE-EG2 13.02 681.48 40.81 30.00 38743.25 25.66 26.66 1 1 1 1 

M936G 70 

ORC-H 0.59 73.67 591.15 101.33 659.74 50.93 81.33 77.9 77.9 24.9 22.9 

ORC-E 8.17 681.48 508.67 101.33 659.74 81.33 184.15 1.09 1.09 22.9 20.9 

ORC-C 17.90 659.74 121.02 48.87 29315.32 30.00 41.12 1.5 1 1 1 

HE-CO2-C 0.67 73.67 150.00 44.35 29315.32 41.12 41.36 1 1 1 1 

CO2-Con 1.87 73.67 101.33 29.30 29315.32 25.00 25.56 77.9 77.9 1 1 

HE-EG1 18.36 477.04 101.33 44.36 29315.32 41.36 45.42 1 1 1 1 

HE-EG2 11.58 477.04 44.36 30.00 29315.32 25.56 26.91 1 1 1 1 

F1C 100 

ORC-H 0.39 42.64 603.38 78.40 229.23 40.49 92.90 77.9 77.9 24.9 22.9 

ORC-E 4.02 276.75 445.94 112.90 229.23 92.90 184.15 1.09 1.09 22.9 20.9 

ORC-C 8.36 229.23 121.03 38.44 15659.74 30.00 37.53 1.5 1 1 1 

HE-CO2-C 0.50 42.64 150.00 40.53 15659.74 37.53 37.80 1 1 1 1 

CO2-Con 1.33 42.64 78.40 29.30 15659.74 25.00 25.52 77.9 77.9 1 1 

HE-EG1 13.30 276.75 112.90 40.81 15659.74 37.80 42.93 1 1 1 1 

HE-EG2 6.88 276.75 40.81 30.00 15659.74 25.52 26.64 1 1 1 1 

F1C 70 

ORC-H 0.31 29.92 590.55 71.49 256.24 40.64 75.40 77.9 77.9 24.9 22.9 

ORC-E 4.27 276.75 495.89 95.40 256.24 75.40 184.15 1.09 1.09 22.9 20.9 

ORC-C 9.56 256.24 121.04 38.59 11909.73 30.00 41.06 1.5 1 1 1 

HE-CO2-C 0.35 29.92 150.00 44.06 11909.73 41.06 41.31 1 1 1 1 

CO2-Con 0.98 29.92 71.49 29.30 11909.73 25.00 25.46 77.9 77.9 1 1 

HE-EG1 9.61 193.73 95.40 44.31 11909.73 41.31 45.27 1 1 1 1 

HE-EG2 6.12 193.73 44.31 30.00 11909.73 25.46 26.91 1 1 1 1 
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Annex I.  

Area, temperature, pressure and mass flows of each heat exchanger with the 

CCS-ORC system operating with AC. 

  

Engine CCR Heat exchanger 
Area 

[m2] 

𝑚̇in_HF 

[kg/h] 

Tin_HF 

[°C] 

Tout_HF 

[°C] 

𝑚̇in_CF 

[kg/h] 

Tin_CF 

[°C] 

Tout_CF 

[°C] 

Pin_HF 

[bar] 

Pout_HF 

[bar] 

Pin_CF 

[bar] 

Pout_CF 

[bar] 

M936G 100 

ORC-H 0.79 113.81 625.81 127.79 535.11 50.93 107.78 85.73 85.73 24.9 22.9 

ORC-E 7.17 681.48 421.58 127.91 535.11 107.78 184.15 1.09 1.09 22.9 20.9 

ORC-C 13.97 535.11 121.02 48.87 44269.95 30.00 35.97 1.5 1 1 1 

HE-CO2-C 1.05 113.81 150.00 39.24 44269.95 35.97 36.24 1 1 1 1 

CO2-Con 2.64 113.81 127.79 29.30 44269.95 25.00 25.65 85.73 85.73 1 1 

HE-EG1 24.23 681.48 127.91 39.24 44269.95 36.24 41.12 1 1 1 1 

HE-EG2 11.31 681.48 39.24 30.00 44269.95 25.65 26.37 1 1 1 1 

M936G 70 

ORC-H 0.63 79.90 633.15 108.01 623.90 50.93 88.02 85.73 85.73 24.9 22.9 

ORC-E 7.95 681.48 482.90 108.02 623.90 88.02 184.15 1.09 1.09 22.9 20.9 

ORC-C 16.71 623.90 121.02 48.87 32794.40 30.00 39.40 1.5 1 1 1 

HE-CO2-C 0.73 79.90 149.98 42.65 32794.40 39.40 39.64 1 1 1 1 

CO2-Con 1.96 79.90 108.01 29.30 32794.40 25.00 25.55 85.73 85.73 1 1 

HE-EG1 17.99 477.04 108.02 42.64 32794.40 39.64 43.58 1 1 1 1 

HE-EG2 10.25 477.04 42.64 30.00 32794.40 25.55 26.57 1 1 1 1 

F1C 100 

ORC-H 0.42 46.22 625.21 87.26 206.70 40.30 106.17 85.73 85.73 24.9 22.9 

ORC-E 3.79 276.75 408.42 126.17 206.70 106.17 184.15 1.09 1.09 22.9 20.9 

ORC-C 7.51 206.70 121.05 38.26 17843.54 30.00 35.96 1.5 1 1 1 

HE-CO2-C 0.55 46.22 150.00 38.96 17843.54 35.96 36.23 1 1 1 1 

CO2-Con 1.38 46.22 87.26 29.30 17843.54 25.00 25.52 85.73 85.73 1 1 

HE-EG1 12.72 276.75 126.17 39.23 17843.54 36.23 41.13 1 1 1 1 

HE-EG2 5.99 276.75 39.23 30.00 17843.54 25.52 26.34 1 1 1 1 

F1C 70 

ORC-H 0.33 32.45 632.61 71.79 242.05 40.57 83.19 85.73 85.73 24.9 22.9 

ORC-E 4.16 276.75 470.00 103.19 242.05 83.19 184.15 1.09 1.09 22.9 20.9 

ORC-C 8.93 242.05 121.04 38.52 13247.07 30.00 39.40 1.5 1 1 1 

HE-CO2-C 0.38 32.45 150.00 42.40 13247.07 39.40 39.64 1 1 1 1 

CO2-Con 1.02 32.45 71.79 29.30 13247.07 25.00 25.43 85.73 85.73 1 1 

HE-EG1 9.41 193.73 103.19 42.64 13247.07 39.64 43.53 1 1 1 1 

HE-EG2 5.42 193.73 42.64 30 13247.07 25.43 26.55 1 1 1 1 
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Annex J 

Discretization of the mathematical model used in the design of the TSA device: 

Central nodes 

𝑘
𝑇𝑚+1

𝑖+1 − 2𝑇𝑚
𝑖+1 + 𝑇𝑚−1

𝑖+1

∆𝑟2
+

𝑘

𝑖
(

𝑇𝑚+1
𝑖+1 − 𝑇𝑚−1

𝑖+1

2∆𝑟2
) =  𝜌𝐶𝑝

𝑖 𝑇𝑚
𝑖+1 − 𝑇𝑚

𝑖

∆𝑡
  

At 𝑟 = 0 equation 14 is indeterminate, therefore the l'Hôpital’s rule must be 

applied, obtaining: 

2𝑘
𝜕2𝑇

𝜕𝑟2
= 𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
  

This latter equation is discretized by taking the mirror image and isolated 

boundary, obtaining the following discretization: 

4𝑘
𝑇𝑚+1

𝑖+1 − 𝑇𝑚
𝑖+1

∆𝑟2
=  𝜌𝐶𝑝

𝑖 𝑇𝑚
𝑖+1 − 𝑇𝑚

𝑖

∆𝑡
 

On the surface 

2𝑘𝑇𝑚−1
𝑖+1

𝑑𝑟2
− 𝑇𝑚

𝑖+1 [(
2𝑘

𝑑𝑟2
+

2ℎ

𝑑𝑟
+

2ℎ

𝑖𝑑𝑟
+

𝜌𝐶𝑝

∆𝑡
) + 1] = −𝑇𝑚

𝑖  (
𝜌𝐶𝑝

∆𝑡
) −

2ℎ𝑇∞

𝑑𝑟
−

ℎ𝑇∞

𝑖𝑑𝑟
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