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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 COgz emissions
generated by this sector. Furthermore, if the captured COz2 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,
COg 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
COg 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
CO:z 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 COg2) 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

111



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-CHz2-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
mnstallation 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 COz capture process is 631 kdJ/kgCOq,
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 COz 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 1s zero at 100% and 70% CCR, respectively. It was
also determined that a CO2 emission tax greater than €71/tCOz 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 COs2
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
COz2 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 COq:
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, COgz capture is a strategy that
should be implemented, thus contributing to the decarbonization of this energy-
intensive sector.



RESUMEN

El transporte por carretera de mercancias y viajeros tendra que seguir
utilizando tecnologias basadas en la combustién a medio y largo plazo, ya que la
electrificacion aun esta lejos de ser una realidad en este sector. El uso de sistemas
de captura y almacenamiento de CO2 (CAC) a bordo podria ser una opciéon viable
para reducir las emisiones de CO2 generadas por este sector. Ademas, si el CO2
capturado se utiliza como materia prima para producir combustibles sintéticos, la
industria podra volver a utilizarlos, reduciendo asi la dependencia de los
combustibles fésiles y generando valor annadido al COz. Sin embargo, la captura y
almacenamiento de COz en fuentes moéviles presenta actualmente varios desafios.
Entre ellos se encuentran el alto consumo de energia de los sistemas CAC
tradicionales, el espacio limitado para instalar un sistema CAC a bordo en un
vehiculo y la dificultad que tendria el sistema CAC para adaptarse a las diversas
condiciones de funcionamiento de los motores de combustién interna.

Con base en lo anterior, la primera parte de esta tesis consistié en identificar
la técnica de captura de CO2 que mejor se adapta a las caracteristicas de
funcionamiento de un vehiculo pesado con motor de combustién interna. Como
resultado de la revisién de publicaciones y patentes se determiné que las técnicas
de captura de COz en postcombustién son las mas adecuadas, de esta forma no se
modifica el motor de combustién interna y por tanto no afecta las condiciones de
operacion de este. En concreto, las técnicas mas apropiadas son la adsorcion por
oscilacion de temperatura y la absorcion 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. Ademas, un balance de energia hecho en motores tipicos
usados en el transporte de mercancias y pasajeros muestra que el calor residual
contenido en los gases de escape puede ser utilizado para la desorciéon de CO2 y
para la produccién de energia mecanica por medio de la integraciéon de algin
sistema adicional. Esto permitiria cubrir parcial o totalmente las necesidades
energéticas del sistema de CAC.

Esta tesis opta por hibridar el sistema CAC con un ciclo organico Rankine
(COR) para aprovechar el calor residual contenido en los gases de escape. Esta
decision se basa en el nivel de desarrollo de esta tecnologia y la capacidad del COR
para adaptarse a las diferentes condiciones de operaciéon de un motor de
combustion 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 vehiculos utilizados para el transporte por carretera de mercancias 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, presiéon y composicién de los gases de
escape para cada condicion establecida. Posteriormente, las presiones de entrada
de cada dispositivo del COR se determinaron con base en el calculo de la presion
de entrada en el expansor. Este proceso proporciond los caudales masicos
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requeridos de fluido de trabajo y aire de refrigeracién, asi como la eficiencia
térmica del COR, que alcanzé valores maximos del 12.5% en ambos motores. Los
resultados también indican que el COR puede suministrar al sistema CAC, que
funciona mediante adsorcién por oscilaciéon 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 establecié que el COR evita penalizaciones excesivas sobre el
motor de combustién interna debido a la operacion del sistema CAC se realiz6 una
evaluacion energética integral del sistema CAC-COR utilizando tres sorbentes
diferentes (PPN-6-CH2-DETA, MOF-74-Mg, y carbon activo). Esta evaluacion
energética se realiza al 70 y 100% de tasa de captura de CO2. Ademas, este analisis
permitié determinar las areas de los intercambiadores de calor que componen el
sistema CAC-COR, lo que facilita el dimensionamiento del sistema y la estimacion
del espacio necesario para su instalaciéon en los vehiculos seleccionados para el
estudio. Los resultados muestran una penalizaciéon en la potencia del motor
inducida por el sistema CAC-COR entre un 1.9% con MOF-74-Mg y un 23.5% con
carbon activado al 100% de tasa de captura de COg, lo que se traduce en un
aumento maximo del 6.14% en el consumo de combustible del motor para cubrir
esta penalizaciéon. Finalmente, el consumo maximo de energia del proceso de
captura de COgz es de 631 kd/kgCO2, un 10% menor que lo reportado en la
literatura para adsorcion por oscilacién de temperatura.

Luego de realizar el analisis energético y el dimensionamiento de los equipos,
se realiza la evaluacién tecno-econémica del sistema CAC-COR propuesto. Para
esta evaluacion se disena el dispositivo adsorcion por oscilacion de temperatura y
se estiman los costes de inversioén y operacion, asi como el valor presente neto y el
costo de abatimiento de CO2. Ademas, se realiza un andlisis de sensibilidad para
determinar el tamano del motor necesario para que el retorno de la inversion se
logre dentro de la vida util del vehiculo, y se evalta cual debe ser el impuesto al
COg2 para que la integracion del sistema CAC-COR sea rentable en el mismo
periodo 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. Ademas, con
motores de volumen de desplazamiento superior a 18 y 21 L, el costo de
abatimiento de COgz del sistema CAC-COR es cero al 100% y 70% de tasa de
captura de COg, respectivamente. También se determindé que un impuesto a las
emisiones de COz superior a 71 €/tCO2 permite recuperar la inversiéon inicial del
sistema CAC-COR dentro de la vida 1til del vehiculo de trabajo pesado para todos
los sorbentes evaluados al 100% de tasa de captura de COa.

En la dltima parte de esta investigacién y para cubrir las dos técnicas de
captura de CO2 mas prometedoras para el sector del transporte, se disenod el
sistema CAC-COR utilizando la técnica de absorcion, especificamente el lavado de
aminas. Para este estudio se realiz6 una evaluacién energética y econémica de un
sistema CAC-COR similar a los desarrollados previamente. Este analisis 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 logré6 una tasa de captura de CO2 maxima del 66%, con una
penalizacién en la potencia del motor de solo el 10%. Por otro lado, el analisis
econdémico reveld que el sistema CAC con la amina primaria y sin COR es un 31.8%
mas barato que un autobts de pila de combustible de hidrégeno y un 26% mas
barato que un autobus eléctrico de bateria. Finalmente, se determiné que las
aminas terciarias presentan malos resultados de rendimiento debido a su baja
velocidad de reaccion.

Segun los resultados de las dos técnicas estudiadas para capturar CO2 en
vehiculos pesados, la adsorcion por oscilacion de temperatura requiere menos
energia térmica para la desorcion del COz que el lavado de aminas. Por lo tanto,
el ciclo organico Rankine tiene mas calor residual de los gases de escape con
adsorcion por oscilaciéon de temperatura que con el lavado de aminas, produciendo
asi mas energia mecanica para suplir la demanda energética del sistema CAC.
Esto permite lograr tasas de captura mas altas con adsorcion que con el lavado de
aminas, para una misma penalizaciéon sobre el motor. Los resultados también
muestran que el sistema CAC-COR es energéticamente capaz de operar bajo las
diferentes condiciones de operaciéon de un motor de combustién interna sin una
gran penalizacion. Aunado a esto, el costo de abatimiento de CO2 obtenido al
integrar el sistema CAC-ORC en un vehiculo pesado es menor que el de otras
aplicaciones de sistemas CAC. Estos resultados prometedores sugieren que, con
un mayor desarrollo e investigacion en esta area, la captura de COz es una
estrategia que deberia implementarse, contribuyendo asi a la descarbonizacion de
este sector de uso intensivo de energia.
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1. INTRODUCTION,
OBJECTIVES AND
METHODOLOGY

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 CO3z 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



development; collectively, these facilities can capture 1% of total CO2 emissions
by 2023 [10].

CCS technologies are considered to have great potential for reducing COg2
emissions from energy-intensive sectors [11,12]. The CCS systems allow COz 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 COz 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 COgq
capture methods have already undergone experimental research in pilot plant
applications [17-19].

On the other hand, current technological advancements aimed at reducing
COg2 emissions within the transport sector are primarily centred on four key areas:
1) the use of alternative fuels, such as biofuels, compressed natural gas (CNG),
liquefied petroleum gas, and Ha [20,21]; 11) 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 1i1) 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



batteries) but induce pulmonary and neurological diseases in people involved in
the production chain [39].

8.4
10 @ g
8.1
=)
o °
= 84
E. - 7.8 N
0 ® O
Q ] 9
S 6 0]
] -7.5
o
o
g 41
i | 7.2
2" —=— Electric car| 6.9
—e—CO, :
T T T T T T T
2019 2020 2021 2022

Year
Figure 1. Worldwide CO:z emission from transport and global electric car sales (source [31,32]).
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Figure 2. Transport sector COz2 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 COgz 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 COz 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 CO: 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 COgz 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 COz2
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



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 1ts 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 1its 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 1in 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
CO2z capture methods and techniques that have reached a high degree of



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 CO:2 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 CO2z capture system proposed in
this thesis.

To accomplish this objective, the completion of three tasks is required: (1-a)
Identify all the COgz 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 COz capture and storage system.

One of the main limitations of implementing a CO2 capture and storage
system 1s 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 COg2 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 CO:z 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.



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 COg2 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 COz 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 COg,
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 COz 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 CO:2 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



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 COz 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.



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
CO2z emissions, thus reducing net COz 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 COgz capture in mobile
sources. The subsequent sections present the latest advancements in COgz 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



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

Figure 4 shows the COz capture costs reported in the literature. A decreasing
trend is evident in the COg2 capture cost as the CCR and the amine concentration
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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.

400
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CRI[%]| 90 | 60 | 73 [ 80 | 90 [ 60 [ 90 | 60 [ 90 | 60 | 90
Fuel | LNG Diesel LNG Diesel LNG

Amine | NH3 MEA Pz

Figure 4. Amine-scrubbing CO:z capture cost in the maritime sector (own elaboration, sources
[54,60,62,65,92]).
2.2 CARBON CAPTURE ON INTERNAL COMBUSTION ENGINES
VEHICLES

Integrating CCS systems in vehicles is especially challenging due to the
limited space available for storing the COgz captured and installing additional
devices required for this purpose. Moreover, the extra energy consumption
necessary for the operation of the CCS system could be a ballast to the ICE [94].
However, several research works and patents have been conducted on different
COz2 capture methods, such as oxyfuel combustion and post-combustion.

According to these works, oxyfuel combustion could be conducted by
membranes installed in the intake manifold, which separate the O2 from the air
[95]. However, the membranes are still underdeveloped to be a real application in
ICE. On the other hand, supplying a stream of O2 from an air separation unit is
more feasible for oxy-fuel combustion in ICE. Experimental tests developed on
engines show an increase of the indicated work of 7.8% with a 40% O2 in the
intake manifold and thermal efficiency of 42% with an EGR of 5% [96-98].
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Amine-scrubbing and temperature, pressure or vacuum swing adsorption are
the primary techniques used for COgz 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 COgz 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.

80
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D
o
1

20+

AC
Zeolite X13
Zeolite X13
MEA-Zeolite 5A-AC
Zeolite X13

Activated alumina

Biodiesel Diesel Gasoline
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-
CH32-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 COgz capture techniques. However, only two works on post-
combustion (one with adsorption and the other with TSA) consider sorbent or
amine regeneration and COg2 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 COz. 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 COgz capture technique, this thesis leans towards temperature
swing adsorption (T'SA) 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 kd/molcoz [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
COg2 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 COz 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 COgz capture. The TSA processes are
sorbent heating, CO2 desorption, sorbent cooling, and COz 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 COq
compression stage. Figure 6 shows the proposed CCS system.

Table 1. Engine Technical specifications.
BUS (M936G) [111] Ship (W9L46DF) [112]

Architecture In-line 6-cylinder In-line 9-cylinder
Displacement volume [L] 7.7 867.6
Brake Power [kW] 222 at 1950 rpm 10305 at 600 rpm
Specific Fuel 194 at 1950 rpm and 165 at 600 rpm and 75%
Consumption [g/kWh] 100% engine load engine load
—CO2
Qsen | | | Qdes ‘ W
| Compressor COx-Tank
LN N
—- eatin EG
[sorbent .:E;] > COz release J
| . Power CO2
Alr s EG Mz Ho, COz) ‘ + FG

- - -
CO: adsorption (sorbent) I—’

[« R s | Q'd l |'_ Qsen
es DryEG (N2, COz)}—— |

EG  (N)— Hz-::)_.__
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, H20, 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 (A7) represents
the difference between the EG temperature at the turbocharged outlet and the
reference temperature (25 °C). The regeneration heat for the sorbents (Qreg_sorb)
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is the sum of the sensible heat (Qs,,) and the desorption heat (Q4,.), Equations 3
and 4. The loading capacity (¢) and the AH,.; are shown in Table 2. the AT21n the
Qsen 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 COz 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].
Adsorption Heat  Loading Capacity Selectivity Specific Heat *Density

Sorbent  \H,a) [kd/molcos] (g) [kgooo/kgeommen]  COsN>  (cp) [kd/keK] (o) [ke/m]
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
) . 1
Qpc = Mg Cp—ke ATy @
Cp—EG = Xco, Cp—co, T XN, Cp-N, T XH,0 Cp-H,0 (2)
Qreg—sorb = Qaes + Qsen 3
. . . CCRxco,Mgg
Qreg = CCRxco,MpcAHge5 + Cp—co,CCRX o, MEcAT, + Cp_qas————— AT, (4)

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 WIL46DF engines, respectively. Meanwhile the power output of
the ORC (W,,,) is calculated using Equation 5. This equation incorporates the
remaining heat in the EG (Q,,,) as defined by Equation 6, considering an ORC
cycle efficiency (nggrc) of 20% [82,119].

Wout = 77ORCQ.1"em 5)
Qrem = QEG—Qreg (6)
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
COg density (pco,-1) of 762.6 kg/m3 under these conditions. The process begins by
calculating the mass of CO2 to be stored (m(,), 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
(mg,,) 1s divided by 4 (Equation 8), and the sorbent volume (V,,) is calculated
using Equation 9. Finally, the CO2 volume (V¢(,) 1s determined using Equation

10, and the approximate total volume of the CCS system is obtained by summing
the volumes of CO2 and sorbent.
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mcoz = 28800 CCR xCOZ anG (7)

Mco
Mgor = 4q2 (8)
mSOT
Veor = 9
ser pSOT‘ ( )
Mco,
Veo, = 10
€02 Pco,-L (10)

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 AT 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 COg
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

Engine EG Mass Sorbent Regeneration Heat Available Heat in the EG [kW]
Flow [kg/s] 90% of CCR [kW] 600 K 700 K 800 K

PPN 11.2

M936G 0.03772 MOF 7.3 13.4 18.5 23.7
713 10.1
PPN 2737.5

WIL46DF 12.3 MOF 2240.5 NA 6021.4 NA

713 3291.5

Table 4. Power produced by the ORC at low, medium, and full engine loads in each engine.
Engine M936G WIL46DF
Sorbent PPN MOF 713 PPN MOF Z13
W, at 600 K [kW] 0.434 1.219 0.661 NA NA NA
W, at 700 K [kW] 1.448 2.233 1.675 656.8 756.2 545
W, at 800 K [kW] 2.492 3.277 2.719 NA NA NA

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 COz 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).
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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 WI9L46DF engine.
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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.

Engine M936G WI9L46DF
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
COz2 Volume stored [m3] 0.147  0.147 47.815 47.815
Total volume [m3] 0.295 0.257 95.922 83.647

2.4 SUMMARY

The combination of a CCS system that uses TSA as a COz capture technique
and an ORC for efficiency improvement is a promising alternative for COgz 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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Abstract: The transport sector powered by internal combustion engines (ICE) requires novel ap-
proaches to achieve near-zero COy emissions. In this direction, using COy capture and storage (CCS)
systems onboard could be a good option. However, COh capture in mobile soures is curmently
challenging due to the operational and space mquirements to install a CCS system onboard. This
paper presents a systematic review of the C0y capture in ICE driven ransport to know the methods,
techniques, and mesults of the different studies published so far. Subsequently, a case study of a OC5
sysem working in an ICE is pesented, where the energy and space needs ame evaluated. The review
meveals that the most suitable technique for OO capture is emperature swing adsorption (TSA ).
Momeover, the sorbents with better properties for this task are PPN-6-CHa-DETA and MOF-74-Mg,
Finally, it shows that it is necessary to supply the energy demand of the CCS system and the option is
to take advantage of the waste heat in the flue gas. The case study shows that it is possible to have a
cathon capture rate above 8% without affecting engine performance. It was also found that the total
wviolume mequired by the CCS system and fuel tank is 375 times smaller than buses operating with
hydrogen fusl eells. According to the review and the case study; it is possible to run a CCS system in
the maritime sector and road freight transport.

Keywords: C0: emissions; carbon capture; internal combustion engine; mobile sources; TSA

1. Introduction

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

To achieve the Paris agreement objective to limit the increase of the global tempera-
ture under 2 °C [3], the European Union (EU) has promoted renewable energies, energy
efficiency, and fuel substitution policies [4]. These measumes have allowed expanding tech-
nological innovations to reduce the C0; in the energy, construction, industry, agricultumne,
and transport sectors.

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

These technologies have been insufficient to reduce the CO; emissions from this sector,
as is shown in Figure 1. However, the EU expects a substitution of internal combustion
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engine vehicles (ICEv) by electric vehicles (EVs) in urban transport from 2030, and it will
be anticipated CO; free city logistics in major urban centmes by 2050 [15]. Mevertheless, EVs
are far from replacing the engine combustion vehicles used in road freight transport due to
low emergy density and high weights in their batberies that result in low ranges [16]. On
the: other hand, according to the United States Environmental Protection Agency (US EPA),
lithium-ion batteries not only increase environmental toxdcity and cause global warming
(due to the material extraction for its manufacture and final disposal of the batteries)
but induce pulmonary and meurological diseases in peophe involved in the production
chain [17].
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Figure 1. 004 emissions from the transport sector in Evrope (source [18]).

Thevefome, if the transport sector wants to be fully CO; zero-emission, fechnological
innewations used i other sectors must be considened to apply in moad freight transport. The
carbon captume and storage (CCS) ®chnologies have been widely explored, but only some
have the potential to capture the CO: produced by ICEv used in road freight transport.
CCS systems have been primarily used in power plants because they are the predominant
source emitter of COy [19]. Untl 2019, there were 19 lange-scale CCS projects in operation,
4 installations are about to start, and 28 others are in various stages of development, with
an estimated COy captume of %6 Mton per vear [20], cormesponding to (0.3% of the total COy
emigsions for 2017, In addition, 100 smaller-scale projects are currently ongoing [21].

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

In addition, the selection of a CCS system to operate in the transport sector will de-
pend on the end-use of the C05 captured onboard. The possibility to produce synthetic
merthane bo be subsequently used as fuel in the internal combustion engine (1CE) should
be contemplated if a decarbonized and circular economy is pursued. The generation of
synthetic methane combining electrolytic Ha from enewable electricity and CO) captured
from an exigting source is a promising Power-to-Gaz (PTG) technology due to its ver
gatility [22-27] and the possibility of being integrated into the current NG supply and
distribution system [28]. In addition, as several studies have shown [29,30], the vehacles
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that operate with this kind of fuel produce kess noise and near-zero particulate matter
Integration of COy captume in synthetic methane fuelled engines would close the circle and
mowe the ICE viehicle sector towards COp emisgion meutrality, which will counteract the
problems noted above [31-33]. To sum up, the integration of CCS in the transport sector
could be an excellent way to keep the existing ICE in the market under the upcoming
near-wero T emissions scenarios with zero presence of fossil fuels

This paper aims to ascertain which CCS technology already tested in power plants
best adapis to the operational characte nstics of an ICE used in maritime and road freight
transport. First, a short review of the CCS technologes used i power plants 15 presented.
Then, a review of patents and research studies on the CCS systems and techmigques in the
transport sector s conducked. Fimally, a case study is developed to anbicipate the energy
and space requirements of the CCS system integrated into commercial I1CEs for maritime
and road freight transport. This paper toes to contribute to the state of the art of CCS
with a critical and comprehensive analysis of the possibility of performing COq capture in
mobile souroes.

1. Carbon Capture and Storage

CC5 refers to many technologies that capture COy at some stage of a combustion
prooess or an industrial process that produces COg as waste [34-36]. In the first case,
the COy capture can be carmed out after the combustion process (post-combustion, oxy-
combustion and chemical looping combustion) or before the combustion process (pre-
combustion), as represented in Figure 2 [37]. The higher the partial pressure of C0g in the
gas, the better the efficiency of adsorption or absorption of COy [38,39].
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. 2] -
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— — A~ > L I
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Figure 2 CC5 methods (adapted from [37]).

In post-combustion, the captum occurs at a CO; low partial pressure, while capturing
through oxy-combustion, pre-combustion and chemical looping combustion (CLC), whiose
aim is to increase the OO0y concentration in the flue gas (FG), allows a higher partial
pressure of CO in the gas. However, to imcrease the CO; concentration, it is necessary to
use additional equipment such as meactors or air separator units (ASL), which requines a
large amount of power, thus decreasing the overall efficiency of the process [40]
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In mobike sources as ICE drven ships and vehicles, the COq captume could be done by
the three CCS methods shown in Figure 2. However, the CO; capturme in post-combustion
is the predominant method by the natume of the powertrain used in this sector. According
to Wang et al. [41], the main techniques that could be applied for CO; captume in maritime
transport are aming-absorption, femperatume swing adsorption (TSA), aryogenisation and
membrane processes. On the other hand, according to Sullivan and Swvak [42], the most
promising 0% captume technologies for the freight transport sector ane amine-absorption
and TSA. A short eview of these techniques used in CCS is presented below.

2.1 Amine-Absorption

COy capture by amine-absorption is the most mature and economical technology
available today wsed in power plants [43]. According to Joel et al, Salazar et al. and
MacDowell et al. [37,44,45], the installabon consists of two interconmected columns. In
the first column or absorber, the amine absorbs the COs from the FG in a counte -curment
reactor at temperatunes between 40 and 60 *C and pressures around 1 bar. The clean FG
leaves the absorber from the top, while the solution nch in COy 8 pumped from the bottom
o the second column or stripper, whene it is heated at temperatumes between 80 and 120 °C
with steam coming from the reboiler at 2 bars of pressure. This meaction breaks the chains
between the C0y and the amine, and the €05 15 released while the amine remains clean.
Then, €05 is compressed and stored, and the lean solution is repumped to the absorber in
a cycling process, as shown in Figune 3 [46,47].

Fhie e [CUH
'-_l
Laan Rich
sohvent

Ahsarber
. |
T |
=

— sl

Siripper

L— 1
Flue gas Rich
solvent
- Lean
sobvgnl Rebollber

Figure 3. CC5 capture with sohvents (adapted from [48,49]).

Absorption by amines causes a reduction of approximately 10 points in the overall
efficency of a power plant (theme are still no experimental data of mobile sources) [50,51].
This reduction 15 caused by the vapour extracted in the turbine during the regeneration
process and the energy consumed by pumping and compression (parasitic loads), as shown
in Figure 3 [52,53]. The required properties of amines to be used in mobiles sources should
be low absorption heat, to lessen energy mequinements, and high CO; loading capacity (g),
to minimize amine mass in the CO; capture. Table 1 shows some amines with suitable
characteristics for the capture of CO% in mobile sources.
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Table 1. Amine main properties at 300 E, with great potential to be used in mobiles sources.

Rate Constant Absorption Heat Loading Capacity {g) Amine in the
Solvent Reaction {AH,p,) Solution [wi%]
[m/kmol-s] [k)/molng ] Imolrpomolmme]  [moloos'Lamime! :

Ethanolamine (MEA) 8400 [54] _88.01 [55] 0.59 [54] 0.77 30

Diethanclamine (DEA) 1340 [54] —70.44 [55] 0.61 [56] 632 30
Ammonia (WH;) 7500 [F7] _65.5 [55] 0.4 [5061] 16 25
Piperazine (Px) 53,700 [62] —80.58 [54] 0.81 [56,63] 1034 30
Methyl diethanolamine . ol TR
(MDEA) 1115 [64] —52.51[56] 0.74 [45] 6.51 30
Main problems with the amine-absorption include the degradation in operation at
high temperatumes and the need to make the FG free of acid emissions (505 and NOk) and
particulate matker [66,67] The amines are chemically unstable and highly corrosive in the
presence of oxygen. Due to their high viscosity, aqueous amine solutions at a maximum
concentration of 40wt [55] ame used. One should not forget that amines are towdc to
aquatic organisms and react with NOx producing cardnogenic compounds that affect
human health [68,69].
2.2 Adsorption
The adsorphon proocess 12 based on an intermolecular relationship among surface
foroes in solids and gases, largely dependent on the temperature, partial pressure, surface
foroe and adsorbent pome sizes [46,70]. Several matenals have an excellent potential for this
process, Le, Adivated Carbon (AC), seolites, alumina, silica adsorbent, carbon nanotubes,
porous polymer networks (FPMNs), metal-organic frameworks (MOFs) and others [71-74).
Furthermore, materials can be improved with the impregnation of amine sorbents [75].
The adsorption process cannot be used if there ame high concentrations of CO5 in the FG
because of the general low § of the sorbent, as shown in Table 2, but it is adequate for
concentrations under 200 [76].
Table 2. Properties of materials used in adsorption.
Adsorption Heat Loading Capacity (g} Selectivi cific Heat * Densi
Sorbent (AH,40) — i ol ?rF:] kgl () (kgfm’]
(k] gyz ] | [molons Ly st il
Palyethylenimine /silica .

{PELJHMS) [77] as.04 0059 - 161 -
],FN-‘EE‘%I%ITEW& 4822 s e | = 10,000 LR bE3H
P'“—‘"%‘i‘__!i}“”’" 532 0112 204 >10,000 0985 805

FEFF5-50 [79] 704 01z76 - 165 N
Zeolite (130) [B0,81] 07 0176 16 1745 T 1430
MOF74- Mg [7375] A (12284 175 ] A% 149

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

Omee of the technigques with the most significant potential to captune CO; in ICEv 15
adsorption. Specifically, the TSA techmique 15 the most smitable process due to the high
thermal energy available in the FG in ICEv. TSA is a cyclic process that has four stages, as
shown in Figume 4 Initially, the C05 adsorption oocurs at low temperatunes (approcimately
30 °C). Then, the sorbent bed 15 heated until the desorption temperature (around 150 *C).
Themeafter, at this temperature, the sorbent releases the retained COs.. Finally, the bed is
cooled to start another cvcle of adsorphion [82-85]. In general, the main hmitations of thas
process are the reduction in the adsorption capacity when the FG stream is wet due to
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the hydrophilic character of the materials [56] and the low g (Table 2), which necessitabes
a large amount of material to achieve more quantities of captured OO0y, However, the
adsorption process can be adapted to several operation conditions because of its flexibality
to configure the reactors [86-88].

| Heating |-'

4
-«-C0z— Desorption Adsorption [—FG—
: 4

- Ct}Dliﬁg Clean FG—m-

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

2.3. Carbonate Looping

Carbonate Looping (CL), epresented in Figure 5, has been widely investigated for
C Oy capture, and COy captures up to 90% have been experimentally achweved [59]. The
process involves reacting the FOG with Ca( at 650 *C and atmospheric pressune to obtain
calcium carbonate CaCO5 and FG without CO4 [90]. The Cal0y is carmed to a second
meactor where it is calcined at temperatunes above 900 *C with pure oxygen, fuel and CO;,
and regenerate sorbent (Cal)) is produced [#0,91]. This technology is very adv antageous
because it can also work for thermal energy storage. The calcination of solid CaC0s with
conaentrated solar energy produaes OO0 and Ca0, which are stored for subsequent use [92].
However, this process requines high levels of energy consumption im the ASLU to supply
pure O,

Flue gas
|

L 3>
[ (%]

—CaO3—p -

Flue
gas

L»

Figure 5. Scheme of the CL process (adapted froms [90]).
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24. Membranes

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

Several studies have tesked the use of advanced materials, such as graphene, as fillers
in a polymer matrix for separation [%8] or have shown that a cascade configuration for
compressors improved the energy consumption by achieving an increase in the effickency
of 3.8% with 70% €Oy separation in mal-simed power plants [99]. Mathematical simulations
of multi-stage membrane networks for coal-fined power plants [100] have shown that the
optimal configuration is a three-stage configuration with a 989 rate of CO; capture.

As this technology is in its first stage of implementation, the only applications have
occurned at a lab-scale, so that the behaviour at a pilot-scale and full scale emains un-
known [66]. Ongoing research is attempting to overcome the capture ratio, which cannot
attain good values in only one membrane stage if the concentration of CO4 is high. For
example, for a typical concentration of a coal power plant of approsimately 15%, multiple
stages of membrames are wequired, increasing the operational cost [100, 102]. However, com-
pared to the absorption process with MEA-scrubbing, membranes ame still not competitive,
as they need 2.3 times the cost of the operation, according to Jafari et al. [102]. Thenefome,
sevieral authors have suggested that reducing the price of the membranes would have a
significant impact due to the large area required to deal with typical gas flows [104].

2.5. Other Forms for CCS

There are other methods for €05 capture that could be excellent altlematives to the
previcusly described methods if the experimental stages ane completed. Cryogenic CO;
capture has been able to accomplish a CO; capture of approximately 99.99% [105]. Song
et al. [106] describe seven methods (cryvogenic packed bed, external cooling loop crvogenic
carbon captume, anti-sublimation, aryogenic distillation, controlled freezing zone, cryoCell
process and Stirling cooler system) for procesging. The main problem with the cryogenic
process is the high energy consumption requined to keep the temperatures or to increase the
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pressunes [106], and complications for the CO; depositions over the heat transfer surface
below 1ts triple point (517 kPa and 56.6 “C) [107]. The bio-fixation of CO with microalgae
for biodiesel production is a methed that takes adv antage of the high photosynthesis rabe
of microalgae. The process consists of passing the FG through a microalgae crop in the
presence of solar radiabion so that the microalgae capture the CO5. Moneover, this process
i5 advantageous because it could be used in parallel with wastewater treatment and thus
could mesult in a double benefit [108].

3. CCS in the Transport Sector

The applicability of the OOy captum techniques in mobile sources, specifically in ships
and ICE vehicles, faces several challenges, such as space limitations, natural conditions of
operation (Le, rapid acceleration and deceleration), energy requirements for additional
devices, low concentrations of CO5 and low pressumes in the FG [42]. In particular, the CO»
captured {as liquid) storage requins a tank three times larger than the fuel tank because
the CO; production in mass is thmee times higher for a mobile source that operates with
diese] or gasoline [41]. Several studies of CCS systems mounted in ships and 1CEv with
the CO; capture techniques have been developed previously. These approaches have
been conducted from different perspectives, such as economic evaluations, operational
conditions, simulations, and experimental oxy-fuebcombustion in ICE, pre-combustion,
and even COx bio-fixation. The following sections ame focused on the state of the art in COy
capture from mobile sources as shown in patents and hiterature souroes,

3.1. Maritime Sector

Shipping i= the most efficient mode of transportation from the energy point of
wview [109], and their GHG emissions represent approcamately 29 of global emissions [110]
In 2118, the International Maritime Crrganzation (IMO) established a reduction of at least
507 C0; by 2050 as an objective [111]. CCS is an excellent way to achieve this goal, in
addition to other technologies to reduce CO5 emissions, such as hull air lubrication and
wind-assist [112]. Furthermon:, CO; capture in ships is operationally advantageous, as
engine loads and velocity ame usually constant. These conditions produce constant con
centration and FG mass flow (suitablke for amine-absorption), and there is available space
to install CCS systems. Moreover, it has also thought to perform research into storing the
0 in the Liquified Natural Gas (LNG) tank when it is empty, taking advantage of the
temperature and pressure conditions for the LNG storage. [t would allow higher cango
space on the ship and, thus, mome economic benefits of the CCS system. Table 3 summarises
the recently published studies about COS in the mantime sector reviewed i the following
paragraphs.

Table 3. Main mesults of Ty capture in the maritime sector.

Ref. Method C0; Technigque Dhetail Analysis Main Results
[113] Postcombustion  Amine-absorption ME'?C?‘T :gﬂ?ﬁ" Economic € 73 per ton of captured C0y
Pz is 3% more economical
than MEA
MEA at 30wt e Desorption pressure with Pz
[114] Posteombustion Amine-absorption Pz at 30 wi¥ '['ed:u'ucal 'md at 5 bar
CCE 60 and 90%. oo Desorption pressure with
MEA at 2 bar
0 storage at 11 bar
. . . MEA at 35 wi . 7756/ ton COy at 73% of CCR
R ~, ~
(115 Postcombustion  Amine-absorption g 2 oo, Feonomic 163 €/ton CO4 at 90% of CCR
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Table 3. Cont.
Ref. Method Cz Technigue Detail Anal ysis Main Results
CCR 935,
Ohperational costs decrease
fachnical and when investment is lower
[115] Posteombustion Amine-absorption MEA at 35 wi: : than 710,000 USD/ MW and
economic . - .
the C(y emission tax per unit
miass is higher than
32 USD/ ton
CC5 system requines 24 m?
- . - . Technical and Operating cost incremnent of
7 .
[117] Posteombustion CL MaOH and Ca(d J— 10.6 and selling the CaCO;
of £.8%
MH; at 3.5 and Raboiler snergy consumption
[115] Posteombustion Amine-absorption 41 with Energy is 6.3 and 4.5 M]/ kg O at
CCR of 75% 3.5 and 4.2 with of NHy
MNH; between 4 . .
. . . , . Reboiler energy consumption
Yot o ; ,
[119] Postcombustion  Amine-absorption a'r_}l;:;]{ﬂ;;ﬂf‘u Energy decrease 28.5% for 4% of N,
MaOH flow rate required was
[120] Posteombustion CL Na(OH and Cald Technical 1252 tons/ day
CCR of 20%
- o —
[121) Posteombustion Amine-absorption MEA at 35 wit% Energy CLR TL?&?&;;UPLLM
. CCR of 12.2% for 2030
o
(12 Posteombustion Amine-absorption MDP"; att-;_l:* and Technical CCR of 34.8% for 2040
@ars CCR of £8.35% for 2050
CCR of 7%
[123] Posteombustion CL MNalOH and Cal(d Life cycle Life eycle cost is 40% minor
than the base configuration
- . . . . Reduction of 98% of GWP20
[124] Pre-combustion Electromethanol Hymethship Life cycle . and GWP100
K2C0y raw and on o it T
[125] Posteombustion Adsorption an alumina base Technical CCR. of 43% writh K_‘CG:"
and support supported on an alumina base
CCR of 30% with K2O0y
g supported on an alumina base
[125] Posteombustion Adsorption K3 CO; supported Energy Carbonation and mgeneration

on porous alumina

temnperatures are 60 and
120 *C, respactivaly

The maritime sector has focused on investigations on simulations of COy cap-
ture employing amine-scrubbing, being the MEA, the Pr, and NH; the amines more
used [113-115,118,119]. These research works evaluated mainly the CO; capture costs and
the heat duty im the meboiler varying the CCR, the amine concentration in the solution, the
pressure of C0; compression, among other variables. As shown in Figure 7, the higher
the amine concentration in the solution, the lower the heat duty in the eboiler It can be
explained because there 15 an increase in the C0; loading in the solubion, and thenefone,
there is a lower mass flow of solution for the same CCR, which produces a decmease in
mequired heat duty in the reboler
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Figure 7. Heat duty in the reboiler (own elaboration from sources [113-115,118,119]).

Figume 7 also keads to predict that an increase of the CCR produces a rise in the heat
duty in the mboiler. The absorption heat rules this behaviour because if more CO; s
captured, it will need more energy in the stripper to clean the solution. Consequently, the
COy capture with MEA at 30 wi pmesents a higher heat duty than Pe at 30 wit% due to the
higher absorption heat of MEA than the Pe. The influence of the fuel 15 also represented in
Figum 7, and it can be found that with Pz at 30 wt, heating requirements are higher for an
ICE fuellked with LNG than an ICE fuelled with diesel because them 18 kess C05 emission in
an ICE fuelled with LNG. Finally, the gathered results show that the NHz requires 3 times
less solvent in the solution and 2.5 times kess heat duty to achseve a CCR of 909

Regarding the OO capture costs summarized in Figure 5, there is a decreasing ten-
dency as the CCR and the amine concentration in the solution increase. The most affordable
COy capture cost is with Pz at 90% of CCR and with the engine fuelled with LNG, the
value found 15 close to 100€ per ton of COy. It is also observed that the C0; captume cost
with diesel 15 the costhest, mainly dwe to the higher price of this fuel relative to LNG. Fang
et al. [116] also found that a ship operation with a CCR of 93% in the CCS system mequired
an investment of 710,000 USD /MW,

Stec et al. [121] showed the influence of atmospheric conditions in the amine-absorption
with MEA at 30%. The results show that CCR ranges from 31.4% in arctic conditions to
56.5% in tropical conditions. The higher CCR under tropical conditions can be explained as
mone waste heat from the FG is recovened, leading to a high OO0 capture. In addition, Lee
etal. [122] studied the scenarios of OOy duction established by the IMO (45%, 2000, 55%
M0 and 70% 2050) [113]. The simulation considered a blend MDEA at 22 wit%: amd Pz at
8 wi¥h as amines in the CCS system. The mresults show a reduction of CO% i the maribime
sector of 12.2, 34.8 and 68.3% in 2030, 2040 and 2050, respectivelyv. These values of COg
meduction ane lower in 2030 and 2040, but in 2050, the CO, reduction value is bamely lower
than that established by the IMO.
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Figure 8 C0h captume cost using amine-scrubbing in the maritime sector {own elaboration from sourees [113-115,118,119]).

The second techmique dealt with in the liferature to capture CO4y in the mantime
sector is the CL. Research shows that it 1s possible to obtain a COCR between 20 and
55.6% [117,120,123]. The operational costs of a ship with a CCS system would suffer an
increase of 10,6% that can be reduced to 6.8% after selling the CaCO5 produced in the
COq capture process [117]. However, the life cycle costs can be reduced by 40% compared
to a ship without a CCS system [123]. The third technique used in the maritime sector
iz the adsorption with KOO supported on an alumina base. Some experimental tests
were carned out with a synthetic composibion of FG of a manne diesel engne, obtaining a
maximum CCE of 43% using a sorbent with a 3.6 wt of K;C05, making the carbonation
and regeneration processes at 60 and 120 °C, mespectively [125,126]. Finally, the last method
of T capture in the maritime sector found in the hierature 15 proposed by Malmgren
etal. [124]. It consists i capturing the C0 onboard, transporting it to the port, processing
it tor comvert inko methanol, and then processing this into the ship through a precombustion
process to obtain Hs (as a fuel of ICE). The life cycle assessment shows that it 1s possible to
mduce climate change variables GWP20 and GWP100 by 98% and the particulate matter
by 88% compared to a ship without the CCS system

The research works found in the literatune show that the COg captume in the maritime
sector is done chiefly using amine-scrubbing. This inclination in nesearch could be due to
the hagh industnal development that this type of CO; capture technology has and the high
availability of space on ships for its installation. In addition, a consensus in using waste
heat from the FG to supply the enengy requined by the CCS sy stem was found. Additionally,
for the ships that operate with LNG, it is developed to take advantage of the available
heat cooling to hquefy the CO5 captured. According to the review, 1t 15 clear that the C0;
mduction established by the IMO cannot be achieved without a CCS system in the ships.
Finally, it is necessary to develop experimental tests to verify all the information provided
by the authors, thus trving to close the gap and make the CCS systems in the maritime
sector reality.
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3.2 Intermal Combustion Engines Vehides (ICE)

The CCS in vehicles i especially challenging due to the space available for installing
divices and store the C0; and the addibonal energy comsumphion of the system requimed
for COy capture [42]. In this section, a review of patents and mesearch summarized in
Table 4 is conducted, focusing om the CO; captume techniques and procedures and the extra
components in the CCS system to operate,

Table 4 Main results of Ty capture in [CEw

Rei. Method C0n Technique Dretail Analysis Main Results
[127] Oxy- f'u.r.-l ICRC 02, a.nd T.-;ah:r Modelling Demonstration
combustion injection
SI-ICE, fuel CyHg, . -
. Crey-fual S ! Increase in the indicated work
[125] comibustion ICRC 2000 rpm, 409 of Performance of 7.8%
SI-ICE, fuel CiH, L
i, Ohey-fuel S ' A 2% reduction in the
[129] combustion IERE hoa FP?}; A% of Performance indicated work
. . Choy-fuel Intake charge ECE. SFICE, fuel CHj, -
301321 bustion and COy 35.4% of O, % Performance IMEP: 9.6 bar
40 kW of brake power with a
[133] Chey-fuel Intake chargeand & jep p) dipee)  PETOTIARCE o e ion 72 O ratio 15
combustion 0y sirnulation ; -
compression ratio 22
Ohey-fusel Performance ELR 5
[134] 'Dttﬂ:;uil'i.ml ICRC SEICE simulation Thermal efficiency 42%
I ' CFR 26.4%
_ Chey-fuel ICRC with EGR . . Indicated work is increasad
[135] combustion B0 SI-ICE fusel CaHg Performance by 7.8%.
CCR of 90% regeneration
CIICE, fuel dissel, energy 22 KWh with MEA
) ) . MEA 30wt . ) CCR of 80% regeneration
[13&] Post-combustion  Amine-absorption DMEA 30 wi', Energy . + 0.7 KWh with NH;
NHa 30wt CCR of 90% regeneration
energy 1.1 kWh with DMEA
- ) Adsorption Ford F-250 and P Ford CCR 10%, solid sorbent
[157] Post-cambustion Absorption Toyota Camry's Technical Toyota CCR 25%, sobvent
[135] Post-combustion Absorption Valvo I;a;}*—duq,' Technical CCR 40%
Diiesel operations CCR 11.45%
CI-ICE, fuel diesel with caleite and CCR7.29%
) . and Biodiesel, AC P with AC
[134] Post-combustion Adsorption and Calcite as Technical Biodiesel operation: CCR
sorbents 15.79% with calcite and OCR
11.76% with AC
CI-ICE, fuel diesel
and blends of
KOME, orange ail, Madmum CCR 65% with
44 ) . acetone, ethanol or P zeolite X13 CHICE fuelled
[140-142] Post-combustion Adsorption butanol ar Technical with KOME, orange il and
pentanol, sorbent methanol
AC and feolite
X13
CFICE, fuel diesel,
[143] Post-combustion Adsorption Sorbent feolite Technical CCR 45%
X13
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Table & Cant.
Ref. Method T Technigue Detail Analysis Main Results
SI-ICE, fuel
. . gasoline, sorbent e o ot
[144] Post-combustion Adsorption blend of MEA, Technical CCR 68%
zeolite 5A and AC
SI-ICE, fuel
[145] Post-combustion Adsorption gasoline, sorbent Technical CCR 70%
zeolite X13
SI-ICE, fuel
[145] Post-combustion Adsorption gasoline, sorbent Technical CCE 38%
PEls
SI-ICE, fuel
[147] Post-combustion Adsorption gasoline, sorbent Technical CCR7.6%
activated alumina
CHCE ﬁ'""! diesel, It is possible a CCS system
ORC ing in CLICE f
. . . implementation, . . cperafing in L+ 0% for moad
[145] Post-combustion TSA 5 A ' Simulation freight transport without
PPN-6-CH2 TETA, affecting the engine
CCR 90% pertarmanes
) Synthetic FG, - . o
[149] Post-combustion ;bdso‘q:n.m MNaOH and Technical With NEEUCL_R Too% fior
sorption Ca(OH), 70 min
Heavy duty
[150] Post-combustion H2 Injection wehicle, Simulation CCR 75%
Membranes
H2 Injection SI-ICE, fuel CHy
[151] Post-combustion mrﬁs operating at Technical CCR 3.88%
’ 2000 and
— ) . . CI-ICE, fuel diesel . Mo reported some parameter
[152] Bio-fixation Microalgae and biodiessl Technrical of CO, reduction

The CCS methods used in ICEv, as found in the hteratume, are ;oy-fue] combustion and
post-combustion. According to several patents, oxy-fuel combustion could be comducted by
membranes mstalled i the intake manifold, which separate the O from the air [153-155].
Perovskite membranes can perform this separation of O from the air, but these membranes
mquare high temperatunes {approximately 800 *C) to obtain an adequate ony gen fow for
the combustion process [156]. This techmique is not suitable for ICE because the admission
syvstem will need high-temperatune materials and a robust cooling system to increase the
Oy densaty, resulting in higher costs of the ICEw

Another form to achieve oxi-fuel combustion in ICE™s is including an internal com-
bustion Rankine cycke (ICRC). This cyche involves imecting fuel, O, and water vapour (to
limit the peak emperature in the combustion prooess) to obtain only €04 and water in
the FG [127-135]. The experimental fests developed on the engines working in oni-fuel
combustion evaluated the performance and emissions parameters varying the EGE, Oy
concentration, the charge temperatune in the intake manifold, compression ratio, among
other vanables. Obtained results show an increase of the indicated work of 7.8% with a
40%: 7 in the intake manifold and thermal efficiency of 42% with an EGR of 5%. There 1s a
decnease in the total by drocarbons and CO emissions using wet EGE and an increase of Oy
in the intake charge, and the NOx emissions present a reduction using wet EGE.

The second CCS method used in ICEv is the post-combustion capture.

Although membranes and microalgas bio-fivation echniques can also be found in
the literature, absorption and adsorption are primary methods to capture CO;. Research

30



Energies 2021, 14, G865

14 of 30

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

The adsorption has been more investigated than amine-scrubbing to capture CO;
in ICEv. Several mesearch works have evaluated different sorbents in SFICE and CEICE.
The experimental tests wene carried out with a sorbent bed installed in the exhaust gas
pipe [139-147]. Figure 9 shows the mesults of CCR obtained by these mvestigations. As can
be seen in this figure, the Zeolite X13 has the best performance with CCR values above 607
independent on the kind of ICE used. The sorbents impregnated with MEA alzo had an
excellent performance regarding CCR, showing values close to the obtained by the aeolite
X13. Both results are a consequence of the high CO;z loading of zeolite X13 and MEA, which
improves COz capture when impre gnated in sorbents.

Bicdiesel | Diesal | Gasoline

Figure 9. Feported CCR values with several sorbents (own elaboration from sources [139-147 ).

It also was found a patent and a private development of CCS systems by adsorphion
in ICEv by the company Saudi Aramoo. According to its website [137], the CCS system by
adsorption (2011) consisted of integrating a solid sorbent into a Ford F-250 pickup truck,
achieving a captured 10% of the CO; emizsions. The patent considers using the thermal
energy from the FG o egenerate the sorbent and the thermal energy in the cooling engine
system to compress the COp [160].

A complete study of the CCS system was performed by Sharma and Maréchal [145].
They made simulations of a TSA svstem with PPN-6-CH, TETA as sorbent, a rotary wheel
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adsorbed for the process of regeneration of the sorbent and desorption of the C04, an ORC,
and heat pump for the energy equinements, and a CCR of 90%. The CO; captured comes
from a delivery truck that consumes 50 L of diesel and produces 117 kg of CO; during 8 h
of operation. The mesults show that it is possible to conduct the COs captune only with the
energy supply by the FG. Although it 18 a comprehensive study, it does not consider the
rpm and load engine variatioms, which could affect the performance of the CCS system
proposed.

Devices that allow the use of solvents or sorbents for OO0y capture are also re-
ported [149,161]. These devices achieve a CCR of 100% for periods of 70 min. However, it
then drops to zero after 220 min of operation. Another COy captume technique proposed in
post-combustion is the use of a high flux MFEAumina Hollow Fibers membrame. Accond-
ing to the simulations performed by Pera et al [150], up to 75% CO; can be captumed with
a 95% purty if a cascade of two hollow-Abre units is used.

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

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

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

4. Case Study

The transport sector of long distances will continue operating with the comventional
combustion processes to obtain power. On this basis and considering the current develop-
ments in CCS technologes, there are significant opportunibes to implant these technologes
in ICE onece the main challenges related to the operational characteristics have been over
come. After the eview conducted in this paper, the TSA method 18 shown as the most
suitable for COz capture in ICEv, but some research megarding practical and operational
isgues 15 lacking, This section estimates the enengy and space requiements to install such a
CCS system without affecting the engine’s performance.
4.1 Engine Sefection

Two commercial engines used for road (bus) and maritime transport (ship) operating
with CNG or LNG ame selected. The engines are four-stroke, water cooling, turbo charged

with aftercooler and multipoint fuel injection. Tabke 5 summarizes the main technical
nformation of the Eng'.'ru-:s.
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Table 5 Technical specifications of engines.
Engine BUS (M936() [162] Ship (W9L46DF) [163]
Architecture In-line f~cylinder engine [n-line % oylinder engine
Intake Wastegate Turbocharged with Turbocharged with
Aftercocler Aftercooler
- Multipoint—Stoichiometric _—
[njection combustion Multipoint
Displacement volume [L] 77 BA7.6
Brake Power [KW] 222 at 1950 rpm 10,305 at 600 rpm
. - . 0.361 at average velocity of
T . -
Fuel Consumption [kg/ km] 2075 ke, b [164] NA
Specific Fuel Consumption 154 at 1950 rpm and 100% 165 at 600 rpm and 75%
[g/EWh] engine load engine load

4.2, Sorbent Selection

The sorbents selected for the case study should have low megeneration energy and
high § and CO5/M; selectivity. From the data in Table 2, the sorbents with the best values
of the properties mentioned above are: PPN-6-CHz- DETA, MOF-74-Mg, and Feolite-X13.

4.3 CCS5 System Desoription

As previously set, a CCS system with TSA for the C0; capture operating in an ICE 15
considered. The CCS system will use the residual heat from the FG to increase the sorbent
temperature and C0; desorption. The emaining thermal energy in the FG is transformed
into mechanical energy to produce power for the CO; compression using an ORC. The
ORC is one of the most studied and developed methods for that purpose [165]. In addition,
this process produces the FO cooling, thus reducing the required power to finish cooling
the sorbent, which is necessary for the adsorption process of CO;. Figure 10 shows the

sketch of the CCS system proposed.

. . 0z
f‘:lh.zulmg I I IQIdt:unvu.lr.:lhhm.‘
I
—pe=| Compressar Cio:-Tank
HVH W | P
::n-‘i?:]flgc?q F COz release | J
-- Fower 4 Oa
FG [Nz, Ha, COap * -r FG |
- - -
CO: adsorption I}MT_"I I—}- |
Cooling ORE $ —E:’”m_
| | |
u 'ﬂ'- P y— _r;'lﬂdrv"ptmn B I:It:wf-!r.l‘-_;d
Dry FG (M2, COz

FG i p——p

HzO »

Figure 10, Mass and energy balance of the CCS system proposed to operate in [CE.
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Initially, the CCS system will be considered to work with a CCR of 90%. Suppose the
CCS system does not get to operate at a CCR of 90% without energy penalties. In that
case, the highest CCR for each sorbent will be calculated, following the same procedure
developed previously. Finally, with the results obtained before, the CO5 volume stored and
the sorbent volume in the TSA process will be calculated. Caloulations ame described in the
following sections.

4.4 Energy Balance

It 15 assumed that the engines will be fuelled with CHy with a storchiometnic combus-
tion process (air-fuel ratio of 17.13). The species in the FG will be only C0%, Hz O and MNa.
The energy analysis for the engine MI360 will take three emperatures corresponding at
lowy, medium, and high engine loads as eported in research works (600, 700 and S0 K) for
turbocharged SI-ICE [166,167]. The energy analysis for the maritime engine W9L46DF is
done at 75% of engine load and 700 K FG temperature. Finally, the reference emperature
taken for the caloulations 15 300 K. The mass fractions of the speckes in the FG and specific
heats at the evaluated temperatumes (obtained from the software EES) ane histed i Table 6.

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

Species Mas[;]l:[r::itlun cfk};ﬂ:( cfkat T K c‘F at 800 K
£ VkzK] kJ/kgk]
C0xy 0.1514 1.ors 1126 1168
H, 0O 01239 1954 2.08 2147
I3 07245 1075 1098 1122

The available thermal energy is caloulated at the turbine outlet of the SEICE (Equation (1))
As can be seen in this equation, 1t 18 necessary to obtain the FG mass flow, which 15 the sum
of the air and fuel mass at the engine inlet. In the marine engine, this value is brought by
the datasheet and, in the engine, it 15 the product of the fuel consumption per the average
velodty (see Table 5). In addition, it is necessary to obtain the specific heat of the FG (cp—p )
(Equation (2)). Finally, the difference temperatume (AT) is the difference between the FG
temperature in the turbine outlet and the eference temperature.

Q = IHFEEP_}.:.E':T ﬂ}
Cp—FG = Xooy Cp—coy + X, Cp—ny, + XH,0Cp—Hy0 (2)

The regeneration hieat for the sorbents {Q,,g_m,b} 15 the sum of the sensible heat

(Dspn ) and the desorption heat (Qges) (Equations (3) and (4)). The AT in the Qg takes
into account a desorphiion temperature of 150 °C eported in the literature as a suitable
temperature for the sorbents [73,165], and it is assumed an adsorption temperature of 30 °C
The desorption heat of the sorbents is taken from Table 2. Table 7 shows the results found.

Qaeg —gorh — ':'drs T ':'sen i3)

: ) ) 0.9% M
Oreg_srd = 09, peAH s + €0, 09X 00, ltp AT + r:p_m%m i4)
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Table 7. Regeneration heat at 9%, of CCR for each sorbent and available heat in the FG at low, medium, and full engine load.

Awailable Heat [KW]

- Fi: Mass Regene ration Heat for
E &
mgine Flow [kgs] Sarbent a CCR 90% [kW] 600 K 700K 500 K
PPM-6-CH-DETA 112
Moasi 003772 — [ 124 185 A7
MOF-74- Mg 7.3
Zeolite X13 1a.1
PPM-6-CH-DETA WIS
WoL46DF 123 MOF-74-Mg 22405 NA £021 .4 NA
Zeolite X13 32015
Finally, the energy analysis is completed obtaining the power consumption to com-
press the COb. To obtain this, Arstly, the power output of the ORC (W) (Equation (5)) 15
calculated. This equation takes the emaining heat in the FG (O, ) (Equation (6)), and an
ORC cycle eficdency of 20%, that according to the literature, is the average value of ORC
cvcle efficency working in ICE [169,170]. Tables & and 9 show the results of the lel and
Wy for each sorbent at the different evaluation temperatunes.
Wot = Jore Qrem (5)
Drem = Qg Q.I’{;? (6)
Table B. Remaining heat in the FG at low, medium, and full engine load for both engines.
Engine MO36G WOL4sDF
Sorbent PPMN-6~-CH-DETA MOF-74-Mg Leolite X13 PPM-6-CH-IVETA MOF-74-Mg Leolite X13
QM—“-[ ‘j:,flm K 2160 £.094 3.303 NA NA NA
Qm[ Eﬂfrm K 7.238 11163 5373 3253.9 W7E0.9 %7299
QM—"-[ Eﬁ?ltx] K 12460 16,385 13.504 NA NA NA
Table 8. Power cutput of the ORC at low, medium, and full engine load for both engines.
Engine MO36 G WOL4sDF
Sorbent PPMN-6-CHz-DETA MOF-74Mg Leolite X13 PPMN-6-CHz-DETA MOF-74-Mg Leolite X13
Wt at 800K 0.434 1210 0661 NA NA NA
[EW]
Woau at 70K 1448 2233 1675 656.8 756.2 545
[EW]
l""-""'“j:.ﬁm K 2402 3777 2719 NA NA NA
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The power consumption of the C05 compressor [wmm] is obtained using the software
ASPEM Plus. The simulation conditions are 1 bar, 150 C {desorption temperaturne) at the
inlet, 75 bar at the outlet The compmressor has an isentropic efficiency of 0185 (Equation (7))

wcm _ D.gtxcg!,m]:g;l:hz—h]} @
U
The same calculation procedume is performed to estimate the maximum CCR that the
CCS system could reach. However, it is not realistic to consider FG temperatures above or
equal to B00 K during the engine performance at partial loads. In this case, a conservative
temperature of 700 K for flue gases iz considered. Table 9 shows the results obtained for
each sorbent and engine.

4.5, Space Requirement

The space requirements for the CCS system are obtained in volume terms. The COy
will be stomed as a liquid at 75 bar and 25 *C, under these conditions, the OO0y density
(Pco,—1) 187626 kg,.lrmg. The procedure starts obtaining the CO; mass that will be stored.
For this, it is assumed an operation of 8 h (Equation (8)). As shown in Figure 4, the TSA
process is divided into four stages, and it is assumed that each stage will operate for
30 min. The sorbent mass and volume are calculated based on the previous assumptions
(Equations (%) and (10)). Finally, the COy volume is obtained (Equation (11)), and the total
vidume of the CCS system is the sum of the C0; and sorbent volumes (Equation (12)).

mc.;.z = MCRICGQmFG I:E}
_ Mg,
M = 13 9
Vi = oow (10)
Dsor
m
Veg, = —= (11)
Poow—L
Vr = Vawr + Vo, (12)

4.0. Results

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

461, Energ_',.f Results

Ther megults in Table 7 show that the available heat in the FG would be enough to
mgenerabe the sorbent in the TSA process for all temperatunss in both Erl.g'im-:s. Th= mnrg;l.n
increases with the rise of the AT Similarly, the n-_'tnnining heat in the FG and the output
power in the ORC have the same behaviour, as can be seen in Tables § and 9.

The power comsumptions of the C0; compmessor {ij are 3.159 and 1029.9 kW for
the MO360 and the WOLAADF engines, respectively. Contrasting the results in Table 9 with

the results of Weom, it can be seen that the power output in the ORC working at an FG
temperature of 800 K can cover the power comsumption for the C05 compmessor with the
CCS gystem using MOF-74-Mg as sorbent. In the other cases, the ORC cannot produce
the power redquired to compress the COy under the FG emperatures and the established
CCR. Momeover, the ICE in a vehicle will mever combinuously be operated at 100% of engine
load. For that reason, we proceed to obtain the maximum CCR for each sorbent in both
engines at 700 K of FG temperatume that allows covering the CO> compmession without
using additional energy from the ICE.
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As shown in Figure 11, the sorbent MOF-74-Mg can achieve a CCR of 73% in both
engines without affecting the engine’s performance. The sorbent PPMN-6-CH:-DETA meaches
8% of CCR. Finally, the Zeolhte X13 obtained a CCR of 64%. How ever, with this last mesult,
the OOy purity is 94.6%, while with the other sorbents, the COq purity 15 higher than 99.5%.

4500
4000 —
3500

3000 -

g'zﬁﬂCh:
=, 2000

1500 4

1000—-
KO0

Tccr73% | CCR68% | CCR 64 %
MOF-74-0g  |SPN-CH2-DETA|  Zeolile K13
MB36G

Gltl'l
w-cn-:,
W
0 .
CCR73% | CCRGB28% | CCRB4 %
MOF-74-Mg  |[PPR-CH2-DETA|  Zeolte ¥13
WaL4EDF

Figure 11. Remaining heat, ORC power, CO4y compression power and maximum CCR in the engines.

46.2. Space Results

As mentioned befone, the selected sorbents are PPMN-6-CH-DETA and MOF-74-Myy
due to hugh selechvity that allow a Oy punty greater than 99.5%. In addibion, the lowest
CCR obtained of both sorbents will be used to compare the final volume mesulting, Table 10

shows the mesults obtamed.

Table 10. Volume caleulations for adsorption materials,

Engine MB360G WOL4aDF

Sorbent PPMN-CH>-DETA MOF-74-Mg PPMN-CH2-DETA MOF-74-Mg
COy Mass (8% of CCR) [kg] 8.0 28.0 9114.0 g116.0
C0 loading [kgC0%s kg, 0.235 0.278 0.235 L8
Sorbent mass [kg] 1188 1005 38726 IITE2
Sorbent density [kg_."m:'| BOS.00 914 .88 5. 00 1488
Sorbent Volume [m?] 0.148 0.110 48106 35.832
C0O; Volume stored [m”] 0.147 0147 47815 47,815
Tostal vohime [m?)] 0.295 0.257 95,922 83647

5. Discussion

PPMN-6-CHzDETA and MOF-74-Mg as sorbents in TSA mesulted into a CCR above
68% in both engines without affecting the engine performance. These results are mainly
a consequence of the low egeneration heat of the sorbents. Therefone, there is stll high
thermal energy in the FG when it enters the ORC, producing mone power output to cover

the power required to compress the CO; potentially.
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Regarding sorbent selection, selectivity plays an important mole in the COy punty
obtained at the end of the process. For this meason, Zeolite X13 15 discarded from the other
sorbents studied in the following step because it achieves a COp punty of 94.6%, which is
minor in 5 points than the other sorbents. The purification of CO» captured when Zeolite
K13 in TSA 15 used requires addibional energy that the engine could not provide.

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

The CCS system volume obtained with TSA for a CCR of 68% 15 approcamately
0.3 m® for the M936G engine (0.295 and 0.257 m® with PPN-6-CHz-DETA and MOF-74-Mg,
respectively). This engine usually operates in buses or trucks, allowing the CCS system
to be mounted on the vehick roof. It would not differ from other vehacles waorking with
hydrogen fuel cells. For example, the Toyota Sora Bus uses hydrogen tanks that requined
& m® [171]. If the same bus used two CCS systems with MOF74-Mg to achieve a CCR of
100, the CCS system only would require 006 m?, and added the volume of the fuel tank
the global volume (CC5 system and fuel tank) would be of 1,6 m’ approximately, which is
3.75 timws smaller Themefone, the values obtaimed in this mesearch show that installing a
CCS with TSA is practical in road freight transport.

In the manne engine, the mass of the sorbent 15 close to 40 tons, and the CCS volume
is 90 m®. These are small values for ships because they usually have a large capacity of
cargo and volume. The CCS system with TSA is presented as an exoellent alternative to
mrduce OO0 emissions in the maritime sector.

Space requirements wene obtained by considering the crystallographic density as it
was impossible to obtain meliable and comparable bulk density data. Table 11 shows the
values of the total volume assuming a bulk density as half of the crystallographic density.
It is observed that the total volume has an increase of 509 with PPN-6-CH2-DETA and
437 with MOF-74 Mg in both engines. However, these values continue being lower than
for the commerdial vehicle previously mentioned and for a cargo ship.

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

Engine MO36G WOL4sDF
Sorbent PPN-CH-DETA MOF-74-Mg PPN-CHz-DETA MOFE74Mg
OOy Mass (68%, of CCR) [kg] 280 28.0 allé.n a116.0
C0y loading [kgC02/ kg 0.235 0278 0.235 078
Sorbent mass [kg] 1188 105 F26 32,782
Sorbent density [kg/m?] 4025 457 44 4025 457 44
Sorbent Volume [m?] 0.295 0220 96,213 T1A64
0, Volume stored [m®] 0147 0147 47 815 47§15
Total wolume [m?] 0.442 0366 144028 119.479

6. Comclusions

A review of the OOk capture in mobile sources and a case study to evaluate the
potential of CCS systems to meduce the CO; produced by ICE wene made in thas study.
According to the detaled review presented here, the patents descrbe the devices or
procedures used to carry out the COyp capture. At the same time, research works show
experimental ests or simulations of CO; caphure.

The cholee of these two capture methods 15 based on the performance of the typical
engines used in each sector and the available space for additional devices. As the ICE
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in a ship regularly operates at a constant regime (rpm and engine load), the continuous
variation in the FG mass flow 2 not expected. Thig behaviour allows amine scrubbing to
be more suitable for this eperation. In addition, the cargo ships count with ample space
available for the installabion of devices equined for a CCS system.

Cm the contrary, the ICEs mounted in road transport vehicles work with varnable
accelerations and available space to install the required equipment of a CCS system 15
scarce. For this case, adsorption is showmn as the best option because it 15 a regenerative
cyclical process that adapts to different mass flows of exhaust gases, In addition, according
to the mesults obtained in the case study, it could require less space than other commercial
vehicles using other CO4 reduction technologies,

The meview shows that the research works have a higher level of development in
the maritime sector than in the road transport sector In addition, it was observed that
the aming-absorption technology is the most used in the marine transport sector, and
adsorption is preferable in the ICEv. Thenefore, the TSA and amine-absorption ame the
mst suitable pre-existing CCS wechnologies for COg captume for mobile sources due to
their well-developed technology and low energy requirements. However, experimental
mports on T captune in ICEv lack information about the expernimental conditions, such
as engin load, RPM, and the energy of regeneration of the sorbent or solvent.

The results obtained in the case study show the first approximation of a CCS system
operating with TSA and an ORC to take advantage of the thermal energy of the FG
produced by ship engines. Regarding road freight transport, the mesults obtained in the
case study show a big difference from the study done by Sharma and Maréchal (the most
complete study so far). They report that it i possible to obtain a 90% CO; captume without
affecting the engine performance. The results found in the present case study show that it
iz possible to achieve this CCR but with sorbent MOF74-Mg at 800 K of FC temperature.
However, taking a high FG temperature i2 not realistic becauge the engine operates at
different enginge loads and rpm. The best result obtained in the present case study 12 73%
of CCR with a temperature cormesponding to the medium engine load. Nevertheless, the
development of several studies contributes to close the gap to achieve the CO; reduction
targets established by the European Union for the ICE driven transport sector.

CNG and LNG ame the fuels that should be used by the mobile source with operating
a CCS syskem. First, these fuels produce less CO7 emissions than an ICE fuelled with diesel
or gascling, allowing a higher autonomy in terms of CO; storage. Second, the CNG or
LNG could be obtained from methanation with the €0 and hydrogen produced from RES,
and thus keep the door open to a sustainable and circular transport system centred on ICE.

A system that uses the TSA technique for COq capture was theometically evaluated.
According to the nesults, it is possible to obtain a CCR of 73% and a small volumse to operate
a CUS system without any supply of additional energy with TSA and MOFE-74-Mg as
sorbent at a medium engine load condition.

This paper highlights that captume in mobile sources can be developed with available
technology, opening opportunities for OOz capture in road freight and maritime transport.
However, nesearch must continue until a suitable commereial fechnology is demonstrated
to reduce the C0 in the atmosphere.

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

39



Energies 2021, 14, G865

23 af 34}

cycke assessments i mequired to conclude the viability of installing a CCS system in mobile
sOuroes,

Author Contributions: Conceptualization, A.G.-M. and E.L-5; methodology, AG.-M. and E.L-5;
software, AG-M.; validation, AG.-M and EL-5; formal analysis, A.G-M. and EL-5; investigation,
AG-M and EL-5; resources, A.G.-M,; data curation, A.G.-M.; writing—original draft preparation,
AG-M. and EL-5; writing—review and editing, A.G-M. and E.L-S;; supervision, E.L-5. All authers
have read and agreed to the published version of the manuscript.

Funding: This research mesfved no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Mot applicable.

Data Awvailability Statement: The data will be made available at reasonable request from the corre-
sponding author.

Acknowledgments: A part of this study was developed thanks to the support of the Scholarships for
Iberoamerican Doctoral Students granted by the Universidad de faragoza—Santander Universidades,
the CIRCE Fesearch Institute, and the aid by the Research Groups of the Aragon Government
(Tda_17R).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbmeviations are used in this manuscript

Qdﬂ Desorption Heat

Q,q - Sorbent Regeneration Heat

(o Remaining Heat in the FG

o Sensible Heat

W oo C0; Compmessor Power

W oe ORC Power Output

AHpe Absorption Heat

AH . Adsorption Heat

cp Specific Heat

AT Difference Temperatura

AC Activate Carbon

ASD Air Separator Units

CCs C0y Captume and Storage

CL Carbonate Looping

CLC Chemical Looping Combustion
DEA Diethanolamine

EU Eurcpean Union

EVs Electric Wehicles

FG Flue gas

ICE Intemal Combustion Engines

ICE~ Internal Combustion Engine Vehicles
ICRC Intemal Combustion Kankine Cycle
MO Intemational Maritime Chrganization
LNG Liquified Natural Gas

LPG Liquefied Petroleum Gas

MDEA Methyl Diethanolamine

MEA Ethanolamine

MOFs Metal-Crganic Frameworks

NG Matural Gas
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ORC Organic Rankine Cycle
PPNs Porous Polymer Matworks
PTG Power to Gas
Pz Piperazine
EWGS Reverse Water-Gas Shift
TEG Thermo-Electric Generators
TSA Temperature Swing Adsorption
USEPA United States Environmental Protection Agency
q C0y Loading Capacity
x Mass Fraction
] Drensity
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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 (Vi) 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 kd/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 [cm?3] 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].
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Figure 8. Performance curves of the engines at full engine load.
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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% COq, 12.4% H20, and 72.4% N3 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].
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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 COz2 after its compression in the CCS system; this
1s 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 1t 1s 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 (CsHio) 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 (AP) [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: [y, which represents the product of the volumetric efficiencies of the
pump and the expander; Svoi, the ratio between the displacement volume of the
pump and the inlet volume of the expander and [, 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 ATsm 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.
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Figure 11. ORC system layout proposed.
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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 kd/kgK
Tsat at 25% of engine load 457.3 K
ATy at 25% engine load 0 K
ATy at 50% engine load 37 K
ATsy at 75% engine load 81 K
ATy at 100% engine load 124 K
WF density at 1 bar (opmp,in) 735.3 kg/m3
Expander volumetric efficiency (fjvol,exp) 0.45 [78] NA
Pump volumetric efficiency (1jvol,pump) 0.8 NA
Volumetric efficiency product (8,,,) 0.36 NA
Displacement volume ratio (8y,;) 0.76 NA
Angular velocity ratio (8,,) 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
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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.

I/i/exp - Wc—air - W

_orC = : AL el 4 13
Nth—oRcC Orc + On (13)
Table 8. Equipment conditions in ORC simulations
Device Parameter Unit Value State Fluid
ORC-C Inlet pressure Bar 1.5 Vapour CsHio
U [135]. W/m2K 500 - Condensation NA Air- CsH1o
Inlet pressure Bar 1 Saturated liquid
ORC-P Isentropic efficiency NA 0.55 NA CsHuo
ORC-H Inlet pressure Bar 24.9 Compressed liquid CsHio
U [135]. W/m2K 150 - Liquid-Gas NA CsHio - CO2
Inlet pressure Bar 22.9 Compressed liquid CsHio
ORC-E 70 - Liquid-Gas
h [135]. W/m2K 3000 - Phase change NA Csmio - EG
35 - Gas-Gas
ORC-X Inlet pressure Bar 20.9 Vapour CsHio

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 COg2 initial temperature of 30 °C
and isentropic efficiency of 70% for the compressor. Finally, the cooling heat (Q.o0;)
1s assumed to be the same as the sorbent regeneration heat (Qreg_sorb). Figure 12
presents the values obtained of the Q,,; and Qreg_sorb
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Figure 12. Total and cooling heat required by the TSA process.
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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; (i1) there are no pressure drop losses in
pipes; (ii1) 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 (AT) 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 CsH1o 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 CsHio 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 Engine AT between hot and CsHio outlet
exchanger load cold fluid [°C] [136] Temperature [°C]
ORC-C All 5 <48.87
25 10 184.15

ORC-E 50 to 100 10 184.15 >T< 350

ORC-H All 10 48.87 <T< 184.15
850 ‘ ‘ - ‘ ‘ 850 o
800 ngine load = 25% ez | 8%Engine load > 25% e,
750} ] 7500 -
700[ 1 700f .
650| | es0f
600 1 600 24,9 bar

< ss0f _— TineTh 24,9 bar | ssof . .
= 500t 1~ 500}
450 ou ’ 20,9 bar 4507 ou 20,9 bar
400] Touteo, [y 7 Lbar 400} Tout00, [y L bar
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(a) ®)

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

54



lowest mass flow of cooling air and CsHio 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 [m?] Variation [%]  Total area [m?]
ORC-C 1.817 -0.5
M936G  ORC-H 0.083 -4.6 7.098
ORC-E 5.198 -0.7
ORC-C 0.853 -7.6
F1C ORC-H 0.030 -4.7 2.039
ORC-E 1.156 1.0
008 m C,H,, ® Cooling air a5
0.07 -0
| | 35
7006 I
2 L 30
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z ] - 25
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Figure 14. Air cooling and CsH1o mass flows obtained from ORC simulations.
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Figure 15. Permeability behaviour in the entire rom range and at partial engine loads

Figure 16 shows that under the ORC configuration proposed in this research,
the ORC can partially cover the CCS system’s parasitic loads in any load engine
condition. Specifically, on the M936G engine, the ORC can offset between 42% and
76% of the parasitic loads at 1000 to 2200 rpm, respectively. In the F1C, the
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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.

Engine load 25% 50%

75%

100%

100
90 -
80 -
70 —

60 - _—

S —-////// T
40 -/ /C S
30 -] .///K'
20
10
" M936G F1C
1000 1200 1400 1600 1800 2000 22001200 1600 2000 2400 2800 3200 3600

RPM RPM

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.

Engine load M936G Fi1C
[%] With ORC [%] Without ORC [%] With ORC [%] Without ORC [%]
25 5.71 15.84 8.84 18.86
50 4.30 10.14 6.52 12.05
75 3.82 8.24 6.01 9.96
100 3.59 7.29 5.44 8.66

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.
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Figure 17. Actual torque and speed for the M936G engine
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Nact = Mnorm (045 Mo + 045 Ny + 0.1 My — Nygre ) 2.0327 + nygge (14)
%T T,
act = 1010nax (15)

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
ngsh 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 COgz capture process (required power by
the CCS system and COz and fuel mass flows) based on the previous results
obtained in ASPEN +; these polynomial functions have a coefficient of
determination (R?) 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
COg 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.

Engineload ®m 25% ® 50% A 75% w 100%
T T T L LN DL DL L B LA DL DL |
0.012 — 0.035 —

20

0.010 0.030

0.025 —
0.008 —
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0.006 —

0.015 —

Fuel mass flow [kg/s]
CO, mass flow [kg/s]

0.004 — N
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Figure 18. Power penalisation, fuel mass and CO:z mass flow increase in dynamic conditions.

Due to integrating the CCS-ORC system into the ICEV, the engine's BP must
increase by 4.93% throughout the WHTC cycle, as seen in Figure 19. This provokes
a rise in the fuel mass of 10.03%, which is quite positive since studies indicate that
CCS systems could have penalties of up to 10% [142]. This increase means that

the brake specific fuel consumption of the engine goes from 374.6 g/lkWh to 395.9
g/kWh.
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Figure 19. Initial and final engine power due to the CCS system operation in the WHTC

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.

3.8 PUBLISHED PAPERS

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.

e Garcia-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

e Garcia Mariaca, Alexander and Llera, Eva, Dynamic COz Capture in a
Natural Gas Engine Used in Road Freight Transport (August 30, 2022).
Proceedings of the 16th Greenhouse Gas Control Technologies
Conference (GHGT-16) 23-24 Oct 2022,
http://dx.doi.org/10.2139/ssrn.4272013
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ARTICLE INFO ABSTRACT

Keywords:

Ovganic rankize cycle

Carbon capbare and storage
Temperature swing adsorption
00y emisstons

Internal combustion engines

The electrification of prodhuctive activities carmot be conzidered the only strategy for a low-carbon sconomy, and
sectors such 2z road freight and passenger trancpoet will have to continue uzing technologies based on com-
bustion in the meadium and long term. It iz expectad that sustainabls smthetic fusls and COw capture and storage
technologies (CCS) can help to reduce gresnhowse emimions. However, the ocoupation of spaces and the snergy
pemalty of the capture are handicapped in smaller faciliies, such 2 conventional combustion engine wehicles,
and determine itn technical and economic viabilisy. In thiz paper, AVL booat and Azpen + softwares dmulations
are performed to analyze the feasibility of using an Organic Rankine Cycle (ORC) to supply the power con-
memption of an on-board COCE oyotem coupled to an intemal combustion engine (ICE) operating at partial angine
lnﬂsl.:alﬂmﬂﬁ:ﬂd:nl:q:mnng;Tmapuﬁ-ig:ﬂﬁmmﬂﬂifmm:ﬁJ:lﬂlw"n']\CH..l}uveb-bm
modelled, and temperanire owing adeorption iz selected az a viable method for the OGS gyotem, assuming a
carbon capture rate of 90 %. Results chow that the ORGC reduces batween 3.9 and 139 % the penalization of the
CCE system over the engine power, keeping it under 5.34 % in the zmall engine and 5.71 % in the largs engine. It
can be concluded that an QRC-CCS hybridized syztem iz energy feacible for the operation of an [CE working at
partial loads in the entive mom.

storage.
Synthetic fuels are suitable substitutes for fossil foels as they behave
similarly in 1CEs. Mareover, the carbon footprint can be minimized if
renewable sources or captured €05 are considered in their producton
Although it is not the zeope of thiz paper, the uldmate idea iz to capture
the CO, to use it az a raw material in producing synthetic natural gas
through a Power-to-Gas process that would later be uzad as fuel
According to the literature, some research on carbon capoure and
storage (CCE) systems has been applied to the maritime sector and road
freight transport [16-19]. These research works have opted for the uze
of amine absorption and temperamre swing adsorption (T3A) az €0z

1. Inmoduction

In 2020, the transport sector generated 8223 MtCO, 24.45 % of the
workdwide emissions of COx [1], with the sharez showm in Fig. 1. Pas-
zanger cars are the higher OO0 emitters, but the ongoing electrification
of thiz sector iz expected to reduce OOz emissions [2,3]. On the contrary,
road freight and passenger transport, which jointly conmoributed almeet
equally to paszenger cars, will continue wring intemal combustion en-
gines (ICE) owver the short and medium-term as elecmic vehicles are not

totally feasible for those regular transport services [4].

Meanwhile, strategies must follow several staggered schemes to
lower OO emizsions in ICE. Firstly, the reduction of the drving re-
sistamces [6] andﬂ'teuseufem%ﬂng:edmuluﬂ:.es "3 Secondly, the
enhancement of the engine thermal , and the omple-
n:unauunm’ﬂrnganhneleestﬂRC]tuEkeadmmgeofthe
wastehﬂaiﬂmwmmeethgmesaudtheempnecuolam [ICI 12].
Thirdly, the use of altemative fuels such as namural gas (MG) [13,14], ar
synthede fuelz [15], and, in an unavoidable step, the CO: capure and

Abbreviations: 1%, ORC Thermal Eficiency; CAD, Crank Angle Degres.
* Corresponiding authar.
Bl address: alexander, garciafiumizar ez (A Gascia-Mariaca).

hittpe://doiorg/ 10,1016, encomman 2022116029

capmre techniques. Nevertheless, there is a lack of knowledge of energy
requirements to mun addidonal devices in non-statdonary conditions.
Some of these referred works have proposed organic Bankine Creles
(OR.C) to supply the energy required by the CCE system. The ORC iz a
well-developad system having low maintenance eost, high safety and
flexibility that allow: adapting to different residual heat sources
[20-26]. However, implementing an ORC on board an ICE wehicle
presents several challanges yet to be zolved. In addition to the impact on
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Abbreviations

AHut Adsorpdon Heat

AF Air-Fuel ratio

BORC Basic Organic Rankine Cycle

EP Brake Power

BSFC Brake-specific Fuel Consumption
BMEP Break Mean Effective Pressure

CC8 Carbon Capture and Storage

CCR Carbon Capture Rate

CsHip  Cyclopentane

P Deencity

dw Dizplacement Volume

Mgy Exhaust Gazes' Mass Flow

IMEP Imdicated Mean Effective Presmure
ICEV Internal Combustion Engine Vehicle

ICE Internal Combustion Engines
q Loading Capacity

LHV Lower Heating Walue

X Mass Fraction

NG MNamral Gas

ORC Organic Rankine Cycle
ORC-C  ORC Condenser

ORC-E  ORC Evaporator

ORC-X  ORC Expander

ORC-H ORC Heater

ORCF ORC Pump

o Permeability

EPM Bevolution per Minute

51 Spark Ignition

9 Specific Heat

TSA Temperature Swing Adsorpton

the exhaust gas back pressure and the mirinsic engine operating con-
digons [27], the system’s additdonal weight increases specific fuel
conzumpdtion at low rpm of approximately 2 g /kWh [ 25]. Other research
studies hawe established which type of expansion device could be
zalected according to the engine’s power output. For engines with power
greater than 100 EW, murbines are more appropriate. Seroll expanders
are recommended for engines bemween 10 and 100 EW, and single-zerew
expanders are suggested [297]. On the other hand, experimental results
zhow that the ORC efficiency can vary between 1 and 7 % [29,30], while
simulation results show that the ORC efficiency reaches 12 % [31].
BResearch works hawve also been carried out on the design and conmrol of
evaporators and condensers in transient operaton [32,33], as well az the
determination of mathemadecal expressions that, using a mass balance,
allow relating the pump inlet conditions and the expander inlet condi-
tions [30,34].

Although there are several studies of ORCs operating under trancient
condidons, no literature considers ORC-CCS systems working on engines
operating in the entire rpm range at pardal engine loads. Therefore, this
paper aime to assess whether the waste thermal energy in the exhaust
gases can provide the thermal energy necessary for the desorpdon

Ehipping
11%

HAusiation
5%

Buses and minibuses
T

Light commercial vehicles
5%

Twolthree-Wheelars
S

3%

process in the CO, capture process and whether an ORC system can
supply the mechanical energy for the CO: comprezsion in the storage
process. All the above under the multiple operating conditions (partial
engine loads) of an ICEV. To thiz end, the feazibility of operating a OC5
system by TSA integrated with the ORC under these conditions is eval-
uated, which has not been previously shown by other research works.

In order to obtain the exhaust gazes” compositdon and thermal con-
ditions under the entire range of rpm and engine loads, it was necessary
to develop an engine model using the geometric and operadonal pa-
rameters of real engines with the software AVL BOOST. Afterwards, an
ORC iz simulated with the software Aspen Plur considering the OCS
enargy requirements and the exhaust gazes’ conditions obtained in the
madel engine.

2, Internal combustion engine modelling
2 1. Engine selection

Since gazeous synthetic fuels are expected to suppart the future of the
ICE engines, namral gas engines will be included in the ORC-CCE system

Madium and heavy lrucks
22%

Passenaer cars
41%

Fig. 1. Tramsport sector OOy, emiszions warkiwide in 2020 by subsectors. {Adapted from [5]1
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under study. Further, owo four-stroke turbochargers spark-ignition en-
ginez (SI-1CE) with different dizplacement wolumes (dv) are zelected to
compare the ORC behaviowr under different conditions. The engines
zalected are a F1C engine manufactured by FPT industrial with a dv of
3000 ec, uzed in the VAN Iveco Daily, and a M9365 engine manufae-
tured by Mercedes Banz with a dv of 7700 oc, which iz used in trucks,
and buszes. Both engines are with stoichiomemric combustion [35,36].
Table 1 listz the specification: of the engines.

2.2 Porameters and asmempions

To analyze the ORC-0CE behaviour, the temperature, prezoure, mass
flow, and composition of the exhawst gases of the SI-1CE fuelled with CHs
operating at partial loads of the engine and throughout the rpm range
must be known. For this purpose, both engines were modelled with the
zoftware AVL BOOST (see Fig. 2). The theoretical model: used to
zimulate the thermodynamic and mechanical processes in the engine are
the simplified model of boost pressure to ob@in the air mass fow, the
Woechni heat transfer model for the heat transfer in the eylinders, the
Heywood, Patton, Mitchke model for the friction, and the re-analogy for
the heat mansfer in the engine ducts. Air at standard conditions and a
lower heating value (LHV) of the MG of 48351 L)/ kg were taken ac inlet
parameters. [39-41].

2.3 Model adiustment

The model adjustment was carmried oot at the maximum torque and
BP points. To this end, the fuel mass flow iz obtained from the brake-
specific fuel concumpdion, and the air mass flow iz set in the simula-
tions using the AF ratio [36,37). The simulations are zet up, changing
parameters such as cylinder wall temperamures and fction coefficients
in each iteration until the minimm error of the performance parameters
(BP, torgue, and BEPC) in the selected pomits. It is verified that the values
chow centred combustion and an energy balance within a reazonable
range for each iteration. Onee the simmlation models and parameters are
configured, the performance variables for each engine’s range of rpm
are estimated. Finally, zimulations are carried out to obtain the perfor-
mange curves at partial engine loads (25, 50, and 75 %).

2.4, Model validation

The remultz obtained in the simuladons are compared with the

Table 1

Technical specifications of the PI1C and M%360 engines.
Engimne M936G [57] FI1C [36,38])
Architertare Indine Gcylinder engine Inline 4-cylinder engime

Aspiratios method Turbocharged with Tarbocharged with
Aftercooler Aftercooler
Izjection Maultipaine Btulripoine
Valves per cylinder 4 4
Bore [mm] 110 )
Stroke [mm] 135 104
Displacement volume 00 000
[em™]
Connecting Rod Length 50 =0
[mm]
Compression natio 17 115
Maxirum boost 2 1.5
pressure matio
Firing Order 1-5-3-6-2-4 341
Combustion duration &7 =
oA
Star of combustion 18 19
BTN [CAan]

Stoichicmetric
combuastion [16.75]
100 at 3500 rpm
350 at 1500 rpm

Stolchiometric
combuastion [16.75]
22 at 1950 rpm
1200 at 1600 rpm

Adr-fuel ratio [AF)

Hrake Power [kW]
Torgoe [Mm]

Energy Conversion and Mamagemens 268 (2022} 176029

performance curves for each engine given by the manufacturers [36,37].
Az can see in Fig. 3, the simulatons carried out in the software for both
engines present maximum errors of 3.39 % in the BP and Torque and 4.4
% in the BSFC in the M9365 engine, while the maxinmum error obtained
in BP and Torque in the F1C engine is 5.36 %. The most significant error
in the F1C engine regarding the M336G engine could be originated from
itz smaller size, making it more suzceptible to the values in the param-
eters and models azmumed in this engine. However, these low ermors in
the simulations reveal that the azsumed models and parameters repre-
sent the behaviour of the selected engines with good precision. Maore-
over, theze values of ermors are in concordance with the reported in the
liverature [42].

2.5 Energy fuel distribution

The fuel energy dismmbution iz mapped from the simulation results
(Fig. 4], thowing that the fuel energy is mostly distributed in the BP and
the exhaust gases with values berween 35 and 40 % in the entire rpm
range, in agreement with the literature data [43]. Thiz amount of
thermal energy in the exhaust gases could be exploited to increase the
thermal efficiency of ICE or cover the energy dutes of a OCS system. Thiz
last woulkd be achieved by hybridizing an ORC and a CCS system using
TSA as a C0y capoure technique.

2o Simuiston results

The engine simulation: were done to get the temperature, pressure,
mass flow and zpecies concentragon of the exhaust gases at the outlet
catalyzer and thus to know the input parameters in the ORC simulatons.
The resule show that the exhaust gas pressure ranges between 1.07 and
1.11 bar, and the species concenmration correzponds to stoichiometric
combustion in all engine loads and the entire rpm range in both engines.

Figz. 5 and 6 show the exhaust gase:’ resulting temperatures and
mass flows. The temperatures range between 700 and 950 K, which
aligns with the literature [44 45]. The increase in engine speed leads to a
rize in charge, which results in high energy available for combuston,
and a reduction of the residence time of the charge in the combustion
chamber, among other things, which leads to an increaze in the exhanst
gas temperature. Az expected, both engines” highest exhaust gaz mass
flow iz at the maximum power and the minimum at the lowest rpm
(Fig. 6). Table 2 summarizes the minimum and the maximum exhaust
gas flows obtained in the simulations in both engines.

3. ORC-CCS Integrated system

As stared, the main objective of thiz study is to analyze the feazibilicy
of an OR.C operating at partial engine loads to supply the energy demand
of a CCS system. Por this study, a CCS syztem by TSA is selected as it iz
the most suitable CO: capture technique becauze of the amount of
thermal energy available in the exhaust gases after the catalyzer [446].
This CCS syztem requires a heat szource for the desorption process, a
cooling system for adsorption, and a compression system for C0y stor-
age. As shown in Figz. 4, 5, and 6, the exhaust gazes could cover the
thermal demand of the CCS system az it could take advantage of the
remaining heat in the exhauwst gazes in an ORC to supply total or
pardalicy the cooling and compreszion mechanical energy demand of
the CCS syztem. Consequently, the engine performance penalization due
to the CCS syztem operation could be counterbalanced. Fig. 7 shows the
ORC-CCS system proposed and the different involved flows.

3.1. ORC design
As Fig. 7 chows, the ORC uzed in the simulations is a modified basic
ORC (BORC) [47] that includes two heat zources due to the coexistence

with the CCS system. The zelected working fluid in the ORC iz cyclo-
pentane (C<H; ). This organic fluid iz selected not only because it iz
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re3l

Fig. 2. Configuration of the SI-1CE in the software AVL BOOST a) M3360 engine b) F1C angine.
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thermally stable at temperatures up to 623 K [43], but the excellent impact, low toxicity, and iz non-corrocive [50].

performance results in previows ORC research works performed on ICE
r497. Another extensive factor iz that CsHhn has a limited environmentl

The first heat input to the ORC iz provided by COy after the
compres=ion orocess. It iz used to oreheatr the CsHin in the heat
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Fig. 6. Exhaust gases’ macs flowes at partial engine loada.

Minimum and maximum exhaust gaz flow obtained in the simulations.

exchanger (ORC-H). The waste heat of the exhaust gares is the zecond
heat input in the ORC, and it iz used to evaporate the C:H,, in the heat
exchanger called ORC-E). The rest of the ORC presents a conventional

Eogine MR MadGG Fo Fio system, ie., an expander (ORC-X), a pump (ORC-P), and a condenser
HPM 1000 15000 1000 3400 (ORC-C), as it is the less expensive and simplest configuration.
Engine load [%] 25 100 x5 100 The ORC design was performed using the concept of permeabilicy
Bxhaust gases flow [kg/s) i 0% fLon one which iz the ratio of the working fluid mass flow and the pressure dif-
ference between the expander inlet and outlet (AF). This parameter
indicates the capacity of a plant to be crossed by the working fuid [34],
equation (1.
I Oj am I—Cﬂ:-p- wp:,,.ﬂp
A | Arcooins Y
e
I-
2 SHLE 2 Air cooling
ORC Heater ORC Pump
o CeHie |
- | o
Qm 3 ORC ORC
oCS syst * P 4 Condenser
System EGe-| Qo
] T ‘ .i 'I - -]
Qeoal & CI-!M-I"I"IF:.:-L_.ﬂm -l « Winr
2 oo Ve ORC Evaporator
| Qfllu : Alr Cooling

Fig. 7. Diagram configuration of the BORC.
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_ mmwF
=S [N]
‘The outlet pressure is azsumed as 1.5 bar. The ORC-X inlet pressure iz
abtained by uzing the equation developed by Fatigat et al [30], equa-

domn (2],
Peree = FR(Tia + AT 2 sllyn Bt (e

Thiz equation relates the inlet conditions of the working fluid to the
pump and the expander through three dimensionless variables: fiy, the
product of the volumetric efficiencies of the pump and the expander;
Pral, the ratio between the dizplacement volume of the pump and the
inlet volume of the expander and f,,, the ratio between the angular ve-
locity of the pump and the expander. As the working fluid iz treated as an
ideal gas at the inlet of the expander, it is neceszary to obtain the value of
the compressibility factor (Z) and ATgy value, which is the superheat
temperamure value of the working fluid. Table 3 cshows the wvalues
assumed and taken from the literature for calculating the maximum inlet
pressure in the ORC-X

In this study, equation (2) i a function only of the saturation tem-
perature of the working fluid because all other parameters are assummed
to be constant. On thiz basiz, a saturation temperature of the working
fluid 60 K lower than the exhaust ga: temperature after the CO
desorption process at 25 % engine load and 1000 rpm (the lowest
thermal energy point) ic taken At this value, the inlet pressure at the
ORC-X iz 20.96 bar.

Cmee the mandmum pressure for the expander’s inlet is obtained,
inlet prezsures are establizhed for each device. The pressure drop values
in the devices were taken from the Literature [51]. Table 4 shows the
walues of the pressures and parameters considered for each deviee in the

3.2 Corbon copirre and storage (CGS) system

Thiz study considers the thermal and mechanical energy consump-
ton of a CCS system with TSA az the technique of CO, capture. The
zorbent zelectad for the CCS thermal energy caleulations iz PPM-6-CH2-
DETA; the selection of thiz sorbent iz mainky due to itz low adsorpdon
heat and higher loading capacity (g). Table 5 presents the main sorbent
properties. The mechanical energy concumption iz anly associated with
the power required to compresz the C0; in the storage stage. The inte-
gration of the CC3 system in the vehicle is considered using a rotary
wheel adsorber, which iz ubicated in the mrbocharged outlet, az is
zhown in the research work developed by Sharma and Marechal [17].

221, Outets and inputs heat in the CCF system

‘The heat input to the ORC evaporator is the heat remaining in the
exhaust gaces at the outlet of the CCS system. The total heat (G, given
up by the exhaust gases to the CCS gystem i the sum of the sensible heat
(Equation (31} and the sorbent desorption heat (Equation (4)). In order

Table 3
Parameter values for the caloulation of the inlet presoure to the ORC-I

Variable Value Unit

compressibility Sactor (Z) 073

H L1186
Tz at 25 % of engine load 4573
ATy at 25 % engine load o
AT at 50 % engine load

ATy at 75 % engine load

ATy ar 100 % engine load
Prapn 221 bar (sabarated Houid)
Thecd,amp

Theck, pasege

[

P

Ha

&

EE EEEE“’”"““EE
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Table 4
Bquipment conditions for ORC gimndations.
Equipmest  Parameter Uit  Value State Fluid
ORC-C Iedet bar 1.5 Vapour CgHyn
pressure
Overall heat W/ 500 HA Adr
transfer mK Condensation CeHyn
coefficient
[52].
ORGP Inlet bar 1 Satumted CH,,
pressure liquid
Isentropic HA .55 H&
efficiency
ORC-H Indet bar  24.9 Compressed  CH,y,
pressure liquid
rrerall heat W 150 Liguid HA CeHyn
transfer m3E g [ ar
coefficient
[52].
ORC-E Ipdet har 29 Compressed CgHin
pressure liquid
Orverall heat WY 70 LiquidGes  NA Chyy,
transfer mE 3000 Phase Exhast
coefficient change gas
[E2]. 36 Gus-Thas
ORC-X Indet bar 209 Vapour CH,,
pressure
Isentropic HA &5 H&
efficiency
Table 5
Main properties of the sorbent PPN-6-CH-DETA [53,54].
Adsarption Loading Selertivity COw/Mz  Specific * Density
Heat Capacity {g) Hear [py
Had 1 [goca (i D]
malecy] Rfetvm] [K1/kgk]
4532 02354 greater than] 0000 985 BOG
*Cryztallographic denzity.

to obtain both heats, a 90 % CO); capoure rate (CCR) iz set. AAT of 423 K
is taken az the difference benween the dezorption temperature [53], and
303 K iz assumed as the ©0; sorption temperatire. Given that icis a TSA
process, the cooling heat (Q.,,,) is assumed to be the same as the total
(Queg)- Fig. & presents the values obtained.

The inlet heat in the ORC Heater iz given up by the CO: after the
compression process in the CCS system. The parameter required for the
model to caleulate this heat is the C0; outlet temperature after the
compression process. The €0, compression process is then simulated.
Pressure: from 1 to 75 bar with a €0z inidal temperamure of 303 K and
isentropic efficiency of 70 % for the compressor are considered. The
rezult obtained for every engine load condition and rpm in both engines
iz BIBSE

0.9z mips

O = i, . Qe MG AT + oot n AT (3)
(e = 08, g M s (4)
Dot = Qe+ O (5}

3.3, Simulction procedure

The simulation considers the following assumptions: (i) there are no
mass losses in pipes, devices, and connections; (i) there are no pressure
drop losses in pipes; (iil) heat losmes in pipes are negligible; (iv) Exhaust
gases do not change phase-and non-corrosive during the heat transfer;
(w) steady-state conditions in the simulations; (vi) inlet cooling air at
standard condifons (vii) counter-floww type heat exchangers are
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Fig. 6. Total and cooling heat in the OG5 system by engine.

zimulated. The temperamre differences berween the hot and cold fuid
in the heat exchangers of the simulations (AT) are listed in Table &. The
iterative procedure to get the heat exchangers areas and performance
walues of the ORC at partial engine loads are described below.

At the lowest rpm and 25 % engine load, the cooling air mass flow,
the CgHyp mass Aow. The evaporator amd heater areas are obtained,
fulfilling the parameters listed in Table 6. Fig. 9 (a) represents the
behaviour at this point After, at the lowest rpm and 100 % engine load
and keeping the heater and evaporator areas and the CoHyp mass flow
obtained in the previous step. The evaporator area is found again,
werifying that the CzH,, temperature at the evaporator oudet does not
overcome §18 K (it is thermally stable up o 623 K. If necessary, the
cooling air mas: flow and the condenser area are set again. Fig. 9 (b)
reprezents the behaviour at thiz point

Subzequently, at rpm where BP iz maximum, and 25 % engine load
and keeping the heater and evaporator areas obtained in the previous
steps and setting a cooling air masz flow, The CsH,y mass flow and the
condenser area are obtained. Finally, at the zame rpm but at 100 %
engine load and wking the heat exchangers areas and the C-H,, mass
flow obrained previously, it is proceeded to verify the maximum tem-
perature of the CsH . The procedure described before is repeated unml
the variation of the heat exchanger areas iz less than 1 %. Onece the heat
exchanger areas are obtained, the pump's power consumption, the
power produetion of the ORC-X, and the heat flux of all heat exchangers
in the rest of the engine operational pointz: are found.

Table &
Simulation parametsra.
Heat Engime AT between hot and cold CgHyp outlet
exchanger losasd fluid [K] [55 Tempesatare [K]
QRGO All 5 = 312021
ORCE a5 10 4573
S0t 100 10 457.3 = Tless than
623,15
RCH All 10 F2202 - T bess than
19587

4. Results

4 1. Heat exchanger areas

Table 7 summarizes the magnitudes and variadons of the ORC heat
exchanger areas obtained in the simulations at partal engine loads. The
areas are comparable to those found in the literamure for an ORC oper-
ating at partial engine loads [17.56,57]. The area variations in the rest of
the operational points for the M936G engine has a maximum value of
—05, —4.6, and —0.7 % in the condenzer, heater, and evaparator,
rezpecdvely. While for the FI1C engine, the maximum variation in the
condencer, heater, and evaporator areas are —7.6, —4.7, amnd —1%,
rezpecdvely. The highest condenser area variation between the engines
obeys that the FI1C engine covers a broader rpm range than the M336G
engine. However, there resultz ensure that ORC heat exchangers will
always meet the parameters established in the simulations.

42 ORC thermal gfficiency amd mass fows af cooling air and CeH,, in
the ORC

The ORC thermal efficiency iz caleulated using equation (6). The
cooling air power (W._.) is obtained from commercial fans [55], which
fulfils the air mass flows obtained in the simulations for both engines.
Fig. 10 shows that ORC thermal efficiency has an average value of 13.06
% in the M936G engine and 12.04 % in the F1C engine. Moreover, it iz
obzerved that the highest values of the ORC thermal efficiency are at the
lowest engine load. This behaviour occurs since the fan and the pump
powers have the lowest values when maszs flow cooling air, and C<H,,
presents the minimum values, ei., at the lowest rpm (zee Fig. 11). Az
expected, both flows increase with engine rpm leading to an increase in
the thermal energy because of a rize in the exhaust gase:’ mass flow and
temperature, as seen in Figs. 5 and 6.
W —W__ o — W

Pi + Cren

Another factor affecting the ORC thermal efficiency is the increasing
permeability value found for each rpm As chown in Fig. 12, the
permeability increaszes with inereazing rpm as it is a function of the
superheat temperature amd the masz fow rate of the working fHuid
(variables that increase with engine load and rpm). This behaviour re-
duces the working fluid's ability to go through the plant, which

(6}

Re-oRc =
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Fig. 9. ORC cycle behandour.

Table 7
Heat exchanger areas obtained in the ORC simulations.

Exgine Hear Exchanger Aren [m®] Variation [%] Tatal area [m®]

M9BEGE RGO
ORC-H
ORCE
RGO
ORC-H
ORCE

1.E17
Duoed
GBS
DESY
DO
1156

0.5
LR
0.7
Tk
a7
L

7.0

Fic 1039

decrease: the performance of the ORC-X, affecting the themmal
efficiency.

4.2.1. Power expander

Fig. 13 shows the power output in the ORC-X obtained in the simu-
lations. It is directly related to the available heat in the exhaust gazes
zince they present the highest values at full engine load and the lowest at
lower rpm engine. Under the configuration proposed in this research,
the ORC in any load engine condition can cower the CC5 system's
parasitc koads. It can be seen more clearly in Fig. 14, where the ORC
working on the M936G engine can supply up to a 76 % of the parazite
loads at 2200 rpm, and the lowest parasitic load power covered by the
ORC iz 42 % at 1000 rpm at 100 % of engine koad. In the F1C, the highest

14,0

Engine load = 25% m 50%

parasitic load power covered by the OB.C is 61 % at 3400 rpm at 25 % of
engine load, and the lowest iz 23 % at 1000 rpm at 100 % of engine load.

5. Analysls

5.1. ORC anaiysis

Unfortunately, it is impoesible to compare a soudy with similar
characteriztics to thiz one because this iz the frse soudy that evaluates the
enargy requirements of a CCS system with a hybridized ORC on board an
ICEV operating at partial loads and in the whole rpm range. However, it
iz possible to compare the ORC performance, as zeveral rmdies in the
literature evaluate ORCs at different load conditons and engine rpm
Table 2 summarizes the main findings of the performance and heat
exchanger areas of the ORC from this study and of other authors with
engines of similar power and zize.

As summarized in Table Z, the thermal efficiency shows values be-
tween 12 and 13 % in the simulation-based studies, while thiz efficiency
decreases up to § percentage ponts in the experimental studies. The
high results of thermal efffciency found in the simulation are due to the
different azcumptions, among them, high isentropic efficiencies and the
neglected heat losses in the lines and equipment. However, the power
obtained by the expander in the present study iz in the range of itz
counterpart

m 75% = 100%

13,51

13,04

12,51

N

12,01

11,5

]
-

25

| 50 | 75 | 10

0

25 | 50 | 75 | 100

MGG

F1C k

Fig. 10, Thermal sfficisncy wariations of the ORC at all rpm and engine loada.
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Fig. 12, Permeability in the entire rpm range and at partial engine loads.
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Fig. 18, Cutlet power ORC-X and paracitic loads were obtained in the ORC sinulations.

Begarding the heat exchanger areas of the evaporator and condenser,
they are between 54 and 64 % lower than their counterparts which is a
conzequence of the design of the ORC proposed in thiz research being
condidoned to the point of lower heat mansfer given by the exhauwst
gases (25 % engine load and 1000 rpm in both engines). Thiz produces a
lowr working fluid mass flow that limits the condenser’s size. However,

the condenser in the M9366 engine is only 4 % higher than itz experi-
mental coumterpart. Finally, the difference in results between the pre-
sent research and those found in the literamre is alzo due to the different
waorking fuids used in the ORC operation.
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Fig. 14, Parcenmge of paragitic load power coversd by the ORC-X under partial engine loads.

Table &
Comparivon of ORC performance results and heat axchange areas between thiz stady and the literasure.
Hesearch Type af Volume [L], Cylinders, maximum Condition test: {rpm, Working ORI efficiency ORC ORC-X ORCE ORCC
wark stady engine power [kw] Engine boad) Flurid %] Fomer Power [:rnsl [:rn11
[ew] [kw]
[ Exp 32— 4120 NF, NF R2456m 12 max [k a7z 4
4 min
Exp 3 - MF - NF 1500 R2456m 4.5 miax 27 mix
Sim 323 -4-130 1500, 50 bor Ty B R2456 1rs Ak =k 27 25
Maod 3-4-121272 2753325, 12 loads R1E32d4{E) Gl mux 2 max 0z
conditions 034 1.35 max
min mim o7
min
This Sim 3 - 41 10003600, Z5 o 100 % CgHyn 12125 3.7 mux &4 mnax 1.15 0an
stady O4min 05 min
[54] Maod 8-6-NF 130022300, 50100 % Rz 11.E max 11.3 1.5
min max
7B min
[22 Sim NF —&-2581 1500, & load conditions H245fn 11 2 max 28 63
10 min
[ea) Sim HE, &, 2583 1500, 5 load conditions R2458n 4.4 max 14.5 B.49 518
[29] Exp NF -&-258.3 TED0- 1500, 5 100 % Rz 7 max 10 max 12 12
1 min 2 min
This Sim 7.7 - b6-Xx 10002500, Z5- 100 % CgHyn 115135 Bl mux 11 miax 4.3 125
stady Z2min  3min

5.2 Energy analysiz

‘The resultz show that the energy contained in the exhaust gases fully
covers the TSA process’s heat needs. The excess can be trancformed into
mechanical energy through an ORC. Depending on the engine and itz
operating condition, the organic cyele can produce between 22 and 76 %
of the power required to cover the parasitic loads.

The additional power demand of the parasitic loads of the process
must be @ken from the engine, reducing the power cutput. However, az
zeen in Table 9, the average percentage of power taken from the engine
by the ORC-CICS system for the parasitic koads does not exceed 8.54 % in
the F1C engine and 5.71 % in the M%365 engine. This table also presents

Table &
Parcentage average penalization of the OS5 system over the engines power with
and without ORC.

Engine bad MEELG nc

[l With DRC Without ORC With ORC Withowt ORC
[w] [%] [3] [3]

F1 571 15.84 a2.64 1E80

Sl 430 10.14 052 1205

75 382 a2.24 b0l 9

100 3.5% 7.3 .44 Bbl:

the average percentage of power required by the CCS without using the
ORC at each partal load of the engine. It iz observed that the CCS syztem
uzing the ORC reduces the penalizes over the engine from 8.66 % at 100
% engine load up to 18.86 % at 25 % engine load in the F1C engine, and
the M350 engine, it is reduced from 729 % at 100 % engine load up to
15.84 % ar 25 % engine load. The ORC-ICE syztem’s hybridization al-
lowsz penalty values in line with those reported in the literature on OC3
systems used in conventional applications [61].

It iz observed that the worst performance resules of the CCE system
oocurs for the smallest engine size. The lower exhanust gaz mass flow of
the smaller engine prevents the ORC from delivering more power to
meet the energy demands of the CCS syrtem. Howewver, as thermal ef-
fciency iz quite similar in any load engine condition for both engines,
the higher penalization of the CCE system over the engine is not because
of the ORC operation but because of the COz compression power.

On the other hand, if the European Commission extends C0, emiz-
sion rights to the transport sector, this will increaze the price of fuels,
which will trigger an increase in the price of the final consumer™s fuels.
For thiz reason, assuming a 90 % G0z capture with the current average
G0y price of 70 £,/000,, the ransport sector will aveid paying 166,206.6
billion euros per year. Therefore, the design and implementation of on-
board CCS syztems for ICEV: as proposed here can also be justified from
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6. Conclusions

The paper discusses the energy feasibility of wring carbon capture
and storage system hybridized with an Organic Rankine Cyele o CO5
capiure on board in natural gas spark-ignition ICEz used in passenger
and road freight tranzport The operadon at partial engine loads in the
entire rpm of two commercial ICE vehicles of different sizes haz been
analyzed to reproduce the gypical behaviour of an engine as close to
reality az possible.

As the results confirmy, the exhaust gases can cowver all thermal energy
demands in the CCS systemn. Begarding the ORC, it is evident that the
ORC efficiency at partial engine loads does not present higher variations,
and itz power producton reduces between 3.9 and 13.9 % the penali-
zagdon of the CCS syztem over the engine (depending on de engine load
and the engine size). These results earroborate that implementing an
ORC as a complement to a COC5 system is theoretically feazible from the
energy point of view. However, it is essental to develop simulations or
experimental tests that concider variables such as the back pressure and
heat loszes in the devices, among others. For inctance, the literature
indicates that the back pressure caused by the ORC iz between 100 and
200 mbar [29]. Suppose the back pressure causzed by the CCS system iz
included. In that case, the value of thiz parameter will increase amd,
concequently, the engine’s fuel consumption [62], resultng in a
decrease in the engine’ s thermal efficiency, making the CCS-0RC system
economically unviable.

Cn the other hand, the results of the ORC heat exchange areas are
between 204 m? for the small engine and 7.1 m? for the large engine.
Although the areas found in this research work are in the same order of
magnitude as those found in the literamre, there is a significant differ-
ence, mainly in the evaporator area, which iz approcdmately 60 %
zmaller than the evaporator areas provided in the literature. This vari-
ation iz due to many factors. The most important is the amount of mass
flow of the working fluid, which is related to the permeability, which
establishes the ideal thermodynamic conditions of entry of the working
fluid into the expander, and, therefore, the saturaton temperature
achieved in the evaporator.

‘The present research iz stll in the first phaze and requires joint efforts
to reach real applications. There are several open lines of research and
fumre developments. Among others, the optimization of operational
pointz to reduce the heat exchangers surface, the evaluation of several
zorbents, the backpressure in the engine caused by the CCE and ORC
systems and how they influence the ORCACE system's global
performance.

The presented modelling and caleulation procedures can be used in
other sectors where ICE is used, for instance, indusorial plants, even
paper aspires to cover the gap in theoretical-based studies that extend
ORCz and CCS gystems in less invesdgated sectors with these technolo-
gies, producing greater energy efficiency and reducing ©0; emizsions
worldwide.
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Ab:ziract

This paper presents the results of the dynande CO: capture on a turbocharged natural gas spark ignition engine nsually
nsed in passenger and freight vehicles operating under the test condition of the world harmonised transient cycle
(WHTC). The COy capture and storage (CC3) system vses temperature swing adsorption (TSA) as a technigque of COy
capture. The sorbent selected for the CO; adsorption is the PPN-6-CH2-DETA which the regeneration process is
carried out using the heat in the exhanst gases from the engine. Additionally, an ORC is hybridised in the CCS system
to supply the energy demand of the CO, compression and cooling processes. The results show that the CCS system
operation in the engine entails a 10% mncrease in fuel conmmption, producing a rise m the engine brake power of
4.03%_ Moreover, for 8 hours of operation. the TSA system would take up 0.2 m? plus 0.43 m® for the CO- storage as
a ligmid. and assuming a volume of 1 m® of the devices, the total volume of the CCS system is 1,63 m*. These results
make the CCS system highly competitive with other CO; reduction technologies, such as hydrogen fuel cells requiring
high installation vohunes.

Eaywords: Carbon Capture and Storage; Temperamre Swing Adsorption; Internal Combustion Engine; WHTC; dynamic operation

Nomenclature

EP Brake power

CCER. CO; carbon rate

CCS  COy capture and storage

CNG  Compressed natiral gas

EG Exhaust gases

ICE Internal combustion engine
ICEV Imternal combustion engine vehicle
ORC  Organic Ranline cycle

TSA  Temperature swing adsorption
WF Working fluid

* Corresponding suthor. Emsil address: alexander garciafiunizar. es
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WHTC World harmonised transient cycle

1. Introduction

In 2019 the transport sector emitted 3222 MiCO:, representing 24.45% of the total CO; emissions [1]. In order to
mitigate global COz emissions, the road freight and passenger transport sector has discouraged the vse of diesel as
fuel and promeoted the vse of alternative firels like natural gas (compressed or liquified). However, it 15 still necessary
to incorporate CO: capture and storage (CCS) technologies that allow an additional and challenging reduction.
Moreover, it i3 noteworthy the high potential that could have the CO: captured from this source for mannfacturing e-
fuels and. in a circular perspective achieving a transport sector with near-zero CO, emissions.

One of the technologies most developed recently to reduce CO2 emissions into the atmosphere from the energy
and mdustrial sectors 15 CO; capture systems. The most researched COy capture techmique 1s amine scrubbing [2].
This techmicue of CO; capture is well known becanse it has been widely used since the 19305 to clean natural gas in
the extraction process [3], whereby its use has been relatively easy to implant in exhaust gases of stationary
applications. However, the energy penalty of using an amune scrubbing plant has led researchers to develop other
technologies to improve carbon capture rates, reduce the energy penalty and that those being able to adapt to the
operation of other CO» emission sources. Of these new developments, the following stand out: membranes, which are
still in the experimental phase [4]. and adsorption swing by pressure, electrical or temperature. Many of these CO:
capture techniques already have experimental research in pilot plant applications [5.6].

Temperature swing Adsorption (TSA) has an excellent potential to be used in the transport sector (maritime and
land), as it can be adapted to the operating characteristics of their internal combustion engines (ICE) without
generating large penalties for their ICEs [7]. According to studies, it can use the same heat from exhanst gas for its
desorption process. Even the remaining heat can be used in a waste heat recovery system for electricity production
and thus supply the power demand in the CO, storage process [8].

There is scarce research on vsing CCS systems in the maritime sector [9-11] and very few in the road transport
sector [12,13]. The experimental woiks published about CCS systems in internal combustion engine vehicles (ICEV)
have been focused on evalvating several sorbents voder stationary conditions and without regeneration [14-16]. On
the other hand, simmulations research works have opted to implement organic cycles Ranline that take advantage of
the waste thermal energy from the exhaust gas to produce the power required for its operation and compress the CO»
[7.12]. Despite that. these stodies also were performed assuming stationary conditions, bringing relevant information
about the energy requirements and size of the devices of a CCS system working on an ICEV, so there is a lack of
research on the behaviours of the CCS system operating on ICEV vnder dynamic engine conditions.

This research work: aims to evaluate a CCS system cnboard with TSA as a CO: capture technigue, operating in
dynamic conditions of a turbocharged spark-ignition ICEV fuelled with natural gas used i road freight and passenger
transport. The TSA will take advantage of the waste heat from the exhanst gases in the sorbent regeneration process.
The remaining heat in the exhanst gas will enter the ORC to produce mechamical power, thus supplying power to the
compenents involved in the CCS system. The operation engine was simulated under stationary conditions in the entire
range of rpm at four engine loads. and the software AVL-boost was vsed to accomplish this purpose. The CCS-0RC
system was modelled in the software Aspen Phus, and sinmlations were carried out to determine the heat exchanger
surfaces and the energy requirements of the CCS system. The sorbent used in the simulations was PPN-6-CH2-DETA
due to its remarkable water stability, ultra-high selectivity for CO:, exceptional adsorption capacity. and low
regeneration energy. This sorbent is suitable for COy capture from the exhaunst gases coming from an ICEV [17]. The
main parameter assumed in this simmlation is a CO; capture rate (CCR) of 90%. World Harmonized Transient Cycle
(WHTC) was further included in simmlations to test the performance of the CCS system under dynamic conditions,
with realistic variable mass fuel and brake power engine as it ocows in a transport service. Polynomual regressions
from the stationary simmlations were nsed to evaliate each point of the WHTC cyvele.
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2. Method
2.1. Engine and CO; capiure storage system

A twbocharged compressed natural gas (CNG) spark ignition internal combustion engine frequently used in
passenger and freight transport has been selected for the analysis. This engine was simmlated in the software AVL
boost under four engine load conditions (25, 50, 75 and 100%) in the entire range of engine speed (from 1000 to 2000
rpm) and with stoichiometric conditions to obtain the performance curve at these conditions, and validate the results
of the sinmlations. The main engine characteristics and the parameters nsed in the simulation are shown in the studies
[8.13].

The CCS system uses TSA as a CO; capture technigue. The system inchides a rotary wheel adsorber (FWA) to
develop the process of CO: capture by TSA (adsorption, heating desorption. and cooling). The sorbent selected i3
PPN-6-CH2-DETA. which has a high CO: selectivity (=10000) [158]. low adscrption heat (4332 El'molCOx) [18].
and can withstand small amounts of water, which leads to a lower cooling requirement of the exhanst gases. which
triggers a reduction in the CCS system penalty by cooling [7]. Also, the CCS system has been hybridised with an
OBC, whose design was made following the procedure developed by Fatigat [19.20]. The working fluid {WF) used
in the ORC is cyclopentane which was selected due to its excellent performance in previous research works on ORC
in ICE [21].

Finally, the CCS stores the captured CO: by compressing it until it reaches the liquid phase to reduce its volume
and thus facilitate its storage. This condition at 75 bar and 29.3 °C is aclueved. The CCR established in the simulations
13 90%, and the WF mass flow is set up at the lowest engine load condition for each rpm to operate in the following
engine load conditions. The entire CCS-0R.C system is designed to be located on the vehicle roof Thus its carrying
capacity is not affected. Figure 1 shows the CCS-ORC system description and its location on the bus. All ORC and
CCS simulations were performed in Aspen Plus software. The main ORC operating values and the areas of the ORC
and CCS heat exchangers obtained in the simulations are shown in Table 1[8].

-,
i &
0z tank W-I:l ;, y

Figure 1. CC5-0RC system confizuration on the vehicle roof
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Table 1. Main parametar of the OR.C [2].

Variable or device Unit  Value
OFRC low pressure bar 1
OF.C hizh pressurs bar 140
ORC condenser m’ 1817
OR.C Evaporator m’ 5.108
QR heater m' 0.083

2.2, Procedure

The calculation of the variables of increase in engine brake power (BP), fiuel consumption and mass of CO,
captured due to the operation of the CCS-0R.C system under dynamic conditions is carnied out using the WHTC cycle.
This cyele contains 1800 s, parameterised by points of speed and load values (in terms of torgque) set as normalized
values. Based on the above, the first procedure is to obtain the actwal values for the speed engine following the
procedure developed in [22] (equation 1), which requires the calculation of other ICE speeds. In this equation, m, is
the lowest engine speed, where the power is 53 % of maxinmm power, fidw 15 the idle speed. new is the highest speed
where the power is 95% of maximum power, = is the engme speed. where the maxumum torque integral 1s 51% of
the wheole integral, ni: is the highest speed where the power is 70% of maximum power [22]. The values required for
calculating the different speeds are summarised in Table 2. The actual torque caleulation is done using ecuation 2.
Figure 22 shows the actual speed and torgque obtained for the M936G engine.
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Fizure 2. Actual Speed and torque for the M936G engine
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Table 2 Values of speed variables tmken for acmalizing the engine speed in the WHTC.

Variable  Unit  Value

o, RPM 10453
n,, RPM 15524
oy RPM 12136
D RPM 1000
sk REPM 2085

Onee the torque and speed values of the WHTC points have been obtained. it proceeds to find the polynomial
functions from the results obtained in ASPEN of the variables CO: capture process for each engine load condition and
engine speed. With these equations, it 13 possible to calculate the inereases in the torgue (brake power), foel mass flow
(specific brake fiel consumption) and captured CO: emission. Figure 3 shows the results obtained from these variables
obtained in the stinmlations.
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Figure 3. Power penalisation, finel mass flow and CO: mass flow capmred obiained in the simulations of the CCS-0RC system i ASPEN.

These polynomial functions are always obtained according to each point's engine load and speed, as shown in
equation 3, and they have a coefficient of determination (B*) greater than 99%. Subszequently, an algorithm which
calculates the additional engine power required for the operation of the CCS system is developed. as well as the fuel
mass flow and the CO2 mass flow emitted based on actual speed and torque for each point of the WHTC. This process
15 done by iterating until the error between the final captured CO: and the previous teration is less than 0.1%.

Variable (C0:. my and Power) = f(speed. torque)ae: (3)

3. Results

As a consequence of the installation of the CCS5-ORC system. the engine must provide the power that the ORC
cannot supply to the CCS system, as shown in Figure 3. This increase in engine power throughout the WHTC cycle
i3 493 %5_ as zeen in Figure 4. As a consequence of this rise in engine powet, fisel and CO: mass flows increase, as
shown in Figures 5 and 6. The initial fuel consumpticn of the engine increased 10.03%, adjusting the brake-specific
fuel consumption of the engine from 3746 gkWh to 3959 ghkWh, which represents an increase of 5.67%.
Consecuently, the CO:; mass flow captured suffered an increase of 9.14%.

75



GHGT-16 Alexander Gareig-Mariaca, Eva Liera Sastresa 1]

LN ]

As observed in the results shown previously, the operation of the CCS-0RC system presents a penalty on the engine
power on average less than 10%, which is quite positive since studies indicate that the traditional CCS systems could
have penalties of up to 10 % [23]. However, the engine penalty values do not talze into account at this stage of the
research the additional weight of the systems, which can be close to 300 kg between the different CCS-OBC devices
(heat exchangers, pumps, fans, expanders, pipes. etc.), Moreover, If it takes 30 min to perform a single TSA cycle,

225
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Fizure 5. Actuzl and final engine power in the WETC.
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Fignre 4. Fuel mass flow with and without C04 capmre in the WHTC

the estimated weight of the sorbent is 168 kg, which mmst be added to the device's weight

In addition, there is also a loss engine power because of the back pressure exerted by the OO capture system
(sorbent and ORC). This topic mmst be stodied to establish the total losses in engine power. However, these

preliminary results show an enconraging pancrama regarding the installation of CO: capture systems werking with
TSA and powered by ORC due to it achieving a high CCE. (90%) in a dynamic operation of a freight and passenger

vehicle with a low engine power penalisation
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egarding the space needs of the CCS-ORC system_ it is estimated that the devices occupy 1 m? and add 500 kg of
weight. On the other hand. the sorbent material needs 0.2 m®, corresponding to 160 kg, and the CO; stored has a
vohume of 0,43 m® with a weight of 326 kg of CO, for an operation of 8 howrs. That is to say that the estimated weight
of the CCS-ORC system is 1000 kg and needs an installation volume of 1.63 m®, which could be localised on the
vehicle roof, as shown in Figure 1.

0,20 4

0,15

CO, mass flow [kals|

0,05

— Without CCS systemn
——— With CCS system - ideal case
J—— With CCS system - energy penalisation

0,10 ‘

. 1 . - . - T S - r - |
] 200 400 &00 800 1000 1200 1400 1600 1800

Time [s]

Figure 6. Actmual and final COy mass flow capture in the WHTIC

Conclusions

Implementing a CCS-0RC system produces an increase in engine power of 4.93%, leading to an increase in
fuel consumption of 10%. This increase in fiel consumption would lead to a rise in the cperating cost of the
transpott sector, which would be compensated if the transport sector mmst pay for C0: emussion permits. On
the other hand, sorbents as metal-organic frameworks must be evaluated. They have a lesser adsorption heat,
and their use could reduce engine penalisation and fuel consumption

The installation of the CCS-ORC system on the vehicle's roof is feasible becanse it cnly requires a velume
of 1.63 m® of space for an S8-hour operation. This fizure can be compared with other CO» reduction
technologies in the transport sector. For instance, the CCS-0RC system proposed has a volume of 5.5 times
less than a hydrogen fiel cell bus.

Despite the promising results obtained, care must be taken since this study does not consider either the
thermal inertia of the system or incorporate polynomial functions for engine losses lower than 25%, which
affects the results obtained n this study. Going to the experimental field and evaluating an engine with a
CCS-0ORC system is necessary.
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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 1is 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 i1s 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 COz2
after its compression. Four additional heat exchangers complete the CCS system
to dry the exhaust gases and cool the COs. 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.
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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 CsHio
U [135] W/m2K  120—Condensation NA Air-CsHi1o
Inlet pressure bar 1 Saturated liquid
ORC- Isentropic efficiency [145] NA 0.55 NA CsHo
ORC-H Inlet pressure bar 24.9 Compressed liquid CsHio
U [135,146] W/m2K 100—Liquid-Gas NA C5H10-CO2
Inlet pressure bar 22.9 Compressed liquid CsHio
ORC-E 70— Liquid-Gas
h [135] W/m2K  2000—Phase change NA CsHi0-EG
35—Gas-Gas
Inlet pressure bar 20.9 Vapour
ORC-X Isentropic efficiency [147] NA 0.65 NA CsHio
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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-
(), the second one is used to condensate the COz (COgz-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/mzK]
HE-CO=-C Cooling COz — Air
CO2-Con 100
HE-EG1 Cooling Air - EG
HE-EG2 Dry e

4.1.2 Sorbent selection

Three sorbents have been chosen for the CCS-ORC simulations: PPN-6-CHo-
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
COg2 capture. On the other hand, AC, a commercially available sorbent, boasts a
deficient desorption energy, and numerous studies have demonstrated its efficacy
as a COgz 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 COgz pressure occur across
different sorbents due to impurities such as N2 in the COgz 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 (COz2-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-CO32-C using air as a cooling fluid before
entering the CO2 compressor. Subsequently, COz is further cooled in ORC-H using
CsHio as the cooling fluid. Finally, the last cooling stage occurs in COgz-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; (i1) EG are non-corrosive during the heat transfer; (i11) 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 AT 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 AT in these equations is 120 °C, obtained as the difference
between desorption temperature and EG drying temperature.

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

Heat AT between hot and Fluids Design condition of the heat
exchanger  cold fluid [°C] [148] exchanger
ORC-C 5 CsHio-Air CsHiooutlet as saturated liquid
ORC-E 20 CsHi10-EG CsHiooutlet as saturated vapour
ORC-H 20 CsH10-CO2 -
HE-CO2-C 3 Air-CO2 -
CO2-Con 4 COz -Air COzoutlet as saturated liquid
HE-EG1 3 EG-Air -
HE-EG2 3 EG-Air EG outlet at 30°C
. : Cp—co,
Qheating = CCR Xco, Mgg AT (Cp—COZ + q > (16)
. Cp—co, CCR xco, Mgg AT
Qcooling = Pt €0z ¢ (17)
q
Qdesorption/adsorption = CCR xCOZ mEG AHdes (18)

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 COgz
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.

Aairorance = (FTE 22402 10095 (19)
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
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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 CO..

Table 16. Heat exchangers areas obtained in the simulations.
. ORC-C ORC-E ORC-HHE-CO2-C CO2-Con HE-EG1 HE-EG2 Total
Engine Sorbent CCR

[m2]  [m?  [m?] [m?] [m?] [m?] [m2]  [m?]

MOF 1790 817 0.59 0.67 1.87 18.36  11.58 59.13

o PPN 70 16.53 816 0.57 0.67 1.82 18.74  10.18 56.68
Q AC 16.71 795 0.63 0.73 1.96 1799  10.25 56.21
% MOF 15.61 7.66 0.75 0.95 2.54 25.37 13.02 6591
PPN 100 13.77 17.59 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

MOF 9.56 427 0.31 0.35 0.98 9.61 6.12 31.19

PPN 70 884 427 0.30 0.35 0.96 9.81 5.38 29.91

< AC 893 416 0.33 0.38 1.02 9.41 5.42 29.66
P MOF 8.36 4.02 0.50 2.54 1.33 13.30 6.88 36.93
PPN 100 7.92 4.01 0.39 0.50 1.30 13.34 6.40 33.86

AC 7.51 379 042 0.55 1.38 12.72 599 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-CHa-
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 CsHio 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 CsH1p 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. CsHio mass flow obtained for the two CCRs in both engines at the entire rpm range and
engine loads.

27000 JMOF O 27000 -{MOF
JEL--W- 100 -@- 75 A  50-y- 25 JEL-M-100-@ 75 A 50-w-25
PPN s PPN
24000 9g| 4 100 4 75 50 @ 25 = 24000 9e 4 100 €4 75 50 ® 25
ac . : 1ac
='21000 HEL %100 -@- 75--@- 50 425 - ='21000 —{EL ~%--100 - @ 75 -@- 50 -+ - 25
E’) L z Y L ] E) g *
= 18000 . @ | =18000 - m
g 1 ° - 7 A g 1 Q
= 15000 | e 41 = 15000 4 °
@ . T A ® o g 1 Q@
g 12000 P v 4 g 12000 A
= 1 ) e a = 1 ®
< 9000 - < 9000 Y
{ %A 1
6000 é - Fi1C 6000 -] F1C
30004V 100 CCR 3000 - g 70 CCR
T T T T T T T T T T T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
RPM RPM
MOF MOF
48000 —EL-m-100 @ 75 A 50-y-25 e 48000 <EL -m-100- @ 75 A 50-W-25
1PPN r ¥ JpPN
42000 '/Et 100 -4~ 75 50 @ 25 :. 42000 _ié 100 -4--75 50 @ 25
g 4EL % 100 -@ 75--@- 50 -+ ’25|""" £ g 4EL -%-- 100 - @-- 75 ~-@-- 50 -+ 25
236000 ° 236000 e -
z 1 ~e O I 1
@ m
S 30000 N S 30000 H
%) 4 A 7)) J
S 24000 ® S 24000 - S
=l e P v * | E o
= 1 . 4 = 1 A
< 18000 << 18000 i g
12000 M936G 12000 g M93GG
1 100 CCR e 70 CCR
T T T T T T T T T T T T T T T T T T T T T T T T
1000 1200 1400 1600 1800 2000 2200 1000 1200 1400 1600 1800 2000 2200
RPM RPM

Figure 22. Cooling mass flow obtained for the two CCRs in both engines at the entire rpom range
and engine loads.

4.2.2 Energy analyses

Figure 23 shows that in the F1 engine at 70% of CCR and with MOF operation,
the parasitic loads are offset by power generated in the ORC-X at 100% engine
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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.
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Figure 23. Parasitic loads covered by the ORC at 70% of CCR in the F1C engine.
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Power [kW]

In the M946G engine with the CCS-ORC system operating at a 70% CCR
(Figure 25) in MOF operation, the parasitic loads are compensated for at 100%

85



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.
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Figure 25.Parasitic loads covered by the ORC at 70% 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.
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Figure 27. Power percentage required by the CCS system operating in the M936G 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
welght 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 COz obtained in both engines are taken
[150]. Following this, the volume of the heat exchangers is calculated based on an
area density (f) 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

COz2 volume [m3] 0.93 0.49
Sorbent mass (RWA weight) [kg] 53.2 62.9 112.1 28 33.0 589
*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 1357 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 COz 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

20.7%

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 7.,,, is the combustion efficiency and n,;, 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 kd/kgCO2 at 90% of CCR [113,154] and, with amine-
scrubbing, are higher than 2500 kd/kgCO2 [155,156].

28800 (PL — Worc—net)
Ncom Mtn LHV

Meyer = (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.

mass  ~~p PPN MOF AC
Engine fuel [%] mass Increase mass mass Increase mass mass Increase mass
[kg] fuel [kg] fuel [%] fuel [kg] fuel [%] fuel [kg] fuel [%]
70 0.71 0.52 0.13 0.09 2.96 2.17
M936G 136.30
100 7.04 5.17 6.09 4.47 10.22 7.5
1. . 31 12 4. 1.91
FIC 25954 70 38 0.53 0.3 0 95 9
100 10.87 4.19 9.37 3.61 15.94 6.14
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Figure 30. Energy consumption of the COz capture process obtained for the study cases.

4.4 SUMMARY

The results indicate that, among the variables analysed (type of sorbent and
engine size), the type of sorbent most significantly affects the behaviour of the
CCS-ORC system, with AC performing the worst primarily due to its lower
selectivity. On the other hand, with ORC optimisation, greater harnessing of the
EG waste heat is achieved, reducing the penalty that the CCS system imposes on
the ICE at high engine loads. This leads to the proposed CCS-ORC system
requiring almost 15% less energy for CO: capture than other studies.
Consequently, the energy assessment in this chapter establishes that the
proposed CCS-ORC system is energy feasible for its integration into an HD-ICEV,
as its maximum average penalty is less than 10% with a CCR of 100%, regardless
of engine size. Therefore, in the next chapter, a techno-economic assessment must
be performed to determine the complete feasibility of the CCS-ORC system.
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Thiz shudy made an energy performance analyziz :md:n:nhmlz of the volume and weight of an inmovative
carbon captwe and storage (C05) system by temperature owing adsorption (T34) hybridiced with an organic
Rankine cycle (ORC) wocking with the waste heat contained in the exhaust gase: of a nabural gaz engine. To
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Suboequently, energy oirmlations are conducted ar pen GOy capoure raves (OCR) and emploving thres sorbents
(MOF-T4-Mg, PFPN-6-CH.-DETA and activared carbon) to compare the CCS-0ORC parformonce. Remulo demon-
gtrate the viability of ingtalling CGCS-0RC systems in heawy-thety vehicles zince they require less than 6 % of the
total volume of the gtudied vehicles. The engine power penalty induced by the COGE-0ORG aystem varies from 1.9
% with MOP-74-Mg to 23.5 % with activated carbon at 100 % of OCF, leading to a maximum 6.14 % rize in
engine fuel consumption. Pinally, the maximum G0 capture proces energy conse=nption & 631 kl/kgln, 9.9
% loweer than the liverature repocted for TSA. Based on these promising resuliz, applying the hybrdised system

presented] in thiz paper for ©O; capaare in zectom that e heavp-dury engines in a sraregy o implemen:

1. Intreduction

Diespite the condnuous advances in emerging technologies, such as
battery wvehicles and hydrogen fuel cells, to achieve near-zero CO;
emizzions in freight and passenger road transport, theze developments
remain msufficient due to their short autonomies, overweight and poor
chain supply development, among others [1-3]. Por these reazons, this
eCtor continues to use intermal combustion engines (ICE) for it pro-
pulzsion Meverthelezsz, to reduce its carbon footprint, it has chosen to
migrate from diezel to sustainable fuels such az natural gas (NG) [4,5].
Even though MG iz not a renewable fuel, it iz expected to facilitate the
energy ransition of thiz zector towands a sustainable energy system, as
was established by the European Commizsion in 20232 [5].

However, thiz sector must achiswve €0, emizrions close to zern; for
this reason, existing technologies such as carbon dioxide capoure, stor-
age, and utilization (CC5SU) technologies should be explored. Further, if
amy 0z capmure technology iz combined with techmologies such as
powwer-to-gas (PrG) that operate with renewable energy sources to pro-
duce synthetic methane, it would promote a circular economy around
the capmred COy; zince thiz would be used az raw material to
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manufacture E-fualz [7]. Another advantage of thiz proposal iz that the
well-developed infrastructure of the MG could be used for methame
iransport and supply to the vehicles, so the supply chain would not be a
drawback in this type of proposal

CCEU techmologiez have been demonstrated mainly for their uze in
power plantz, steel, and cement industries, which are the main emitters
of COy [9]. However, in recent years, rezearch wors have been carried
out on G0 capiure in mobile sources (vehicles and ships) propelled with
traditional 1CEs. Several issues have been evaluated n these warks: the
energy consumption of the CCS system operating with different zolvents
and sorbents [9-15], the economic impaect of the implemenraton of CC5
systems [16-18], the technical feasibility of implementing the COCS
syzteme [19-23). Almo, the properties of the zorbentz have been
improved to achieve b-emarcon:aptu.r\emhea:d [24]. Theze research
wenrkz show that the most widely uzed C0, capiure technigues have bean
absorption in the maritime sector and adsorpton in road ransport. They
hawe alzo found thar CO storage iz the proces: that conoumes the most
energy, and it depends on the €0y capture rate (CCR), which iz why
some authors have hybridised an ORC to the CCS system [25-27]. The
ORC takes waste heat from the engine’s exhaust gases to produce power,
thus offseting the energy demand in the COy, storage process.
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Abbreviationsz

Adsorptdion Heat AHaas

Angular velocity ratio #,

Area calrulated at maximum torque AT
Area curment Ao,

Carbon Capture and Storage CCS

CO, compressar  CO-com

Cyclopentane CsHio

Denzity p

Dizplacement volume dv

Dizplacement volume ratio g,

Engine load EL

Exhaust gasez EG

Exhaust gas cooling heat exchanger 1 HE-EGI
Exhaust gas cooling heat exchanger 2 HE-EG2
Expander volumetric efficiency Nuwoles
Greenhouse gas emiztions GHE
ldeal gaz constant B

Internal Combuston Engine 1CE

Loading Capacity q

Lower Heating Value LHV

Maszs flow m

Mass fraction x

Namral gaz NG

ORC condencar  QORC-C

ORC evaporator ORC-E

OFRC heater ORC-H

ORC pump ORC-P

ORC expander ORC-X

Organic Rankine Cyele ORC
Parasitic Load PL

Power-to-Gaz  PtG

Revolutions per minute Rpm
Rotary Wheel Adsorber RWA
Samration temperature T,
Specificheat ¢

Pump volumetric efciency Mo, pue
Temperature Swing Adzorption TSA
Thermal efficiency ),

Orverall heat coefficient U
Volumetric efficiency product -
Working Fluid WF

Working fluid density i

Despite the increazed literature on this topic in recent years, mast of
these rezearch works hawe been camried oot with the ICE operating in a
zingle operating condition, which iz suitable for the maritime sector.
Howewver, it is far from the actual ICE operation uzed in freight and
pazzenger road transport vehicles, where the engine must change rpm
and engine load constantly to adjust to the required slope or speed,
which produces a vardation in the masz flow and temperamre of the
exhaust gazes (transient state). These variations affect the performance
of any CCS system that could operate in this kind of wehicle due to the
wariation of the waste heat available i the exhaust gases.

As evidenced in the previous paragraph, there is not enough infor-
maton in the literature about CCS-0RC systems operation on heavy-
duty vehicles whosze ICE operates in a mancient state. This lack of in-
formation iz due to the difficulty of obtaining results through simula-
tions of ICE operating in a mransient state because of the large number of
variablez that affect itz behaviour. In the zame way, experimental tests
require a significant inwesmment, which iz not easy to astume by a
research centre. A way to approach the mamsient state operaton of an
ICE through simulations is by sweeping many engines operating con-
ditions, both in rpm and engine load, which would allow knowing the
zeveral input conditions of exhaust gases into the CC5-0RC syztem. With
this and through the evaluation of different sorbents, it would establizh
the €0y, capture rate (CCR), the energy behaviour, and the frst zizing of
a CC5-0RC system able to adapt to operate to several operation condi-
tions of an engine.

In thiz wein, the first objective of this research is to camry out an
energy evaluation of a ©C5-0RC system designed to capture the COz
contained in the exhaust gases of a NG engine operating in several loads
and rpm of the engine. For this, fwo engines (uzed in freight and pas-
zanger road mansport and with different displacement volumes) opar-
ating at four engine loads in the entire engine rpm are simulated to
determine the exhaust gases' temperature, pressure, and composition
condidons. The intention of this after the fact iz to know if engine size
affects the behaviour of the CCE-0R.C system. Subsequently, a CCE-0RC
system working with temperamre swing adsorpton (TSA) is simulated.
Three sorbents (PPN-6-CH;-DETA, MOF-74Mg amd activated carbon)

Table 1
Technical gpecifications of the P10 and M336(0 engine.
Enging MEERG [20] F1C [29,31]
Architertre Indine Gcylinder In-liee &-cylinder
engize exgine
Aspiration method Turbocharged with Aftereocler
Injection Maultipaine
Valves per cylinder: 4
Bore [mm] 110 o
Stroke [mm] 135 104
Displacement volume [cm"'] TTO0 3000
Coanecting Hod Lesgth [mm] 50 20
Compression ratio 17 125
Maximum boost pressure ratic 2 1.5
Firing Order 15:3e- 28 1-3-4-2
Combustios duration [deg) v =]
Star of combustion BTDC 1B 19
[CAn]
Eruke Power [EW] 22 at 1950 rpm 00 at 3500 pm
Torque [Nm] 12300 ar 1600 rpm 50 at 1500 rpm

and two CCR= (70 and 100 %a) are uzsed in the simulations. The aim iz to
establich the sencibility of the CCS-0RC system to different sorbents and
capoure rates regarding the energy balance. The second objectdve of thiz
rezearch is to size and quantify the volume and weight of the CC5-0ORC
system, thus determining howr itz installation can affect the useful space
of the heavy-duty vehicle. For this, the heat exchange areas of the CC3-
ORC system are calculated, and the wolume and mazz of the sorbemt
required in an operation of 8 h are estimated. All thiz work oudines for
ithe first time a mapping of the energy consumption and the dimenszion of
e OC5-0R.C system able to adapt to operate in several loads and rpm of
the engine, which expands the knowledge paving the way to use CC5 in
mobile sources as a valuable strategy to mitigate climate change.
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Fig. 1. QCS-0RC aystem configuration.
2., Methodology in the engine are the YWozchni heat ransfer model for the heat transfer in

The engine simulations are done in the software AVL bocet, and the
CCE-0RC system simulagons are performed in the zoftware ASPEN +.
The following subsections show the procedure developed in this study.

2. 1. Engine selection and simulation

Two four-stroke murbochargers namwal gas spark-ignition engines
with different displacement volumes (dv) are selected for the energy
analyzes proposed below. These engines are used frequently in passen-
ger and freight road oancport. The engines selected are the M336G
engine manutaciured by Mercedes Benz with a dv of 7700 cc and an F1C
engine manutacoured by FPT Indusirial with a dv of 3000 cc, both en-
gines working with stoichiometric combustion [22,29]. Table 1 lists the
specifications of the engines.

‘The energy simulations for the CC5-0R.C syrtem require temperamire,
pressure, mass flow, and composition of the exhaust gases az input pa-
rameters. Both engines are modelled uzing the zoftware AVL BOOST and
walues of these parameters are ob@ined at four pardal engine loads (25,
50, 75 and 100 %u) in the entire rpm range. The theoretical models used

100 kP8

the cylinders, the simplified model of boost pressure to obtain the air
mass flow, the Re-analogy for the heat ansfer in the engine ducts and
the Heywood, Patton, Nitzehke model for the friction. In addition, air at
standard conditions (25 *C and 1 atm) and a lower heating value (LHV)
of the NG of 48351 kJ/lkg were taken as inlet parameters [32-34]. The
engine performance results ob@ined in the engine models and the ac-
curacy between those, and the actual performance curves of the engines
provided by the manufacturers [29,30] can be found in previous
rezearch [27]. The exhaust gac conditions are also obtained, which are
required as input parameters in the CC5-0RC system simulatons. These
values are consigned in Appendix A and B, the temperamure, pressure
and mass flow for each species of exhanst gases are chown there. Finally,
the mass fracton of the engine exhaust gases obtained in the engine
moddel simulations iz 15.4, 12.6 and 72 % for the G0y, HaO and Ny,
rezpectively.

22 CC5-ORC system

221 CC5-0ORC system configuration
The CCS-0RC system was conftgured using all the high-temperature

 COgein

Taan-in

S[kJ/K]

Fig. 2. T-5 dizgram for the ORC.
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Table 2 Table 3
Input parameters for the caloulation of the fuid premure at the ORC-X inles Parameters and conditions for ORC cimulations.
Variable Value Unit Device  Parameter Uit  Wahe State Fhzid
Compressibility factor () 096 BA ORC-C Imled Bar 15 Vapour CgHije
Ideal gas comstant (H) 01186 elkgk pressare
Saturarion tesnperature (T,,) 186,15 “ U [44] W/ 13 Condensations  MNA Alr
WE density ot 1 bar (g 735.3 kg/m® m’K CeHys
Expander volumetric eficlency (M) 0.4E [41] MA ORGP Inlet Bar 1 Sarurabed CsHia
Fump volumetric efficiency (M poe) k-] MM [pressure Houid
Volumetric efficlency product () 036 MA lsenrropls HA .55 HNA
Displacement volume ratio [fiy,] 076 MA efficiency
Angular velocity ratio [§,) 0.2 HA [45]
QR Indet Bar 249 Compressed  CgHya
H pressare Houid
heat zources to get the most straightforward possible configuration Ufadas] W/ 100 Liguid-Ces HA CeHie - C
. . - mK
Moreover, a reduction of 78.1 % for the cooling processes was obtained GROE  Imlet Bar 228 o Cebye
through a Pinch amalyzis. Fig. 1 chows the final configuration of all pressare Tiquid
systems integrating the CCS-0ORC system proposed for thiz study. h [44] W/ F0+ Liquid-tsas A CcHya
A rotary wheel adsorber (RWA) iz used for the adsorption process mE 000 Fhise kst
(encleced in green dotted line). The TSA process consists of four stages f:ji;ws gas
(black dot lines), reprezented in Fig. 1. The charged sorbent is heated to OREE  lmlet Bar 09 Vapour Cobiye
a desorpton temperature in the frst s@ge so that the G0y iz released pressare
from the sorbent [35] i the second sage. The heat required for these lsencropu KA LG5 HA
stages iz exracted from the exhaust gases coming from the engine ‘Ef’cmf
exhaust. In the third stage, the sorbent is cooled to the adsorpdon [47)
temperamure and is prepared to adsorb COy from the dry exhaust gases in
the fourth sage. Air at standard conditons iz uzed for cooling in the last Table 4
A bazic ORC [36] with two | in i ted into the system Overall heat cogffcicnts for the heat oxhargers wsed in the OREC [44,45,43].
to provide the mechanical energy required to compress the COy. One system Heat exchasger Frocess Fluids U [wW/mK]
zolree is heat remaiming in the exhaust gazes after the RWA, and the s HE-C0- Cooling Oy - Alr 100
zecond is the heat produced in the CO; compression. Four additional CibyCom
heat exchangars complets the CCS system to dry the exhaust gases and e E:';“-"'B iy — Exhumt: e

cool the CO.. Fig. 1 shows with a different colours each of the fows
operating in the systems (exhaust gases - red, CO: - blue, air cooling -
vellow and ORC working fluid - purple) and the heat exchanger: and
device: amrangement.

222 ORC design and working fluid selection

The ORC z working fluid (WF) is cyclopentane (CzH; ). Thiz organic
fluid was selected because of the excellent performance results in pre-
wious research performed on ORC in ICE [37,30]. Om the other hand,
CsHio has a limited enwironmental impact amd low toxicity, is
non-corrosive [39], has a low decomposition rate and is thermally stable
at temperatures up to 350 °C degpite i high fAammability despite its
high flammability and has a low decompesition rate [40], making it safe
for uze in this kind of applicaton.

Fig. 2 shows the TS diagram of the thermodynamic states of the WF
along the ORC. The ORC circuit begins with preheating the WF in the
heat exchanger (ORC-H), thanks to the heat produced during the
compression of the GOz (1-2 process). Afterwards, the WF iz vaporized
in the heat exchanger (ORC-E), taking the exhaust gases” waste heat
after OOy desorption (2-3 process). After, WF flows through an expander
(ORC-X) to produce power (34 process). Finally, the WF is condenzing
in the heat exchanger (ORC-C) (4-5 process), and pumping (ORC-P) to
begin the cycle again (5-1 process).

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

Pow =';RTMI|'JN nfrfralia @

The ORC-X inlet pressure obtained following the described proced-
ure iz 2009 bar; at thiz pressure, the WF zaturation temperature iz
184.15 #C. This temperamure fits with the crideal operation condidon in
the ORC-E, which iz at 25 % engine load and 1000 rpm in the F1C engine
(the lowest thermal energy); at this point, the inlet exhaust gases in the
ORC-E has a temperature of 222 ° C, so it fulfils with AT established for
itz operation (see Table 6). From this, the inlet pressures of the ORC
devices are subsequently zet from thiz value. The devicer pressure
drops, the heat transfer coefficient (k) and the owerall heat tranzfer co-
efficient (L7 values are taken from the literature [43-45]. Table 3 shows
the parameter values for each device and fuid conditions in the

223 Heat exchangers

As seen in Fig. 1, the OCS system has four heat exchangers. The frse
of them zerves to reduce the CO0; temperature after the desorption
process (HE-CO4,—C), the second one is used to condensate the CO, (C0,-
con), the third one iz used as a first cooling stage of the exhaust gases
(HE-BG1), and the last heat exchanger (HE-EGZ2) finishes cooling and
drying the exhaust gases.These heat exchangers utilise the same air
cooling that flows through the BWA and the ORC. This information iz
summarized in Table 4. An owverall heat transfer coefficient of 100 W/
m*E corresponding to a cooling process in a compact heat exchanger
[44,45,45] iz considered.

224 Rotary wheel adsorber (RWAD

The four TSA processes (adsorption, heating, desorption and cooling)
are performed on an BEWA (green dot lines Fig. 1). Thiz techmology
operates with VelowothermTM™, developed by Inventyz [49]. The
advantage of thiz device is that it is possible to do the TSA cycle in less
tham %0 = [35], which drives to small equipment sizes. In the simulations,
the cooling and heatng of the zorbent in the RWA are made by indirect
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Table 5 Table 6
Muin physicol properties of the sorbents used in the sirndatons [50,51,53,54]. AT and requirements of the heat exchangers in the OG5-0RC oyntem simmlations.
Zarbent Adsoaption Leading Selectivicy Specific “Density Heat AT between hot and Fluids Design eondition of
Hear [AF,,) Capacity Ol M, Heat (i) (pg (g exchanger pold fhud [+C] [44] the heat exchanger
fedfmolocsl (9] ) [elfkgh] =] ORGC 5 oMo Adr oM, outlet o
M&m’] saturated liquid
QORCE an CrHye-Exhast CegHyp outlet o
PPH-& 4533 [eleic ] ) = DOUTHNE 0585 EIS s saturated vapour
CHz QORC-H an CrHpe- Tl
DETA HE-O0,- O 3 AR,
MOF-74 374 [y - rl L85G 914.9 C0g-Ciom 4 Oy <Adr €0y catlet as
Mg saturated liquid
Activated 25 o3z 11 1.062 ploti) HE-EE1 3 Exhamst gases
carbon Adr
- N N HE-B:2 3 Exhamst gases Exhaust gases ourtes at
Coyetallographic denity. Alr -

contact with air at standard conditions (25 °C and 1 bar) and with the
exhaust gazes coming from the engine, rezpectively.

225 Sorbent selection

Three sorbents are zelected for the CCS-0ORC simulatons: PPM-6-
CHz-DETA (PPN onwards), MOF-74-Mg (MOF onwards), and actvated
carbon (AC onwardz). PPN and MOF sorbents present an ultra-high
selectivity for C0:, exceptional adsorpdon capacity, and low desorp-
tion energy, which are suitable physical properties for C0y capture (zee
Table 5) [26,50,51]. AC iz a commercial sorbent with ultra-low
desorption energy, and several studies have shown that it can be used
as a sorbent [52-54].

Acrording to the Lteramre, the suitable desorption temperature that
guarantees the greatest amowunt of COp desorption without sorbent
degradation iz 150 *C [51] which was chosen in the simulations. On the
other hand, the adsorpdon temperamme selected iz 30 °C sinece the
exhaust gaz iz 99 % dry at thiz temperamre, which iz ideal for zorbents
because they lose COy adzorption capacity with wet exhaust gazes [55].

226 COz compression and SoONege process

Smmulations consider the storage of CO; as a Hguid. According to the
COz Mollier diagram, the thermodynamic conditions established in the
simulations to do this are a C0); pressure of 75 bar and a temperature of
29.35 °C. Regar to the prezsure, the CO: pressure changed for each
zorbent in the simulatons due to the impuritdes of N in the CO; stream
(due to the selectivity). Consequently, the O0: presmure with PPN iz 75
bar, with MOF iz 779 bar and with AC iz 85.73 bar; theze pressures were
calrulated uzing the Dalton Law. The simulatons assume an isentropic
efficiency of 65 % for the G0y compressor (C0,-Com onwards). The
proposed CCE-0RC system configuration has three stages to achieve the
CO; storage temperature. The first one iz done in the HE-C0y-C using
air as cooling fluid before entering the CO: compressor. Afver, the COg iz
cooled in the ORC-H using the CgH, ; az a cooling fluid. The last cooling
stage is done in the COs-con using ammocpheric air as a cooling fluid (See
Fig. 1)

2.3, Engygy simulations of the CC5-0RC system

The energy analysis of the CCS-0RC system aims to quantify by
simulations the penalty over the engine in power terme that would
induee their operagion. Thus, it is neceszary to know the heat and areaz
of the heat exchangers and the power consumption of the expander,
pumpe andd compressors. All of this iz per each rpm and engine load
condidon. The following shows the amumptions amd the procedure
developed in the simulations.

2.3.1. Assummptions

The following assumptons are considered in the CC3-0RC system
simulations: (i) there are no mass losses in pipes, devices, amnd conmec-
tions; (ii) there are no pressure drop losses in the pipes; (iii) heat losses in

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

232 FProcedure in sinmdations

Simulations are performed for two CCR condigions (70 and 100 %),
at 25, 50, 75 and 100 % of engine load and in the entire rpm range. For
both CCR condidons, the areas of the heat exchangers of the CCS-0RC
system must first be knowm. These areaz were determined at
maximum engine torque. The cooling air mass flow is obmined when the
sorbent iz cooled at 30 °C and are fulfil the design condition is reached of
the heat exchanger and the zelected AT (from the literamre) between the
hot and cold fluid in each heat exchanger iz met (see Table G).

The ORLC cycle was simulated so that the WF at the ORC-X outlet waz
always saturated vapour (zee Fig. 2], which fixes the maimum mass
flow of the WF for each engine condition in the simulatons, thus
obtaining the maximum power production. Also, the wvalues for the
heating, cooling, desorption and adsorption heat developed in the WA
are inmoduced for each simulation (Appendix C, D, E and F). These
values are caleulated using equations (33-(5). The AT in these equadons
iz 120 °C, which iz obrained as the difference between desorption tem-
perature (150 ° C) and exhaust gas drying temperature (30 =)

Ot = OCRe o n'rmﬁrlfr.',._(o_ +%) (3
. - o0 OC R g AT

I )
(P semermion fatier e = CCR T meigr A H e (5}

Thiz procedure allows us to caleulate the power consumption of the
ORC-P and the C0y compressor, the power production of the ORC-X, the
air mass flow of the fan used to cool the CCS-0RC system, the WF mass
flow in the ORC and the heat flux of all heat exchangers in the rest of the
engine operadonal points.

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

A digerenes [B]= (ﬁ) 1060 (6}

Afmar
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Table 7
Heat exchangers areas obtinesd in the sinudations.
Engine Sarhent OH ORCAC [m¥) ORCE [m?] OHEH [m?] HE-0,- 1 [m?] C0yCon [m®] HE-EG] [mP] HE-BiE2 [m¥) Total [m?]
MS3RG MOF 70 17.50 £17 059 067 187 1836 11.58 5913
PEN 1653 E16 057 067 182 1874 1018 S bl
AC 1671 795 063 073 196 17.99 1025 5621
MOE WO 1561 Tk 075 095 254 2537 12.02 6591
FFH 1277 Fou L1 e e} 095 40 ZhLio 11.20 &L
AC 1247 77 079 1.05 264 a3 1131 6116
FlC MOE 70 956 427 031 035 oG 941 612 3119
FEN £84 427 030 035 e 951 538 T
AC B9 416 033 038 102 .41 542 966
MOE wo B3 402 .50 254 133 1230 688 B
PEN 792 401 039 0.50 130 1234 a0 3386
AC F.51 379 42 .55 1.38 1172 i) 2238
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Fig. 3. CsHjo Maoz flow under the two OCR conditions and over the entire rpm range.

3. Results and analyzls

This section presants the resules obtained from the simulations of the
CCE-0RC system. Indtially, the results of the operadonal parameters of
the CCE-0RC zystem (heat exchanger areas and fluid mass fows) are
presented. Then, energy performance ac power production and con-
sumpton by the devices and the penalization over the engine by the
CCE-0RC system operation is presented. Finally, the mazs and volume of
the sorbent for an ICEv operation of 8 h are quantified to establizsh the
required weight and volume in the RWA and the volume of the heat
exchangers to get the spatial dimension of the OC3-0RC system.

3.1. Heat exchanger areas

Table 7 shows the values of the heat exchanger areas of the CC5-0ORC
system that are obtained in the simmlations. Both engines’ heat
exchanger areas of the CCS-0RC syztem show similar trends. The resultz
show that the OR.C-E and ORC-C heat exchanger areas are larger for a 70
% CCR. than a 100 % CCE. For the ORC-E and ORC-C exchangers, it can
be explained because of the higher WF masc fow needed to mke
advantage of the heat m the exhaust gases. This remaining heat is higher
due to a loweer heat requirement in the heating and desorpton processes
act 70 % of CCR. On the contrary, the HE-EG1, HE-BG2, ORC-H,
HE-CO;—C and 0Oy C areas are lower for the lower CCB, caused by a
smaller mass flow of exhaust gases and C0s.
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Fig. 4. Coaling air mags flows in the C0;-Con, the BWA, the ORC-C, the HE-00u—C and the HE-EQ] in the entire FIC and M%360 engine rpm.

‘The effect of the sorbent in the heat exchanger areas of the CCS-0RC
system can be seen in the C0y-Con. Por instance, with MOF operation,
there iz a difference between the heat exchanger areas of 2.5 % at 70 %
of CCR and 2.7 % at 100 % of CCR regarding PPN operadon This dif-
ference iz due to the relectivity of the sorbent. The MOF-74-mg haz a
lower selectivity than the PPN-G-CH;-DETA, which makes the C0, mass
flow contain impurities of Mz which change the heat transfer parameters
producing an increase in the area of the C0y-Con. Thiz same behaviour
can be seen with the AC sorbent, whose zelectivity iz the lowest of the
three sorbents.

Finally, the area of the HE-EG2 is, on average, 11.2 %3 greater with
MOF operation regarding PPN and AC operation both for the two CCRs
and the owo engines. Thiz result iz because, in MOF operation, the
cooling air mass flow is the lowest obtained due tw the lowest heat of
cooling and adsorption with this sorbent, which produees that this heat
exchanger requires a larger area

3.2 Mass flows of CcHy and air

Fig. 3 shows the CoH p masz flows in the ORC simulations. It can see a
higher CsHyp mazs flow in 70 % CCR than in 100 % CCR in both engines
and with all zorbents at the highest engine koad (EL). It can be explained
as in the 70 % CCR caze, less heat from the exhaust gases in the zorbent’s
heating and desorption process is consumed mainky due to less sorbent
and 00 mas: involved in the processez. However, as mentioned before,
this rize in the WF mass fow increazes the heat exchanger areas of the
ORC-E amd ORC-C, regarding the CC5-0RC system operation at 100 % af

CCR.

Considering sorbentz, the MOF operation always presents a higher
CsHin mass flow than the PPN and AC operation. This rezult iz because
the heating and desorption heat with MOF operation is less than the PPN
operation. At the same time, the difference benween MOF and AC
operation iz due to the higher selectivity of the MOF-74-mg regarding
the AC that involves a fewer mass of the sorbent and, hence, a low
heating heat.

Fig. 4 shows the cooling air mass that flows through the C0z-Con, the
HE-EGZ, the RWA, the ORC-C, the HE-CO,-C and the HE-EG] on bath
SIHICE, both OCRs and for the three sorbents. It can zee that the highest
cooling air mass Aow values appear at a CCR of 100 %:. These rezuls are
due to more 00 mazs for condensing and more demand for cooling the
RWA since higher heat is consumed from the exhaust gases in the BEWA
at 100 % of CCH. than at 70 % of CCR. For this reason, the air mass flow
with PPN and AC operaton iz higher than with MOF operation under
whatever engine load and rpm because of its lowest dezorption heat.

3.3 Energy consumption of the CCS syztem devices

Understandding the power usage of the different devices within the
CCE-0RC system is crucial for quantifying power losses. Thiz section
presents the findings regarding the power generated by the ORC-X and
the power consumed by parasitc loads, which include the combined
power from the C0y-com, the ORC-P, and the air fan utilized in the
cooling processes (Equaton (7). The power consumption of the air fan
iz determined by zelecting fans from the EBMPAPST company’s online
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Fig. 5. Power production by the ORC and parasitic loads by the GC5-0RC system in the P10 engine.

camlogue [51] that align precisely with the simulated air mass. Addi-
tdonally, the zection presents the percentage of engine power utilized by
the CCE syztem due to its operation

Wnr ciic iatr = Wy + Wommprazmor + Wim @

3321, Power production and parmsitic loads in the CC5-0RC gystem

The following figures show the difference between the power pro-
duced by the ORC-X am the parasitic loads of the CCS-0R(C system at 70
and 100 % CCR in both engines amd for all zorbent=. Fig. 5 shows the
parasitic loads power conzumption and power production of the ORC-X
at 70 % of CCR. with all sorbentz in the engine F1C. There can be seen
that with MOF operaton, the parasitic loads are cowvered by power
produced in the ORC-X at 100 % of the engine load from 2000 rpm; at
75 % of the engine load, the ORC-X covers the parasitic loads from 2800
rpm, and at 50 % of the engine load, the parazitic loads are covered from
3200 rpm.

During PPM operaton, the ORC-X generates sufficient power to
compenzate for the parazitic loads at 100 % and 75 % of the engine load,
starting from 2400 to 3600 rpm, respectively. However, in the caze of AC
operation, the parazitic loads are never fully compenszated due to the
elevated pressure needed for OO hquefaction. The lower AC selectivity
primarily cawzes this limitation. Purthermore, when wtilising any sor-
bent, the power generated by the ORC-X iz unable to meet the re-
quirements of the parasitic loads at 25 % of the engine load. The main
reason for this iz that, under thiz specific engine load condidon, the
exhaust gazes contain the lowest level of thermal energy.

Fig. & shows the difference between the power produced by the ORC-
X and the parasitic loads of the CC5-0RC system at 100 % CCR in the F1C
engine with all sorbents. With this condition, the CCS-0RC system can
anticipated because, as the CCR increaces, the mass flow of the working
fuid (WF) in the ORC decreases, resulting in lower power production by
the ORC-X. Additionally, the power consumpton of the CO: compressor
rizes due to the increazed mass of C0, being captured.

In the M946G engine at a 70 % CCR (Fig. 7) in MOF operation, the
parazitic loads are covered at 100 % of the engine load from the
maximum torgue (1500 rpm), 75 % of the engine load from 1700 rpm,
and 50 % of the engine load from maximum power (2000 rpm). With
PPN operation at 100 % of the engine load, the parasidc loads are
covered from 2000 rpm and in the rest of the engine loads, the paraside
loads are not covered. Fig. & depicts a similar tremd with all the sorbentz
studied at a CCR of 100 %, resembling the behaviour observed inthe F1C
caze.

3.32 Engine power percentage consumed by the CCS gystem

Figz. 9 and 10 show the power percentage required from the engines
to operate the CC5-0RC system across various rpm and engine load
conditions, sorbentz, and selected carbon capoure rates (CCRs). These
fgures demonstrate that, regardless of the sorbent, CCR, or engine rpm,
the most significant impact on the engines ocours at 25 % of the engine
load. However, thiz penalty decreazes ac the engine load increases, and
the ORC system can even deliver excess power, az with MOF operation at
a 70 % OCR
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Fig. 6. Power production and paracitic loads in the OCS oyotem with MOP-74-Mg and CCR of 100 % in the F1C engine.

Az anticipated, the penalty percentage of the CC5-0RC syztem on the
engine follows the AC operation > PPN operation > MOF operation
desorption heat in MOF operation compared to other sorbents. The
penalty percentage values of the CCE-0R.C system on the F1C engine, at
a 70 % CCR, range from 0 % with MOF operation to 10.5 % with AC
operation. At a 100 % CCR, these value: range from 2.2 % with MOF
operation to 23.5 % with AC operation

Likewisze, for the MO36G engine, at a 70 % CCR, the penalty per-
centage values range from O % with MOF operation to 7.1 % with AC
operation. At a 100 % CCE, the penalty percentage values range from
1.9 % with MOF operation to 13.1 % with AC operation.

‘The values in the abowve figures show that the OCS system haz a more
sigmificant penalty on the smaller engine zize, irrespective of the sorbent
used. In addition, at 25 % of the engine load, the highest penalty per-
centage values are obtained regardless of the zorbent since all the en-
gines' power ouwtput is at its lowest point during this load condition,
thereby amplifying the penalty percentage of the CCS system on the
Enfines.

3.4, Weight and volume of the CC5-0RC gystem

The limited zpace within an ICEV poses a significant challenge for
installing a CCS-0RC syztem. Henee, it is crucial to determine the mass

and area needed to incorparate a CC5-0R.C syztem into the vehicle. Thiz
estimation involves calculating the mass and wolume of the sorbemt
within the CCS-0RC system. The caleuladon procedure azsumes a CCR
of 100 % for both engines, an 8-h operation with 48 cycles of dezorption
and adsorption (each lasting 10 min), and an engine load of 75 % at the
maximum torque RPM. The rezults of theze caleulations are prezented in
Table 8.

Finally, the mas: and volume of the CC5-0RC system are estimated.
The weight and volume of commercial compressors that meet the mass
fow of COy obtained in both engines are taken for this [56]. Concur-
rently, the weight and volume of a screw expander operating in the
power ranges ob@ined in the sfimulations are taken from the literature
[57]. Subsequently, the wolume of the heat exchangers iz obtained
considering an area density () of 100 m*/m’ and the corresponding
weight iz extrapolated from analogous studies [59]. Finally, the tanks
and ancillary systems’ weight of the CCE-0RC system iz estimated at
200 kg for the M936G engine and 120 kg for the F1C engine.

Based on the results, the C0; maz= captured from the exhaust gases
during an &-h operation weighs 710 kg and 373 kg for the M936G and
F1C engines, respectively. In its liquid state, the storage of this capoured
O requires 0.93 m* and 0.49 m° of volume for the M936G and FI1C
engines, rezpectively. The sorbent mass needed to capoure €O in the
M936G engine amounts to 53.2 kg, 62.9 kg, and 112.1 kg for MOF, PPN,
and AC operation, respectively, which manslates to a sorbent volume
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Fig. 7. Power production and paragitic loads in the OG5 oystem with PPN-6-CH;-DETA and CCR of 70 % in the M9360 engine.

(RWA volume) of 0.116 m*, 0,156 m”, and 0.224 m”. Far the F1C engine,
the required sorbent mass iz 28 kg, 33 kg, and 58 kg for MOF, PPN, and
0.061 m®, 0,082 o, and 0.118 m® for MOF, PPN, and AC operation,
rezpectively. These results indicate that the selectivity parameter haz the
mast significant impact on the weight of the CC3-0RC syztem Conse-
quently, the operaton with AC, which has the lowest selectivity among
the chosen sorbents, resulted in the highest weight for the CQCS-0RC
system.

The awverage weight and volume of the CC3-0RC system obtained are
]200Imaﬂl]lffmmemmﬁﬂmgjnevehideandﬁﬁﬁkgandl.lz
o’ for the F1C engine vehicle. Fig. 11 depicts the weight distribution of
components within the CCE-0RC system. There, it can be seen that the
GO comprezzor iz the equipment exerting the greatest influence on the
total weight of the CCS-ORC system in both ICEVE, with itz values
ranging between 39.7 % and 45.4 % of the overall weight Converzely,
the heat exchangerz, the BWA, and the tanks and awxdliaries exhibit
comparable weight confributions acresz both engines, averaging 19.8 %,
17 %, and © %, respectively. Motably, the ORC-E exhibitz a higher
proportional weight in the FIC engine than the M936G; this disparity
arizes from using the zame expander for both cases. The decizion to use
the zame ORC-E in both ICEVE iz due to iz volume barely representing
2.7 % of the total volume of the CC3-0RC system, and it has a good
performance with the mass flows of the WF obtained in both engines
[58]-

4. 4analyzes

The rezults chow that the wolume obtained for the CCE-0RC system
with a CCR. of 100 % representz scarcely 3.4 % of the total volume of a
bus that uzes the M3365 engine and the space that the CCE-0RC syztem
would occupy of a vehicle using an F1C engine represents 10.2 % of the
total wolume of the vehicle. Theze values can be diminished through a
thorough design process for the heat exchangers, Although the values in
the present rezearch coincide with those reported in the literamme [25,
57]. Thiz process would conzider factors such as the type of heat
exchanger, geometric configuration, construction material, f, and other
design parameters. Therefore, installing the CQCS-0RC system in a
heavy-duty wehicle iz technically feaszible since it barely affects itz
waorkzpace. These values are even 15.6 %3 lower than the wolume oceou-
pied by an electric battery of a heavy wehicle [59]. Begarding the
CCE-0RC syztem weight, thiz could lead to an increase in fuel con-
sumpdon Howewer, thiz extra weight in a heavy-duty vehicle would not
imply a significant increase in fuel consumption [60]; conzequendy, the
operation cost of the vehicle would hardly be affected by thiz variable.

Howewer, the engine must augment fuel consumption to offset the
parasitic loads the ORC failz to addres:z. This is despite the crucial role
played by the ORC in mitigating the penalty of the CCS system over the
engine, which can be up to 11 % higher in the abzence of the ORC. For
this reasomn, it is necesary to quantify the extra foel mass that the engine
neads to cover the difference between the parasitic loads (PL) caused by
the CCS system and the power produced by the ORC-E (PE); equation (8)
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Fig. 8. Power production and parasitic loads in the 008 getem with MOP-74-Mg and CCR of 100 % in the M5360 engine.

iz used. Inthis equation, the sy, is the combustion efficiency and iz
the engine’s thermal efficiency. These parameters are obtained from the
engine simulations, whose values are listed in Appendix G and H. The
assumptions for the caleulations are the same az for the mass and volume
caleulation made in zection 3.5 (75 % of engine load, at maximum
torque and 8-h of operation). The resultz obtained are reported in
Table 9.

IREOD(PL — PE)

e NV

Az peen in this table and az expected, the highest increase in the fusl
mazs iz at 100 % of OCR and in AC operation, with values of 7.5 % in the
M936G engine and 6.14 % in the F1C engine. However, at 70 % of CCR,
the rize in the fuel maszz with the MOF and PPN sorbents iz almost
marginal, with values less than 0.52 % Even the fuel mass increase at
100 % of CCR. could be covered if the transport sector must pay a carbon
emiszion @x.

In the present research, the detail of the CC5-0ORC system in the
zsimulations was improved. Alzo, the WF mass flow caleulation was
changed and the U in the heat exchangers waz updated (to get a more
realiztic procezz). As a result of these changes, the value obtained of the
ORC efficiency was 11.7 %, which contimies to coincide with the re-
parted ORC efficiency in the literature [51,62]. In addition, az can be
zeen in Fig. 12, it was achiewed that the size of the engine does not have a
zigmificant interference in the operation of the QC5-0RC system since the

Mt = @

percentage of the power of the parasitic loads covered by the ORC vary
only with the type of zorbent used. The main difference benwesn one
engine and another at 70 % of CCR.i= 1.3 %, and 5.8 % at 100 % of CCR.
Fimally, it iz observed that at 100 % CCR, the ORC can cowver 42 % of the
parazitic loads with AC and with MOF up to 60 %, while at 70 % CCR,
this percentage goes from 73 % with AC to 92 % with MOF.

Fig. 13 chows the energy consumpdon of the capoure process. Az can
be seen in this figure, the maximum energy concumption iz obtained
with CCR. of 100 % in the F1C engine at 25 % of engine load and the
lowest rpm engine, whose maximum value iz 631 kl/kgCO, in AC
operation; with PPN operation, the value i close to 510 kl/kgC0; and
with MOF operation 429 kJ/kgCO,. With the same CCR, these values are
neardy 12 % kower in the M936G engine. These values coincide with the
values reparted by Fim et al [63], who simulated an onboard COy
capmre system with TW3A in diezel heavy-duty. Additionally in the
literature, the energy consumption values for TSA, PEA and VA are
higher than 700 kl/kgCOz; at 90 % of CCR [64,65] amd, with
amine-serubbing, are higher than 2500 kl/kgC0, [56,67]. Therefore,
the energy consumpdon of the CCE-0RC system iz observed to be lower
than the values reported in existing literature. Thiz reduction iz due to
the taking advantage of waste heat from exhaust gases through the ORC.
5o, the findings reported herein and, in the lterature, suggest that thiz
kind of system, which iz still in its design and simulation phase, haz good
prospects for itz experimental development.

In analyzing the behaviour of engines, the CCS-0RC system can

101



;E:
|

Emargy 202 (2024} 130517

£ MOF F1C-TOCCR PPN F1C-70CCR AC F1C-TOCCR
%a
s
£
g4
%‘2 \__
g g
n__z"_l'l'l'l'l'lI'I'I'I'I'I'
03 mor F1C-100CCRd PPN F1C-100CCR -\ AC F1C-100CCR
218
215
i,
N |
BN
a3 — T T T T T T I 1T T T ™ T T 1
1200 1800 2400 3000 36001200  1B00 2400 3000 36001200 1800 2400 3000 3600
RFM RFM RFM
Engine load
25 30 35 40 45 50 55 60 65 70 75 80 85 90 85400
Fig. 9. Power percentage corcumed by the OGS oyotem operating in the M9360 engine
b
MOF Ma36G-TOCCR] PPN Ma3eG-TOCCR C Ma3eG-TOCCR

LA N R
MEIEEG—‘IDDGGH—_

FPenalty percentage [%] Panally parcentage [%)]

' T 1
M936G-100CCR AC

M336G-100CCR

1200 1500

RPM
Engine load

1800 2100 1200

1500 1800
RFM

1200 1500

RPM

1800

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

Fig. 10. Power percentage conmumed by the OCS syotem operating in the FIC engine.

operate when there are engine accelerations (rise of load or rpm engine
or both). Sinee the exhaust gas temperature increases due to the fusl
enrichment in the engine charge (fuel-air mixture). This behaviour
benefits the CO: desorption and the comect functioning of the ORC since

there is more waste heat in the exhawst gazes available to take advantage
of. On the contrary, when there are engine decelerations (reduction in
load or rpm of the engine or both), the CCE-0RC system operation could
be affected since there is a decrease in the fuel in the engine charge,
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Table &
Mazz and volume of sorbent for 30 min of operation at 25 % of EL at the BPM of
maximen torque.

Exgine e nc

Sarbent BIOF FFH AC MOF PPN AC

Exhawst mass [kg) 4] 0UT7 241776

00 miss capiured [kg) 71003 3FFEE

Ol volume [m?] oG 049

Sorbent mass (HWA 3.2 BLY 1121 28 2.0 - R
wedght] [kg]

‘Sorbent Volume (WA oL1le [l o) D24 0,061 el e
wolume) [=]

Ol compressor weight 580 e
[kg] [5e]

Ol compressor volume  DL3GE 0183
[[=] [56]

ORC-Eweight [kg] [57] 1278

ORCE wolume [m°] o
67

Heat exchangers e ] (L2 el 035 L1 03z
volume [m7] [52]

Heat exchangers weight 257 Z41.E =345 1357 1321 1262
[kg] [5]

“Wedght of CUS-0RC 1178 117425 12184 LHT.4 LEE.9 FoE.9
system [kg]

Total Valume of O an zm - 111 1.1z 1.14

DRC system [ru."'l

* Caleulared with 50 % of the crystallographic density.
* Without the 0O, mass.

reducing the exhaust ga: temperature. This condition limitz the
desorption of €0 by not achieving the minimum desorption tempera-
ture, and in the ORC, there would be lezs waste heat available to take
advantage of.

5. Conclusions

Thiz paper introduce: an innovadve CCS-0RC system to midgate
COz emizzions from heavy-duty wehicles. The proposed syrtem involves
hamessing waste heat from the exhaust gazes coming from an ICE to
desorption of €0 and produce power into an ORC to supply the power
demand in the €0y comprestion stage and cooling of all systems (zee
Fig. 1). The study within the framework of an energy analysis encom-
pazzes different case scenarics, wherein the sorbent is changed (PPN-6-
CHz-DETA, MOF-74-Mg, and activated carbon) and engine size (M936G

Emergy 202 (2024} 130511

and F1C). The evaluation is carried out at four partial engine loads, the
whole rpm range, and with two CCRs (70 and 100 %:). The results pro-
vide valuable mformation on the energy requirement and size of the
different componentz of the CCS-0RC system and the energy con-
sumpdon by the CCS-0R.C syztem to capture Cly.

Based on the resultz, no significant difference was observed benween
the values obtained from the volume and weight of the CC3-0RC system
when operating with the selected sorbentz. Thiz similitude is attributed
to the fact that the RWA contributes merely & %, on average, to the
weight and volume of the CCE-0RC syotem.

The study further revealed that the engine’s size does not drastically
influence the CCS-0RC system operation since the paraside loads pro-
voked by the CCS-0RC system remain almaost conctant between engines
with average values of 2.9 % at 70 % of CCR and 9 % at 100 % CCE. The
CCS-0RC system exhibited similar behaviour during PPM and MOF op-
erations. However, when operating with AC, the CC3-0RC system ex-
hibits increazed parasitc loads and energy consumption to capoure the
C0y, averaging 15 % across all engine loads and rpm ranges. This in-
creaze iz due to the low selectivity of AC, leading to a higher
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Fig. 12 Percentage of power of parasitic loads covered by the ORC.

I CO, compressor [l ORC-E Il Heat exchangers [l Tanks and anciltary systems [l RWA
B,4%

45.4%

5, 7%

17.3%

38,7%

18,9%
10,7% 18,4%
M936G FiC
Fig. 11, Average weight of the several components of the CC5-085 oystem
Table 9
Total and percentage fuel mass increaze in the angines to cover the GC5-0RC system operation at 75 % of engine load, 8 h of operation and maximum torgue.
Engine mass fuel [kg] CCH [w] FPH MOF AL
mass fised [kg] Increase mass foel [9%] mass foel [kg) Increase mass fued [34] mass fuel [kg] Increase mess Foel [5%)]
MSEEG 13630 o 071 0.52 a1z 0.0 196 17
1o 704 T LN 4.47 1022 T5
Fl1c 25554 o 1.2 0.53 [ich ) 012 4.95 1.9
1o 1087 4.19 247 161 1594 G4
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Fig. 13. Energy consumption of the CO: capthure procesa.

conceniration of Ny impurites in the capoured €0, Conzsequently, thiz
necerzitates greater compression power for Hguefying the 0, and in-
creases the energy consumption value to CO; capture regarding the MOF
and PPN sorbents.

The information about the system's performance, weight, volume,
and energy consumpdtion obtained n thiz research suggests that applying
thiz CCE-0R.C technology is feasible in warious sectors that utilise heany-
duty engines. Therefore, fumre research endeavours should focus on
experimental validation of all the information provided by the simula-
tions. Putting a partcular focus on the complex operation of the BWA,
the potential increase in fuel consumption of the ICE due to the addi-
tional weight of the vehicle cauzed by the CCS-0RC system, the sensi-
tivity operation of the CCS-0RC system under the weather zeasons and
the evaluation of the adsorption and desorpdon times of the C0; of the
zorbent. These areas will be the subject of further investigation by the
current research team amdd contribute to their ongoing and future
research.
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Appendlx A, Temperature, pressure, mass flow, and compositdon of the exhaust gases (Input parameters in the CC5-0RC simuladons)

obtalned with the M236G engine model

Load pm T [*C] i [kgs) e [kgs) s [kgs) i [kgss] Fressure [bar]
100 1000 SLG45 0.10=4 DL &7 O30 DBy p R
100 1300 Sa5.00 01470 CLEER DO HED DLIDSERR

100 TE00 BAXIS 012G LS DOy ) OL13G10

100 1500 BITTH 0L205M Rk D050 L] G0

100 2200 BLA1S 0.1 % [ER i) DO 450 D417

75 1000 ShULES Qa0 L0 420 DO 160 CUOMGE2E p R
75 1300 5889 0.133n [ERE ] LT LMY

75 TE00 BO7.TS 0.1 LA o207 011524

75 1500 BIH.GG 0.1 OLOET2E Do) OLIT3E

75 2200 B2L.T5 016704 (R borhc] O] 05 DL 2026

s 1000 52465 0nrad] L 124 UKD OUOsETH p R
s 1300 5505 0.100554 Lne14 L0320 U2l

s TE00 STUES 0.1 2860 L0 i DO 0 DUHREEE

s 1500 SEFLSS 014275 OLOZE: DO el [l Liciii)

s 2200 B2L95 0.1 3807 LD DO DUHIT24

25 1000 481.25 Q0SETHY DL OO0 ouo41E? p R
25 1300 524.00 212 L0 28t Doz nuasa4E]

25 TE00 554.35 010012 oL 529 Du0] 24 OuITzad

25 1500 P05 0.1 106H [ERB k] Lnar? LT

25 2200 574.95 0104845 0L 5= L0 300 OISy

Appendlx B. Temperature, pressure, mass flow, and composidon of the exhaust gazes (Input parameters In the CCE-0RC simulatlons)
obtalned with the FIC engine model

Load pm T [*C] i [kgs) e [kgs) s [kgs) i [kgss] Fressure [bar]
100 1000 E21.15 a0 OLO0S34 D.O0437 L4 100
100 1500 E75.00 005806 oLDOEa? O34 0o417E
100 2000 G100 altie o 1a? DO OSSR
100 2500 BILED i Ui 528 .o 250 oaris
100 3000 5G9 0.11314 oL TG DO 429 OOe13
100 3600 L73.95 0.11258 Ui A L0145 CLOBCRIL
75 1000 B05.95 i v 2] LGS0 o068 ouaad 100
75 1500 G000 L0400 OLOOTSS DLO0617 o358
75 2000 EE0.00 0GAHY L] O D.o0E14E OL4ET
75 2500 L0000 0.0E395 T e .00 CLOGOGE
75 3000 G11.85 L=t L 47E D01 2068 CLOGS2E
75 3600 62145 il nli] L1477 D01 2068 oY
50 1000 4795 illiz L] DLO0295 ooTie 100
50 1500 528,00 000 U002 o045 LG
50 2000 E50.50 Q052560 LGS DO CLO3E00
50 2500 E75.00 Q0675 L O3 DLOEAS CLO4ESD
50 3000 BT [l o1as OO CLOSE
50 3600 G10TS i) LT DLOHIGS 5577
1 1000 428,55 a.0ass LG o0 001344 100
1 1500 504,00 Q03070 L0470 DLO03ES CLOEESH
1 2000 54100 Q04100 OLOOG25 L.O0513 CLO2GED
1 2500 E7LO0 Q05300 LGS DO CLO3EGD
1 3000 L 006073 oLoas L0749 CLOALHS
1 3600 1G5 006113 LG4 .07 48 L0451
Appendlx €. Adzorpdon and desorption heat at 100 % of CCR In the M936G englne
Load P PPN MOFE AC
Cluetn [KW] Qam [EW] Dhesa [EW] Qan [KW] Qucta [kW] Qe [kW]
100 100 a7 351 256312 20 338 2k 27,3400 5 LEIT
100 1300 70679 347701 30T 28,0398 37,0071 34792
100 1604 47 Trr5 447042 FO5TT 30K AT 00 44, B017
100 1500 B2H5ST 49,50 43,2002 FEe 2 5013 49,1245
[conmnmed om next page]
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{comtirued )
Load rpe FFN MOF AC
Cluta (W] Qom [EW] Chesa (W] Qan [W] Quta (kW] Qs [kW]
100 2200 —ALESES 46 5HOO —al.ba] 75638 — 49,6574 4. 5191
75 1000 — 131591 P11 —18.9542 17.5185 —23.1773 217416
75 1300 — 33,6230 214439 — 274355 263576 —33.5483 F1.4703
75 1600 —40.ZHDG 37 TR 31T 304701 —40.5123 375153
75 1900 — 445168 417572 —36.4341 L4745 —44.551% 417923
75 2200 — 420343 9,428 —34.4023 317906 420673 FALIE
50 1000 —1E.5H4S 174324 —15.2102 14.0581 —18.5901 17.4471
50 1300 — 1 35ET 24,7248 —21.5719 19,9889 — 363795 24,7455
50 1600 —3L1167 o125 — 26,54 24,2945 —F11420 30,1511
50 1900 — 3156516 334416 —29.1785 20 MH5 — 356797 R4
50 2200 — 336330 315481 — 275304 26,4415 — 33,6594 315745
1 1000 — 14,3795 13,4881 —11.7086 108773 —14.3908 134554
1 1300 — 30,4039 19,1391 —1G.EHE 15,4344 — 30,4200 14,1551
1 1800 — 148755 13,9335 — 30,3550 18.49170 —24.B951 33531
1 1900 — 274564 25 7aE — 22 5056 20,8010 — 275200 55154
1 2200 — 15 9618 24,3431 —21.2399 106311 5.7 24,3635
Appendix D. Adsorpdon and desorpdon heat at 70 % of CCR In the M936G englne
Load rpen FEN MOE AC
Chta [EW] Qam [EW] Gua [kW] Gu [kW] Qina [kW] G [kW]
100 1000 — 19127 179418 — 156546 14,4689 —19.1426 1749504
100 1300 — 159475 24,3390 —21.363 1B — 5967 243595
100 1600 — 13,4067 113349 -7 3804 26t —33.4320 3612
100 1900 —3T.0018 347081 — 30,3835 27558 —3T.0E0% 347372
100 2200 — 347608 26060 — 284445 20546 —34. 72 T334
75 1000 162113 152064 132679 112630 —16. 2241 15092
75 1300 — 134654 x20108 149049 17.7502 —I3.4838 X i v ]
75 1600 — 31464 PIAT I —21.0769 213260 —H.m8e 264707
75 1900 —31.1618 292901 —26.5039 29572 —§1.1863 oo LT
75 2200 — 19,4240 27 5000 —24.0816 20 5T — 294471 276231
50 1000 — 130091 122007 — G471 D407 —13.0194 12029
50 1300 —1E.4511 173073 —15.1010 13.9572 —18.4656 17.3218
50 1600 — 124017 0881 —18.3E 17.0062 — 2454 21.1058
50 1900 — 149561 34041 — 204250 18.8779 — 24,9758 a4y
50 2300 — 135431 22 0837 —TRIGES 178060 _IHLEE1E e R 1e k]
1 1000 — 10U0E5 G417 -8 76141 —10.0735 T
1 1300 — 142878 133974 —11.08495 1iE041 —14.2940 134080
1 1600 174129 163335 —14.2513 131719 —17.4266 163472
1 1900 —19.2489 180557 —15.7540 14.5607 —19. 3640 18,0708
1 2200 —1E1663 170402 —14.8479 137418 —18.1806 17.0544
Appendix E. Adsorptdon and desorpdon heat at 100 % of CCR In the F1C engine
Load rpen FEN MOE AC
Qhta [EW] Qe [KW] Qua [kW] Gu [kW] Qina [kW] Chu [kW]
100 1000 —B.T208 B.1802 —7.1374 .5 —BTET E1871
100 1500 —14u64E8 137407 —11.584 11.08810 —14.6603 1375
100 000 — 19,3649 1B 156734 14.6711 —19.4101 18,2078
100 2500 — 49579 34107 — 204304 188742 —24.9TTE 3,430
100 3000 ] 27542 —29.3437 21.5756 — 5448 0.TTGT
100 3600 — 184511 T —29.54 21517 —I8.4735 0, TR
75 1000 —7.3543 L. — 60190 5.5631 —7.3601 B2
75 1500 — 123270 115628 —10.CEEE 93247 —123367 115725
75 000 — 163365 15324 —13.3703 113576 —16.3493 153360
75 2500 — 111665 198544 17324 160113 —I1.1831 198710
75 3000 -1 T2 H165 —1%.7334 18,2387 —24.1301 254
75 3800 2412594 2 6330 — 197483 18.2525 —24.1484 T2 BEIG
50 1000 ] 5.5341 —anar A AL —E.G0M5 55360
50 1500 — B34 el L] —a.04a8 74392 —a.841 G295
50 000 — 13,0650 12258 — ] DBESG —13.0792 123841
50 2500 — 16853 157832 139712 1172 —16.E395 15795
50 3000 — 193605 181603 —15.8453 14.5451 —19.3757 18.1756
50 3600 —19.25599 180659 —15.7629 14.5440 —19.2750 18,0811
25 1000 45741 4.0 7436 2401 —AETTT 424542
1 1500 —T.6THD 701 ] 5.HCE0 —T.BE41 72061
[comminmed om next page)

106



Emergy 202 (2024} 13051,

(contimued
Load pm FFN MOE AC
Queta [EW] Qe W] Gua [W] G [WW] iea [kW] Cute [kW]
5 2000 10.2100 WETTZ 23563 7734 10,2182 G5H52
5 2500 1306590 122584 T0LED61 9BESS 13,0092 122681
5 3000 14,9470 14,0204 123331 113066 14,5688 14,0322
5 3600 14,9340 14,0083 12308 11.2968 14,5458 14,0300
Appendlx F. Adsorpdon and desorpdon heat at 70 % of CCR In the F1C engine
Load pm FFN MOE AC
Queta [EW] Qe W] Gua [W] G [WW] iea [kW] Cute [kW]

100 1000 L1046 57262 45962 AE1TH 106 E7310
100 1500 102541 GE1ES 83923 775467 10.23632 QLIS
100 2000 135764 127348 111114 102656 13.5671 117455
100 2500 174705 163875 142985 13.2155 17.4843 16,4013
100 3000 19,9656 187280 163406 15.1029 19.5813 18.7437
100 3600 19.9158 1E.6812 162957 15.0652 19.5314 FETL A
75 1000 51480 4.E289 42133 ERLTV E1521 48329
75 1500 B.E28Y B.0G40 70622 [ ¥ BLBEST E1008
75 2000 114355 10,7267 93592 6504 114445 10,7356
75 2500 14,8165 138581 111264 11.2079 14.B282 13,5097
75 3000 16,8778 154315 138134 117671 168911 15,8448
75 3600 1EEG04 158435 138238 117768 16,5038 15,4568
50 1000 41299 18739 33801 31240 41332 38771
50 1500 L.EH41 ] 56342 5.2074 LBEDS LABET
50 2000 B1483 B.5H1Z 74873 6GE02 915655 ESHES
50 2500 117784 11,0483 LI G0 11.7677 11,0675
50 3000 135623 127122 110017 102516 13.5630 127229
50 3600 13,4819 126461 11.0340 101983 13.4925 126567
5 1000 12019 1.0034 26205 24220 32044 20059
5 1500 674G 50414 43588 40658 EaTES E045T
5 2000 7.1471 L7040 58494 54064 TR LTS
5 2500 B1483 B.5H1Z 74873 6GE02 915655 ESHES
5 3000 10,4629 WE143 85632 74146 10.4711 E ]
5 3600 1004534 BEO5E 25558 75077 10,4621 Q8140

Appendlx G. Thermal and combustion efficlencles In the M936G englne

Load rpm e [%] Foam [9E]
100 T 3H.E1 .53
100 1300 41.14 M55
100 1600 SnE2 .54
100 10 2H.04 .50
100 20 3635 H.58
75 T 2172 M58
75 1300 24146 M58
75 1600 33.39 .5
75 10 21.74% .5
75 22300 2891 .2
S T 23235 LG
S 1300 2588 .2
S 1600 2503 .2
S 10 23.57 .G
S 22300 20ET A3
25 T 1058 H.TS
25 1300 1x18 .71
25 1600 1200 .70
25 10 10.95 .70
25 22300 8483 .73

Appendlx H. Thermal and combusdon efficlencles In the FIC engine
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i []

A Garda-Mariaca of al

Load pm

100 1000
100 1500
100 000
100 Z500
100 3000
100 300
75 1000
75 1500
75 000
75 Z500
75 3000
75 300
poi) 1000
poi) 1500
poi) 000
poi) Z500
poi) 3000
poi) 300
25 1000
25 1500
25 000
25 Z500
25 3000
25 300
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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 1illustrated 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: 1) heat exchangers operating in cross-
flow, 1) consideration of fully developed fluids, ii1) the heat exchangers operating
in steady-state conditions, 1v) 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).
Power
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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 A for all cases
listed in Tables 19 and 20.

pubD
Re = (21)
U
Table 19. Correlation to obtain the Nusselt number in the shell side.
Heat exchanger Fluid Nusselt Correlation Restriction source
ORC-H Air
ORC-E EG -
ORC-C Air SN2 e o 0se (PT\? 0.7 < Pr < 500
HE-CO»-C ~ Air Nu=035 (_L) Re™ Pr (p_rs> (Z2) 1000 < Re < 2x10°
HE-EG1 Air [157]
HE-EG2 Air
: ) AN 0.7 < Pr < 500
COz2-Con Air  Nu =0.031 (S_L) Re®® Pr (P_rs> (23) 2%105 < Re < 2x10

111



Table 20. Correlation to obtain the Nusselt number in the annular section.

Heat exchanger Fluid Nusselt Correlation Constraints Source
ORC-H CsHio
HE-CO»C  CO;  ___ f/8(Re=1000)Pr (24) 0'53%(5551?200 [158]
HE-EG1 EG (14 12.7(f/8°5 (Pr2/3 — 1)) <5y 106
HE-EG2 EG B
0.07 < Ja < 0.34
ORC-C CsHio Nu = 0.85Re,"'*Re,**°Ja=0125¢ =045 (25) 0.7 <Sc<22 [159]
Re > 35000
Nuk
h=— 26
D (26)

The evaporative process of CsHio conducted in the ORE-E is calculated using
Equation 27 [160]. As this equation delineates, A hinges on various factors: the
stratification parameter f(Fr) [161], the surface-fluid combination (Gsy) set at 1.5
(for copper pipes with different refrigerants) [106], the mean vapour mass fraction
(X) calculated using Equation 28, assuming x is half the pipe length, and the
nucleate boiling heat (gs) 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, Asp is
computed using Equation 24, with fluid properties evaluated at the saturation
temperature of CsHio.

0.1 0.7
_ _ A _
hopa = |0.6683 <M> X016(1 — X)064£(Fr) + 1058 <C—qs> (1-X)°8G, ;| ng, (27)
PcsHyv Mcshy, hf
— qs ™ Dx
X=——— 28
McoHy, hfg 05 2 ( )
g (pC Hqpl — Pc-H ,v) ' Cp,l ATe
qs = HcgHyp,l hfg [ e e e <Csf PT‘ln (29)

The COz liquefaction process in the CO2-Con exhibits a low Re. A correlation
found in the literature allows calculation A 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
104 and 2 x 104 m2K/W, corresponding to air and WF values [165], respectively.
The heat of each heat exchanger is calculated using equation 32, where the AT
1s the mean temperature logarithm.

9 Peog (Peoyt = Peoyw) koo Wyl
hC’CO — 0555 COz,l COz,l CO,,v COz,l fg Re < 35000 (30)
2 Uco,t (TCOZ,out - Ts) D
P 3 Cp,l (Tsat - Ts)
hig = heg + 5 (31)
Q =UAAT, (32)

The S 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
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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 1s 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.

Hot exhaust gases

Cold and dry
exhaust gases

A

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] 42855 481.25 42855 481.25 428.55 481.25

T, 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
& [W/mK] 0.36 [166] 0.52 [167] 0.3 [168]
CO2 loading [kgcoa/kgsor] [107] 0.132 0.278 0.235
o [kg/m?] [107] 1140 812.88 805
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k(o aT oT
A I P 33
T <6r 4 67’) Py ot (33)
92T aT

—oc 2o 34
2k =5 =p Gy (34)

T (r,t
2Dy (Ting 1, 0) (35)

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 (D.) are the baffles in the shell, the clearance between tubes, the tube pitch,
and the equivalent diameter, respectively. Ultimately, the A value is ascertained
using Equation 26.

Dgpent C' B
A= shell (36)
2 Pt 2
4(P*-025md
De — ( t o ) (37)
nd,
De mEG
Re = 38
¢="An (38)
1
Nu = 0.027 Re®® Pr3 (u/m,,) " (39)

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
1s 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
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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 1s 48351 kd/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.

CAPEX = z COStEquipment + Z COStdirect + z COStindirect (4‘0)
Table 22. CAPEX cost correlations and parameters
Process Equipment Cost correlation Parameter (A) Ref.
TSA TSA-Device 3397A0-86 Area (m?2) [174-176]
ORC-expander 10{2.2476+1.4965logm(A)+O.1618[logm(A)]2} Volume (m3) [177]
ORC-pump 900(A/300)0-25 Power (kW)
Waste heat  ORC-CsHio tank 31.5+16A Volume (L)
recovery (ORC) ORC-Evaporator 190+310A Area (m?2)
ORC-heater 190+310A Area (m?2) [178]
ORC-condenser 190+310A Area (m?)
Exhaust HE-EG1 190+310A Area (m?2)
gases HE-EG2 190+310A Area (m?2)
condition Cyclone 1776.22A Volume (m?3) [179]
(EGO) Fan 900(A/300)0-25 Power (kW) [178]
COs stora Condenser 190+310A Area (m?2)
s stZeIilczCSgSe) Compressor 267000(A/445)0-67 Power (kW) [180]
Y CO: tank 31.5+16A Volume (L) [178]
Installing 8%A
. Instrumentation 5%A TSA+ORC+EGC+
Direct cost Piping 15%A 0SS [181]
Electric installing 1%A
. . . TSA+ORC+EGC+
0,
Indirect cost Engineering T%A CSS + direct cost [182,183]
Table 23. OPEX cost correlations and parameters
Concept Cost correlation Parameters A, B, C,D, E, Fand G Ref.
. 2%A for PPN and Own
Sorbent renovation MOF and 1%A for AC Total CAPEX criterion
Increased fucl 3645CD omoration, operation daye, LHV (Tkg,OWn
consumption EFG P » OP VS, &) criterion

Combustion efficiency, engine efficiency
0&M 1%A Total CAPEX [182,183]

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
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 f 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
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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
values for the F1C engine.

Table 24. 8, number and length of tubes for the heat exchangers operating in the CCS-ORC system
in the M936G engine

Number of tubes Tube length [m] S [m2/m3]
Equipment 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 0.508 124.5123.7 124.5 124.9124.5124.6
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-CO:-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 81 170 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 0.589 126.6114.6 116.0 102.3109.4 132.7

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

Table 25. 5, number and length of tubes for the heat exchangers operating in the CCS-ORC system
in the F1C engine

Number of tubes Tube length [m] S [m2/m3]

Equipment 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 1414
COz-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

*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 1s 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 [m?] 1.72 0.77 1.41 1.59 057 0.97
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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 6.69 591 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 1787 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 [m?] 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 1s 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.

Parameter [A] Cost [k€]

Process Equipment 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 0.7 1.72 0.9 0.4 104 456 2.71 542 3.10 154 3.51
ORC-E 12.45 13.81 12.6 14.38 1555 14.52 4.93 554 4.99 580 6.33 5.86
Waste ORC-P 1.08 113 1 117 1.24 118 022 022 022 023 023 0.23
heat ORC-CsHiotank 0.01 0.01 001 0.01 001 001 019 019 019 019 0.19 0.19
recovery ORC-E 759 7.66 7.17 8.16 817 7.95 254 256 241 272 2.72 2.65
(ORC) ORC-H 0.72 0.75 0.79 057 0.59 0.63 0.41 042 0.43 0.37 0.37 0.39
ORC-C 13.77 15.61 13.97 16.53 17.9 16.71 4.46 5.03 452 531 574 5.37
Exhaust 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
coi?isiifon Cyclone 03 0.3 03 021 021 021 053 053 053 0.37 0.37 0.37
Fan 0.99 0.7 1.05 1.282 0.834 1.35 0.22 0.2 0.22 023 021 0.23
04 Condenser ~ 2.46 254 264 1.82 1.87 196 095 098 1.01 0.75 0.77 0.80
Cooling 095 0.75 1.05 0.67 0.67 0.73 0.48 0.42 052 040 0.40 0.42

ztosrtaei 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
y CO, tank 0.47 0.47 0.47 033 0.33 0.33 758 7.55 7.55 5.31 5.31 5.31

Installing 4.03 4.04 4.24 3.43 3.42 3.57

Direct Instrumentation 2.52 253 265 2.15 2.14 223
cost Piping 50.43 50.50 53.06 42.91 42.81 44.68 0.76 0.76 0.8 0.64 0.64 0.67

Electric installing 05 051 053 043 043 045

Indirect Engineering 4.08 4.08 4.29 347 3.46 3.61
cost Contingency 58.24 58.33 61.28 50.72 50.65 52.90 466 467 49 396 396 4.13

Total CAPEX 66.95 67.08 70.47 56.99 56.86 59.35

Table 29. CAPEX results of the CCS-ORC system operating in the F1C engine.

Parameter [A] Cost [k€]

Process Equipment 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 0.57 159 054 025 0.84 3.31 209 5.06 2.00 1.03 2.92
ORC-E 7.22 789 7.20 817 873 828 259 288 258 3.01 325 3.06
Waste ORC-P 0.61 0.69 059 0.70 0.73 0.66 0.19 0.20 0.19 0.20 0.20 0.19
heat ORC-CsHio 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
recovery ORC-E 4.01 4.02 3.79 427 427 416 143 144 136 1.51 1.51 1.48
(ORC) 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 7.92 836 751 884 956 893 265 278 252 293 315 2.96

HE-EG1 13.34 13.30 12.72 9.81 9.61 9.41 4.33 4.31 4.13 323 3.17 3.11
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Exhaust HE-EG2 6.40 6.88 599 5.38 6.12 542 217 232 205 186 2.09 1.87

gases Cyclone 0.15 0.15 0.15 0.11 0.11 0.11 027 027 027 019 0.19 0.19
CO(%(E%‘)’“ Fan 0.46 0.32 0.48 0.31 023 0.32 018 0.16 0.18 0.16 0.15 0.16
CO: Condenser  1.30 1.33 1.38 096 098 1.02 059 0.60 0.62 049 049 051
storage 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
system  Compressor ~ 9.71 9.92 11.78 6.88 7.03 834 7.04 7.17 825 531 540 6.22
(CSS) CO: tank 024 024 024 0.17 0.17 0.17 3.81 3.81 3.81 267 267 267
Installing 2.35 231 255 1.95 1.93 2.09

Direct Instrumentation 1.47 144 159 1.22 1.20 1.31
cost Piping 29.40 28.88 31.89 24.33 24.09 26.13 /(143 048 036 036 0.39
Electric installing 0.29 029 0.32 024 024 026
Indirect  Engineering 2.38 234 258 1.97 195 211
cost Contingency ~ & 934 368 2888 2857 3107 , 09 967 995 295 223 241

Total CAPEX 39.05 38.36 42.35 32.31 32.00 34.71

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.

Vehicle Technology Purchase [€] Difference from baseline [%] Reference
Bus with an CNG 374600 0.0 [186,187]
: HFCB 650000 735 [188]
M936G engine
of 19 t and 75 EB 604000 -61.2 [189]
m? [111] 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 CNG 40000 0.0 [190]
F1C engine (or EB 60000 50.0 [191,192]
similar Vg) 5.2t CNG+CCS-ORC at 100% of CCR 79922 -99.8 Own study
and 12 m3 [185] CNG+CCS-ORC at 70% of CCR 73008 -82.5 Own Study

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
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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
M936G FiC
Concept 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 g 09 751 1740 253 201 4.63 469 418 6.49 1.16 0.86 2.42
1mcrease
0&M 0.67 067 0.7 057 057 059 0.39 0.38 0.38 0.32 0.32 0.35

Total OPEX 10.40 9.62 12.81 3.95 343 5.82 5.66 5.14 7.33 1.97 1.66 3.11

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 FiC
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 3.43 582 566 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 3.98 450 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.
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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 €/tCO: 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].

50

40

CAC [€/tCO,]

T Ppn_ JmoF] Ac [PPN[MOF]  AC PPN [MOF[ AC |PPN|MOF| AC
CCR100 CCR70 CCR100 CCR70
M936G F1C

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 COz
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 COz tax of 45 €/tCO2. Figure 35 shows that for
a 10-year payback with a CCR of 100%, the CO2z 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 COz tax by 10 to 15 €/tCOq 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 (Vq) 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 1s achieved with a Vq 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 V.
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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 COz 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.
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» Thermal study for dimensioning the CCS-0RC gyetem operating in HDHICEV.

# Techno-economic assessment of 2 novel CCS-0RC system for operation in HOFICEV.
# GAC lesz than 35 £/400; for 2 carbon capture rate of 100 %

» OCE-0REC oyotem would be profitsble with a 004 tax abowe of B0 £ /400,
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Keywornds:
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Orgunic Hankine Cpebe
Decarbosdswtion

Trnspaort sector

The mramzport sector iz 2 major energy-intencive and significane coneributor to G0 emimions. With heavp-taey
internal combugtion engine vehicles (HDHICEVE) set to remain a primary mode of transport for goods and pas-
sengers, the Buropean Union plans to implement 00 emission rights starting in 2027 to address thiz sme. To
mitigate COw emisions, on-board carbon capture technologien can be an innovative solution, but 2 compre-
hengive analyzic from peveral perspectives muot be carried out. To ockle the evisting lmowlsdge gap on thic
subject, thiz paper presents the techno-sconomic assesement of a 004 capture and storage oyotem hybridized with
an organic Bankine oycle (GCS-0RC) integrated into an HOHICEY whooe technical abiliny has besn previoudsy
demonstrated. In thiz paper, the capture installation based on temperature swing adsorption iz designed for two
engines with Jiffarent dicplarement volemes, af varying carbon capoure rares (OCR), and uzing three diferent
oorbent. The gize of the thermal devices iz sotimared an the determinane factor for the required zpace amd the
installation costn. The results chow that the heat exchangess can achieve a minimum area density of 100 m*/m”,
while the most significant temperature mwing adsarption device obtained iz scarcely 0.26 m’. The carbon
abatement cost (CAC) obtained for the CCS-0RC oyztem in less than 35 €,/6000 ar 100 % of CCR, and with an
engine size greater than 16 and 21 L, the CAC of the CC3-ORC syotem iz zaro ar 100 and 70 % of OCR,
respectively. Purthermore, with a 000 emisgions right price abowve 71 € /6000, the projected payback of the indtial
inwrestment of the CCE-0RC system iz achieved in the lifscpan of the HIFICEV for all sorbents evaluated ar 1080 %
of CCR

sector, notably in ships and heavy-duty road wehicles. Thiz heightenad
interest iz primarily dmven by the fact that this sector alome iz
accountable for generating 798 Gt of C0p in 2022, constituting 23 % of
the global COy emizmons for this year [2].

1. Inroduction

Az the world addresses the pressing challenge of climate change,
finding innovadve zolutions to reduce carbon emizions has become
forefront. For thiz reason, in recent years, much research has been
conducted to tackle thiz problem in several intenzive energy sectors [1].
Ome of the sectors where great interest has been arouszed in the deval-
opment of carbon capture and storage (CCS) systems iz the transport
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Nonetheles, developing an on-board CCS syztem for vehicles in road
freight ansport propelled by internal combuston engines (ICE) con-
fromtz mumerous challenges. Theze include the necessity for adapability
to diverse engine operations, encompassing varations in engine load
(EL) and rpm. Maoreowver, such a system mmst meet stringent criteria; it
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Abbreviatons

B Area density

B Baffles

CAPEY (Capital expendioure

CAC Carbon abatement cost
CC8 Carbon Capture and Storage
CCR Carbon Capture rate

c Clearance between tubes

[ - Combustion efficiency

CHG Comprezzed natural gaz

h Conwvection heat trancfer coafficient

HE-CO3-C €2 cooling heat exchanger
COy-vom  C0y condenser
COg-vom  COy compressor

CsHyo Cyclopentane

f Darcy fiction factor

P Deencity

Sn Diagonal pitch

D Diameter

L Dizplacement volume

"l Dvnamic viscosity

EB Electric batteries

- Engine efficiency

EL Engine load

D, Equivalent diameter

EG Exhaust gaszes

HE-EG1 Exhaust gas cooling heat exchanger 1
HE-EG2 Exhaust gas cooling heat exchanger 2
Fr Froude number

HD-ICEV Heavy-duty internal eombustion engine vehicles
HFCB Hydrogen fuel cell batteries

ICE Internal Combustion Engine

Ja Jacob mumber

b Larent heat of vaporization

5 Longitudinal pitch

LHV Lower Heating Value

m Mass flow

NPV Met present value

a, Mucleate boiling heat
Nu Musselt number
ORC-C ORC condenser
ORC-E ORC evaporator
ORC-H ORC heater

ORCPF ORC pump

ORC-X  ORC expander

ORC Crganic Rankine Cycle

L Crerall heat coefficient

FP Power penalty

Pr Pramdd number

R Radius

Re Reynolds number

Tas Samration temperature

Se Schmidt number

p Specific heat

Gyr Surface-fluid combination

x Liquid surface tension

TSA Temperature Swing Adsorption
K Thermal conductivity

T Time

Sr Transversze pitch

r, Tube pitch

X Vapour mass fraction

WHTC  World Harmonized Transient Cycle
Subseripts
i

1

o

5

v

Inner or inlet

Liguid

Catlet

Property evaluated at surface temperature

Vapour

zhould be practical, efficient, and reliable, and it must be seamlessly
integrated into existing vehicles with minimal impact on their usable
wolume. Above all, the effects of itz operagon on the engine'’s perfor-
mane shoulkd be az minimal 2= possible. Furthermore, any invesoment in
a CCS system must demonsirate economic viability for vehicle owners, i
e, the additional investment incwrred through system inctallation
chould hawe a payback at least over the wehicle’s lifespan.

In thiz regard, numerous researchers have been developing innova-
tive research waorks on thiz topie. Consequently, significant progress iz
being made in the concept design of CCS systems operating i heawvy-
duty intemnal combustion engine vehicles (HD-ICEV). These initial ap-
proaches have momoduced well-establizhed technologies, such as amine
scrubbing [3,4], temperature, pressure, or vacuum swing adsorption
(TSA, PSA, and VEA), for on-board CO; capture [5]. Moreowver, specific
rezearch endeavours have implanted auxiliary systems primarily to
offzet the power demand in €0y compression, such as organic Rankine
cyecles (ORIC) that take advantage of the waste heat in the exhaust gazes
[6,7]. From theze research works, different configuratdons of the CCS
zystem hawve been obtained [5,2], the performance of the CCS system
operating with various sorbentz has been evaluated. It has been deter-
mined that the operation of the CC5 system at a carbon capture rate
(CCR) of 100 % requires an average les than 10 % of the power pro-
duced by the engine [9]. Howewver, in the literamure, no study has per-
formed an in-depth techno-economic analysis of a CCS system operatng
in an HD-ICEV.

In thiz zense and in pursuit of advancing the continuows development

of thiz technology, thiz research carries out the frst techno-economic
assessment of a CCS syrtem operating in an HD-ICEV. The techmo-
economic evaluation iz based on the energy asseszment results from a
previous mvestigation of a CC5 system with an integrated ORC (CC5-
ORC system onwards) capable of operating under different load and rpm
conditions of heavy-duty engines [9]. The conceptual design is mainly
based on knowing in detail the configuradon of the heat exchangers
(number of tubes and lengths and amrangement). Subsequently, the
compaction of these exchangers iz caleulated, which must satisfy the
heat trancfer parameters found in the simulations done in the previous
soudy.

The initial varable calculated in the techno-economic assezsment of
the CC5-0RC system iz the capital expendinure (CAPEX), which iz then
compared with other zerc-emizzion technologies available in heavy-
duty wehiclez, such as hydrogen fuel cell bateries (HFCB) and electric
batteries (EB). Subsequently, the operational expenditures (OPEX), the
income obtained by avoiding paying the Ci0, emiszion tax, the profitz
and the carbon abatement cost (CAC) by inroducing a CC5-0RC in an
HD-ICEV system are obtained. Finally, with these results, a sensitivigy
analysis iz carried out to determine the suitable walue of the Ci: emmiz-
sions rights and the engine size so that the CCS system investment re-
covers as soon 2z pocsible. The key indicators for this soudy are the CCR
(100 and 70 %), the kind of sorbent (PPN-6-CH;-DETA, MOF-74-Mg and
activated carbon) and the engine size (engine volume displacement).
The putcomes of this research endeavour are vital to continue closing
the knowledge gap about CCS syztems operating in HD-ICEV, thereby
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advancing technologies conducive to achieving complete decarbon-
ization of the transport sector in the medium term.

2. Methodology

‘The procedures dezeribed in thiz secdon show the steps for obtaining
the conceptual design amd economic assessment of an innovative CC5-
ORC system designed to operate on-board a natural gas-fuslled HD-
ICEV. The methodology begins with selecting the vehicles, followed by a
comprehenzive description of the CC3-0RC system, heat exchanger
zizing, and design of the TSA device and concludes with economic
considerarions.

2.1. Vehicle selection

‘The wehicles zelected for the present research are the Citaro bus and
the IVECO Daily VAN, whose engines are the M936G and the FIC,
respectively. Both engines are turbocharged natural gas internal com-
bustion engines. The simulation of engine performance and emizsions
parameters was conducted using the AVL zoftware. The outcomes of
these simulations, along with the technical specifications of the engines,
are presented herein [5].

22 Desription of CC5-0RC system and assessment conditions

Fig. 1 depictz the schematie representation of the CCE-0RC system
proposed. The system comprizes four distinet zones. The Hrst ome is
dedicated to the processes of adsorpdon and desorption of COz through
a temperature swing of the sorbent (TSA). In this zone, the exhaust gazes'
waste heat is hamessed to heat the sorbent and desorb COs. The secand
zone encompaszes the ORC, which mkes the remaining waste heat from
the exhaust gases to generate power. This power is then utilized to meet
the energy demands of the CO; compression. The ORC comprizes three
heat exchangers (condenser, heater and evaporator), a pump, an
expander, and a tank The working fluid in the ORC iz cyclopentane
(CsHyol, which was chosen due to it outstanding performance in prior
rezearch on ORC in ICE [10,11]. The third zone invobves condidoning
exhaust gaser by cooling them undl dry, consizting of owo heat ex-
changers and a eyclone. The final section iz focuzed on OO0 storage and
encompazses owo heat exchangers, a G0z compressor and a C0z tank for

itz storage. All zones are cooling with air that iz supplied by a fan.

The energy analyziz of the proposed CCS-0RC system was carried out
with three different sorbents: PPN-6-CH:-DETA (PPN onward), MOF-74-
Mg (MOF onwards), activated carbon (AC onward), and two CCE. 710 and
100 % The resultz of the energy analysiz are available in a prior study
[9], which zerves az the foundation for the techno-economic assessment
presented in thiz paper. On that basis, the CCRs are kept, az well az the
sorbentz, which have a low adsorption heat iz low [12], that iz imper-
ative for this application. Addidonally, PPN and MOF exhibit high COx
loadingz and CO4/M; selectivity compared to AC, which has lower CO,/
Nz selectivity and COx loadings [13]. Thiz allows for a comprehensive
mapping of the evaluated variable: and enables the extrapolation of
rezults to other sorbents whose range of selectivicy and CO: loadings are
in the range of the evaluated sorbentz.

2.3 Heat exchanger sizing

As showm in Fig. 1. the CC3-ORC zystem features seven heat ex-
changers, the areas of which were determined through energy modelling
conducted in ASPEN+ [9]. However, a detailed design process iz
imperative to validate the results obtained in ASPEN+ and, in this way,
ascertain the heat exchangers' cost. The assumptions for the calculations
include: i) heat exchangers operating in ercss-flow, i) consideration of
fully developed Huids, i) the heat exchangers operating in steady-state
conditfons, iv) The Auids' inlet and outlet temperature: and maszs fows
of each fuid in the heat exchanger are taken at maximum power and
engine load (see values for each heat exchanger, sorbent and engine in
Appendixes A, B and ) and v) states’ properties are calculated with the
pressure and temperamre averages at the inlet and outlet of each heat
exchanger.

First, the Beynolds number for each fuid i obtamed using Eq. 1.
Omee the flow regime for each fluid is determined, appropriate corme-
lations are chosen to caleulate the Nuszelt number. Zokauskas' cormela-
dons for external convection in a flow eross-tube bank heat exchanger
with staggered tube arangement are employed for the shell zide. The
dizposition of pipes is illustrated in Fig. 2. Table |1 outlines the correla-
tons for each heat exchanger and the cormrezponding operating fuid
(Eqz. 2 and 3).
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Fig. 1. CC5-0RC mymtem schematic layouat.
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St

Fig. 2. Stagpered dispocal mube in the heat exchangers.

Within the annular section, the choice of comeladon for MNusselt
number computation is contingent upon the nature of the fluid process
(heating, cooling, or condensing) and the fluid regime, which, in all
instaneces, is murbulent. Table 2 delineates the salected correlation for
each heat exchanger calculatdon (Egs. 4 and 5). In each instance, a
werification process was conducted to encure that the consoraints asso-
ciated with each correlation were zatisfled. Finally, for all cazes
enmumerated in Table 2. the convection heat transfer coefficient (h) iz
obtained utilizing Eg. 6.

I‘!:T (L]

The evaparative process of CsHyp conducted within the ORC evap-
orator (ORE-E) exhibitz a significantdy elevated Reynolds number. The
correlation identified in the literature to ft thiz condition iz presented in
Eg. 7 [17]. Az delineated in the said equation, h iz contingent upon the
stratification parameter, fiFr), whose value is the unity for verdeal tubes

and horizontal mubes with Fr = 0.04 [15], as is applicable in the present
caze. The surface-finid combination (&, 7 also influences k;, the value of
thiz latter oscillates between 1 and 2 for copper pipes and various re-
frigerants [17]. Consequently, a value of 1.5 for the eurrent procedure iz
taken. Also, h is contingent upon the mean vapour mass fraction (X),
computed uzing Eq. 2. The value of x taken iz half the length of a pipe in
the heat exchanger. The nucleate boiling heat (g,) alzo affectz the
behawiour of i, which iz determined through the correlaton established
by Rohsenow (Eq. 9) [19]. In this equation, the coefficients C;p and the
exponent n rely upon the surface and fluid combinaton, with assigned
values of 0.0154 and 1.7, rezpectively, corresponding to the n-penta-
ne-copper polished configuration [20]. Finally, the hy, is calculated with
Egq. 4 with the fluid properdes evaluated with the CgH,, zaturation
temperature.

a1
P = [n.aﬁsa(_*’ﬁ"-w) X1 - RO f(Fr)

ar
A (] _ Fyns
+ 1058 (ﬂhc.ghﬁ) (1-X) G”I h, )
- q.xD

= — 8
L @
_ b Tliteuriint = Pestior) ub(fplﬁT‘) : =]}

= Han - P

In contrast, the COy; liguefacton process in the COy condenser (C0,-
Comn) exhibitz a low Reynolds number. In rezponsze to thiz, a cormelation
found in the literature allows caleulation b directly (Eq. 100 [21], where
the latent heat of vaporization (fiyg) is modified as iz shown in Eq. 11.

: Y
oo, I{Pu.t-.! — Pene) Koo, i My
= 0.555 e~ Fon, Re < 35000 10
he..., o Tome = TID (10)
: 36(Te — T5)
By = byt SRS (an

The determination of the overall heat wancfer coefficient (L) iz
achieved through the applicatdon of Eq. 12; for this, it is used a fouling

Table 1
Correlation to obtain the Musoelt number in the chell zide.
Heat exchanger Fluid Musselt Corredation Restriction souPCE
RCH oy
ORCE Bl
QRGO Mir Sy aE iy, 0I5 0T < Pre GO0
HE (0 Adr M—l}35|rf] N'-‘“-“f“-"f—] (2) 1000 = He < 2el0F
i WS \ Fry [14]
HE-EG] Adr
HE-EGX Adr
.y B2 [ o
. Sy Fr 0T < Pre GO0
COy-Can Air M = (031 f—] ReP Ay f—] (3)
|5 \Pr, ! 210° < Re < 22107
Table 2
Correlation to obtain the Musoelt number in the annular section.
Heat exchanger Process Fhaid Husselt Cornelation Constraints Somree
ORCH Heating CoHy _ f78{Be - J000)PY o 05 < P 2000 8
HE-C(C Oy (14 127(f/B0s{p _ 1)) * 3000 - Re< 5X10°
HE-EG] Cooling P
HE-EGX P
0T = Ja = 034
ORCC Condensing CoHyn Nu = (L ESRe, 0 g 045 g0 125048 ey TEEeg22 [1e]

Re = 35000
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factor iz outzide and inside in the heat exchanger of 4 « 10~* and 2

10-* m*E/W, corresponding to air and working fluid values [27],

respectively. The heat of each heat exchanger is caleulated uzing Eg. 13

where the AT, iz the mean temperature logarithm

U= ! (12
,‘;+.‘1rr,LR.+iain(-:f) + ZarlR, + 2

Q= UAAT, (13)

Finally, the area density () is determined. Thiz variable represents
the reladon between the required area and wolume of the heat exchanger
to contain the mwbe arrangement. The determination of heat exchanger
zize encompasses design variables such ac the number, diameter, and
length of mbes for each heat exchanger and sorbent operating in the CCS-
ORC system. Additionally, the calculation includes a restriction in the
tube length; this must not exceed 0.6 and 0.5 m for the heat exchangers of
the CCE-0RC system that will be integrated into wehicles equipped with
ME36G and FIC engines, respectvely. All these calculations are con-
ducted in EES software, in which the U values for each heat exchanger
must be a maximmuim variation of +2 % with the resultz obtained in [9].

24 Design of the TSA device

Cue to the lack of information about the cost of devices that carmry out
the TSA process in OOy capture, the design procedure of a TSA device is
presented in this research, thereby facilitadng the estimaton of its
manufacturing cost. The TSA device adopts a conflquration reminiscent
af a shell-and-tube heat exchanger. The bed sorbent iz situated within
the ubes, and the hot exhaust gases or the air-cooling flow in the shell
(depending on the process developed). Fig. 3 shows a cross-sectional
reprezentation of the TSA device.

The zizing of the device begins with determining the maximum
radiuz of the sorbent bed, whose geometry is cylindrical. A trancient
state heat trancfer mathematical model iz employed to achieve this. The
model is made in the radial direction to simplify it (Bq. 14) and simuated
at the outlet of the bed zorbent due to it Inowing the exhaust gazes
temperature at this point, which iz the lowest temperature achieved in
the desorption process (Table 3), zo if the centre of the sorbent iz ob-
tained the derorption temperamure required (150 °C [12]) it iz guaran-
teed that of zorbent bet have thiz or even exceeded the desired
temperature within a specified dmeframe.

The boundary conditions governing the resolution of thiz equation
involve a specular image at the cene (Eq. 15) and a conwvection
boundary condition at the surface (Eq. 15). Finally, the initial condition
stipulated iz a sorbent temperature of 25 °C. The dizcretization of these
equations is explained in Appendix T

Hot exhaust gases

Cold and dry
exhaust gases

o

Fig. 3. Cross-gectional view of TSA device.

Sorbent bed

Table 3
Sorbent propertien and temperature conditions wsed in the heat tramafer math-
ematical model.

Engine F1C MuanG i MG F1C MGG
Sorbents AL MOE PPN
TiatZS%EL[FC] 43855 48135 43855 4E135 43855 48105
T ot 25 % EL and
100 OCR [*C) IXLES  I7EEI 2p033 31385 Iao2 7RO
T, ot 25 % EL and
0 CCR FO) SO0 33842 31157 36485 513 39853
o [1/kgi] [12] 1062 a5 M
k [W/mK] .36 [23] 0.52 [24] 03 [25]
0y loading
[kgorekfax]
[z 13z 0.z s
p Megsm™ [12] 1180 128 BOS
kid daT
T (}r% = ""C"E (14)
T 4T
ZEF = pc,E (15)
dTir, 1)
-k :;- ! — W Tf-Tir6 ) (16)

The heat mansfer model assumes conztant thermal conductivity and
specific heat for the sorbent Moreower, the density employed is half of
earch sorbent's erystallographic density. The Muszselt number iz computed
by following the procedure outined in secton 2.3 but udlizing Eqs. 17,
19, 19 and 20, which are uzed for a shell-tube heat exchanger on the
shell zide [26]. Ulimately, the i wvalue iz determined using Eqg. 6.

A= n,.;c E an
D, =u&f&m 1s)
Re= DT‘:“ a9
Nu = 0.027Re"*Pr3| /s, "™ (200

Az delineated in these equations, the i’ coefficient is contingent
upon several parameters, meluding the distanee between baffles in the
shell (B), the clearance between mbez (C7), the tube pitch (Fy), the
equivalent diameter (D), and the mass flow rate of exhaust gases. To
facilitate thess computations and determine the viscosities and Prandtl
numbers, the values of mass flow and temperamure are selected at the
critical operational condition of the engine, specifically at the lowest
rpm and engine load. The exhaust gaz mass flow at those points is 66.9
kg/h for the F1C engine and 208 4 kg/h for the M936G engine, while the
coresponding temperature values are detailed in Table 3.

The sorbent mass is calculated based on the €Oy mass flow at the
average operational points of the engines within the World Harmonized
Transient Cyele (WHTC) [27]. Precisely, there points cormrespond to
1300 rpm for the M9360G engine and 2000 rpm for the F1C engine, both
at 25 % of the engine load. The comesponding €0, mass flow values are
44.96 kg/h for the M936G engine and 22.29 kg/h for the F1C engine.
Fig. 4 illustrates the step-by-ztep caleulation process. Based on the ac-
quired results, the TSA device’s geometry is obtained, and itz surface
area is taken for the TSA device's cost as if it were a heat exchanger. Thiz
process is conducted for each condition of the OCR and sorbent.
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Fig. 4. Flowchart for calculation of the T5A device cost

2.5, Economucal assessmerd

The economic analysis aims to determine the capital expenditure
(CAPEX) of the CCE-0ORC zystem. In this zense, the CAPEY is the sum of
the costs of all components of the CCS-0RC system and the sum of direct
and indirect costs (Eq. 21). The direct cost iz associated with the
installation, instrumentton, piping, and electric installation, and their
walue is a parcentage of the sum of all equipment [29]. Subsequently, the
indirect costs, which encompass engineering and contingency costs, are
also computed as a percentage of the cumulative expenses incurred by

all devices and direct costs [29].
CAPEX =3 GOl pprne + 3 COSp + 3 COSta, 2D

Device costs are obtained through cormrelations, depending on key
variables goveming their operation or geometric parameters. In the case
of the compressor, expamnder, pump and fan, the primary variable iz the
power conrumed or produced. In the case of heat exchangers, the heat
exchanger area is the primary variable, and in the caze of tanks, the
fmetion i the tank volume. The correlations udlized to ascertain the
CAPEX of the CCS-0ORC system are delineated in Table 4, and each

Table 4
CAPEX coat correlations and parameters.

Provess Equipment Coat correlation Parameter [A) Red.

TsA THA-Device FagTARE Area [m) :
ORG ﬂ;“ndu w{m-m—l A% Elogpa (A0 1618 Iu-+:n|":- Vohame (m:'] [33]
ORC-pump DOOA 005 Power (kW)

. ORCCH . tank 31.5 4 16A Wohume (L)

Waste heat recovery (O] =
CRC-Evaparator 190 4 104 Area [m™)
ORC-heater 190 4 3104 Ares [m®) [34]
ORC-condenser 190 4 3104 Area [m®)
HE-Eii] 190 4 3104 Area [m®)

, . HE-Ex2 190 4 3104 Ares [m®)

Bahmmt: pracs comdiilom (BC) Cyclome 1776220, vohime (") [25)
Fan SOOLABO0E Fowes (kW) (4]
Condenser 190 4 3104 Area [m) .

©i3y storge system (£55) Compressar 267 00K 445 Power (kW) [38]
0y tank 31.5 4 16A Wohume (L) [34]
Installing LR T
Instrumentation 5 wmA . . _ -

Diirect cost Biging L5 B TEA + DRC: BGC 4 85 [37]
Electric installing 1 %A

Iedirect cost Enginesring 7 ®mA TEA 4 DRCHBGE 4 (55 4 direct cost [38,39]

127



A GardoMariaca and E. Llera-Sastresa

Table 5
OPEX cost correlatons and parameters.
Concept Cost cormedation Parameters A, B, C D, E F Ref
and G
Sarbent 2 %A, for PPN and Total CAPEX rwm
renovation MOF and 1 %A criterion
fior AL
Power pesalty (W), (NG
cost (£/kg), hour cpemation,
Immmru.mq:mm F::.In JWLD cpenstion days, LEIV (L1/3eg), criteron
EFG Combuestion efficiency,
engine efficiency
Lot 1 %A Total CAPEX [38.39]

device’s parameter A iz obtained from the simulations performed in the
energy analyziz [9].

Operating Expendimure (OPEX) consdtutes the ongoing costz the
CC5-0RC syztem incurs. The variables considered for the OPEX in this
research are maintenance, zorbent renovation cost, and increased engine
fuel concumption resulting from CCS-0RC system operation, as sum-
marized in Table 5. The caleuladon of the latter iz contingent upon the
compressed namral gas (CNG) price, which is 1.017E,/kg (average con-
sumer price in Spain in March of 2024 tax included) [40,41], the power
penalty over the engine provoled by the OC5-0RC system (PP, lower
heating value (LHV), whose value is 48,351 kJ/kg [42], and the com-
bustion and engine efficiencies of the average operational pointz of the
engines within the WHTC. It also azsumes vehicle operation of 350 days
and 16 h per day. The value: of all of these variables are listed in
Appendix E.

3. QOC5-0RC system concept deslgn

The following subcections present the cutcomes obtained based on
the methodology previously outlined conceming the sizing of the heat
exchangerz, the design of the TSA device, and the calculation of the
CAPEX and OPEX of the CCS-0RC system. These findings provide new
inzights into the sizing of a CCS-0RC syrtem amd techno-economic
conziderations of integrating this system in an HD-ICEV.

Table &
i, number and length of tubes for the heat sxchangers operating in the CCS-0RC
aystem in the MY360 engine

3. 1. Heat exchanger sizing

Tables 6 and 7 list the results of the number and length of tubes and p
for each heat exchanger, sorbent operating in the CC5-0RC system, and
engine. These resultz are obtained by selecting owo diameters of com-
mercial copper tubes, 20 and 15 mm, intended for the heat exchangers of
the CCS-0RC system that will be integrated into vehicles equipped with
MA36G and FIC engines, rezpectivaly.

These mbles thow that all heat exchangers' length restrictions were
met. Concequently, many ubes are accommaodated in the heat exchangers
with more required area (HE-BG1. HE-BG2. ORC-C, ORC-E)L Az Fig. 5
shows, the lower the disanece 5, the greater the fluid speed and, there-
fore, the U7 value; this also allows greater compaction of the mbes and an
increaze in the [ value. Om the other hand, the heat exchangers of the CC5-
ORC system operating with the F1C engine generally have a higher [ than
their counterpart, the M336G engine. Thiz behaviour iz caused by the
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5, Im]

Fig. 5. § and U variation with the 5 distance in the heat sxchanger
arrangement

Equipment  Number of tubes Tube length [m] 1 [m*.-'m"']

100 CCR TOOCR 100 OR T CCR 100 OCR T OCH

PPN AC MOF FFN AC BIOF PPN AL B0E PPN AL MOF PP AC MOF FFH AC MOF
RCH 3 a5 0.330 O.34% 033z 0.3064 0358 037 104.0 @wy 102 TG
ORCE 56 anh 0.472 e [ .50 454 0508 124.5 137 1245 1249 1245 1246
QRGO aTs 3rz 430 450 480 0.0Ed .55 OS%E 0.GES 5 5% 1a7.0 i B 1252 1152 10805
HE-C(C = 3k & a5 0.543 R OLatE 0.4Z5 O sl (424 97.z 935 ura 973
C0g-Com iy 1 T ] 0.553 0L51% (R 0.453 L4380 L) a4 2 seg 90X - 931
HE-EG] BTE 510 480 L 0.557 o597 o9 0.GES O 554 0585 1205 1144 116 1023 1044 1327
HE-EGX i) 360 pirg ] e s 0.554 D BHR [y ) 0.GET 5 0585 91.0 935 102 4.8 .G 111.2

Table 7
A, mumber and length of tubes for the heat exchangers operating in the CO5-0RC system in the F1C engine.

Equipment  Mumber of tobes Tuhe length [m] P [m%m™]

100 CCR TOOCR 100 OR T CCR 100 OCR T OCH

PPN AC MOF FFN AC BIOF PPN AL B0E PPN AL MOF PP AC MOF FFH AC MOF
RCH 5 15 16 0.3 0352 0335 0.4Z5 0430 O a0 134.9 1340 1257 1259 1361
ORCE 176 169 18T 15 0.484 0A4TE 0LAkG 04632 0451 (L 1672 1647 1645 1bk4 oG4 167.2
QRGO 338 230 arnz Je0 418 0.497 483 [ 0454 R 0485 105 102 110.% 1051 1051 1063
HE-C(C 5 24 0423 e L Az 0385 0423 0.384 101.6 1002 141.4 1451 141.4
C0g-Com 4 a9 0.431 D45% 0447 0.414 444 (424 .1 2 P30k ploin 107 1041
HE-EG] et} 5S40 a7o 43 ARk 40 0.497 1A:] OGS .45 R R ] 15%1 1399 1395 103.E 1012 1043
HE-EGX e 260 200 240 50 i 0452 48 0487 0487 O sl R 12 1102 107.% 1249 136 1Z1.7

" Calrulaped with a dizmeter of 12 mm.
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lowwer masz flows of the substances that interact in the heat exchangers,
which allows greater compacton of the tube bank arrangement and,
therefore, an increase in the Reynolds number that allows compliance
with the values of U, iggering higher values for B in the F1C engine

It iz important to note that the heat exchangers in the proposed CCS-
ORC zystem's compaction level, with p values close to 100 m/m®, is
sigmificant, as observed in [9]. Howewer, there is sdll a conciderable
margin for improvement through a detailed design of heat exchangers,
as these values are 4 times below the | value of compact heat exchange
with phaze change and 7 times below the i value of compact heat ex-
changers without phase change [43].

3.2 TSA device design

The transient state heat transfer mathematical model indicates that a
duration of 180 2 is suitable for the sorbent bed to attain the desired
temperamure at i centre. This short period of sorbent heating iz due to
the high temperature and velocity of the exhawst gazes within the TSA
device, which enhances the heat wansfer parameters (Re, k), conse-
quently diminizhing the sorbent's heating time. This fnding aligns with
experimental repults documented in the literature [44]. Thiz tdme alzo
allows a decrease in sorbent maszs, therefore reducing the cost of the TSA
device operation.

Tables O and 9 show the sizing obtained for the TSA device corme-
sponding to each sorbent. As can be seen there, the TSA device attains its
zmallest size with the MOF sorbent, mainly because the MOF sorbent
necezzitates a lezser quantity of sorbent to capoure an equivalent amount
of GOy compared to the other sorbentz. Moreower, the MOF zorbent has

Table &
Sizing of the TEA device operating in the CCS-ORC oystem at 100 % of CCRL
Variahle BUEnG Flc
AL MO PPN AC MO FEN
Sorbent mass “CB] 17.02 B.0G .55 Hodd 4.01 473
Tube diameter [m] oare [ ] .09 .0 .o .G
Sarbent bed - >
ster [m] (el o1le 0080 .02 .08k {.058
Mﬁntwlmd’ 695 L2 408 wes 151 445
m]
Tube |ﬂ1$’]1 [m] 1 1 1 1 1 1
Number of tabes T z 5 11 2 ]
h [w.l'l'ﬂ.t[] 126.B 114.9 1089 GLELY e0.g87 &3.58
Re pumbesr 5,465 3, 549 25453 [ 12367 HES]

Shell diameter[m] 02459
Heat tramsfer area

0.3024 DEs 0953

P 1.72 oy 1.41 1.2 057 0.7
[m™]
Table 9
Sizing of the TEA device operating in the CCS-ORC system at 70 % of CCRL
Variahle e Fl1C
A BIOF PPN AT MOF FFN
Zarbent mass [kg] 1192 <X ] LN ] 5.91 1E1 ki |

Tube diameter [m] OLFFE o142z .10 0,054 0114 (L0
Zarbent bed

diameter [m] oogE O3 002 o0 .11 0078
Sarbent bed length

[m] 2.44 o83 208 ET 055 172
Tishe length [m] 00 0.0 0.50 a0 .70 .70
Humber of tbes 4 1 3 6 1 3
B [W/m?K] 1481 1787 1418 e132 FETR paE
Re sumber A2 TREG4 4105 H38% 22016 11465
shell diameter{m] 02992  OLTD4 02438 02048 01368 00885
Heat tremfrmres gy o4 a9 0.8 .25 0.4

[m*]

higher thermal conductivicy when contrasted with the PPN and AC
sorbents, facilitating the MOF sorbent in reaching the required desorp-
don temperature more expeditiously. Consequently, the TSA deviee
incorporating the MOF sorbent can accommaodate a greater sorbent mass
and, due to thiz, needs fewer tibes than the other TSA devices operating
with the other sorbents.

4. Tecno-economle assessment
41 CAPEX

Tables 10 and 11 show the values of parameter A, costs associated
with individual devices, and the direct and indirect costs of CAPEX. Az
obzerved in these tables, no dizcernible impact exists on the CAPEX
between different sorbents. Specifically, the CAPEX for the CCS-ORC
system within the M936G engine at 100 % of CCR averages 6817 kE,
decreazing to 57.73 K at a 70 % OCR, denoting a reduction of 15.3 %
Similarly, in the F1C engine, the CAPEX at 100 % CCR. standz at 39.92
ki, decreasing vo 33.01 kf at 70 % CCR, indicating a 17.3 % cost
reduedon Motably, the disparity between sorbents at 100 % of CCR doez
not exceed 399 kE; at 70 % CCR, it remains within 2.7 k' for both
engines.

Fig. 6. chowes the percentage weight in the CAPEX of each subsystem.
The 55 system exernts the most signiffcant influence on the CAPEY,
constiudng approxmately 30 % of the initial invesmment, followed by
the ORC system, which accounts for roughly 20 %5 of the initial inwest-
ment at 100 % CCR. Motably, at 70 % CCE, an expected phenomenon
unfiolds: the €55 system reduces its weight over the total CAPEX while
the ORC syztem increazes it weight. Thiz shift iz atoributed to the fact
that it requires more robust equipment due to the high power production
in thiz condition. Fig. & also shows that the TSA syztem with the MOF
sorbent, for any engine and CCR, exhibitz a weight in the CAPEX that iz
40 % lower than with PPN and 60 % lower than with AC. However, the
CAPEX of the OR.C and EGC subsystems is higher with MOF compared to
other sorbemts. This, akin to the abovementioned obsemadon, iz
attributed to the requirement for more robust equipment in MOF oper-
aton than other sorbents. The CCS subsyrtem in the M236G engine iz
directly comelated with the compression pressure of the compressor;
hence, it manifests the following behaviour for thiz subsystem: PPN <=
AC < MOF. Monethelesz, MOF operation presents a higher value in the
F1C engine at 100 % CCR. due to the cumuladve cost of heat exchangers
and the compressor exceeding that of itz AC operation counterpart.

The CAPEX obtained for the CCE-0RC systems is added to the initial
purchase price of a CMNG wvehicle, allowing the increase in the initial
purchase value of CWG vehicles that incorporate CC5-0RC systems to be
caleulated. The inidal purchasze values taken (bazeline) are a bus of 75
m and 19 ¢ that uses the MO36G engine [45] and a VAN of 5.2 tand 12
m’ that uses the F1C engine [46]. Subsequently, these values are
compared with other wehicles utilizing zero CO, emizsions technologies,
such as electric bartery (EB) vehiclez and thosze equipped with hydrogen-
fuel-cell barteriez (HFCE), az is shown in Table 12

As can be zeen in Table 12 wvehicles that use zero-emission tech-
nologies are 61 % and 73 % more expensive than CHNG wehicles without
the CCS-0ORC zystem (baseline). However, the CNG bus with the CC5-
ORC system incorporated experiences only an increaze of 18.2 % in itz
initial price for a 100 % CCR and 15.4 % for a 70 % OCE. On the other
hand, ins@lling the CCE-0RC syztem would increase itz price to almost
double the base caze in the case of the VAN. The VAN with 100 % CCR
ums out to be 33.2 % more expensive, and with 70 % CCR, itiz 21.7 %
maore expensive than the EB VAN. These findings indicate that the initial
cost is manageable for an owmer in the case of the bus. Meverthelezz, for
smaller vehicles, the initial cost would not be feasible.

42 OFEX

Table 13 shows the OPEX rezul obtained for the four case studies. A
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Table 10
CAPEX results of the CCS-0RC syotem operating in the M3360 engine.
Process Equipment Parameter [A] Cost [kE]
100 G0 70 CCR 100 CCH 70 OCH
PPN MOF  AC EEN MOE  AC N MOE AC PEN MOE AL
TEA TEA- Device 141 077 172 09 0.4 1.04 a5 17 B4z 310 154 1.51
CRE-expander 1245 l3El 126 1438 1555 1452 493 554 499 SE0 B33 1)
CRE-pump 108 113 1 117 124 118 ez o2 oI oz o 023
. DRCCHgtnk 001 .01 a0 0ol 0.0 0ol 019 o1 oI% 019 019 19
Wiste beeat recovery (ORC
= (ORC) i Ewaporator 7SS 7es 717 BI6 817 a5 158 25 24l 272 272 268
R hester 07z 0Fs 09 0S 059 oel 041 042 043 037 037 039
CRE-condenser 1377 1881 1357 65T 179 1671 446 S0z 452 53 574 537
Pl =3 537 2423 T4 1836 1759 803 808 77 T 577
) praz 112 1m0 113 e 11SE 1035 36k a2 a7 azm  arm 337
Exhais gases condition
Cyckone 03 03 03 0zl 0.2 0zl 052 o5 oS3 03 oEy 037
Fan 09 0 108 18z 0Bl 135 xR 02 oz ooz oo 023
Condesser zeE 254 182 1E7 196 085 ose 1o ars  ore 0.0
Cooling n9s 0TS 105 o0& 067 073 042 042 0 DS 040 080 042
Oy storage system
Compressor 1783 133 217 127 1308 15328 1164 11Be 1365 878 BSe 103
£ task e 047 047 033 o33 om 7E8 755 7S5 53 531 £m
installizg a0z a4 424 343 a1 457
Direct cost [nstrumentation 5043 GOS0 5306 4291 421 4AEE oo b — =15 =14 —
Piping ore  oFe 08 o4 e 0.7
Electric installing 0.5 a5 o - B 0.45
Engimesring . ) . ! 408 anE 429 347 36 4E]
I=direct cost B934 SEAY 138 BOTZ SOS BRSO
Sl Contingency s 468 T T 3oe  oZoe 413
Total CAPEX BLS5 G708 TL47 5699 BAEe 5035
Table= 11
CAPEX results of the CCS-0RC sygtem operating in the FIC engine.
Provess Equipmest Paramester [A] Cost ]
100 CoR 70 CCR 100 G0 70 COR
FEN  MOE  AC BEN MOE  AC BPN MOF AC PPN MODE AC
TEA THA-Device 057 057 159 0S4 025 o84 23] 109 SO6 % 103 2@
ORC-expander 7z 7se  Tao  ®IF 873 83 289 2Em 283 401 335 40
ORC-pump 0E1 068 059 070 073 oee 0% 0200 019 020 030 19
i ORCCEtsk OO0 01 ool ol 0ol oM 0% 039 019 @le 0% 019
Wit heat (e
iz lent yecorvery (ORC) ORC-Evaporstor 407 a0z 379 437 437 416 143 144 136 161 151 1.48
ORC heater 039 039 042 030 03 03z 03] 03 03 oo 0Im 0
ORC-condesser Fe2 836 751 B84 654 63 2eS 278 253 263 305 2%
PGl 1234 ja30 12T o 561 941 433 43 413 Az 337 an
P2 BAD  GBE 599 B3 LI 5S4 217 LI 208 186 209 LET
Exh. | |
. prace condiiion BO0) e B35 015 oI5 ol 031 o1 0 0 03X al9 01 w19
Fan 046 032 048 03] ez o3z oaE 0ae 038 ale 0I5 036
Coadenser 130 13T 138 09 0S8 102 059 0S0 062 0 049 049 05]
. Coel 050 050 055 035 035 038 035 035 036 0 030 030 0
Oy stomge system ((355) . =E i i i i
Compressor 971 4%z 1LME 6B 708 834 704 77 835 531 54D 6I2
©0; tank p2e 024 034 017 037 01F 3l 18 3m 2 267 267
nstalling 238 23 255 185 193 209
Direct cost Instrumentific®  oep  mmes @ oMz mMos omwga o0 M 1 mo1an 1A
Piping 044 043 048 036 036 039
Electric installing 02% 0.z 032 o4 024 .36
Enginessing ) ) . . 23w 234 B8 197 198 21
I=direct cost 34 4 3B meE ST 307
Centingency . 273 267 298 235 23 4]
Total CAPEX 05 336 4235 323l FLO0 3471

wehicle yearly operation of 350 days and 16 h per day iz conzidered. The
OPEX of the CC5-0RS syztem caleulated for the M336G engine, at 100 %
of CCR, iz on average 10.91 ki and 4.4 kE for 70 % of CCR, and the F1C
engine is 6.05 and 2.24 kf for 100 and 70 % of CCR, respectively.
Likewiza, it iz observed that although the AC has a 50 % lower sorbent
renewal cost in the OPEX caleulation because it iz a commercial mate-
rial, the operatng expenses of the QC5-0RC system obtained in the two
engines with AC are, on average, 27 % and 43 % higher than 100 % and
70 % CCR, respectively, compared to the OPEX valuez obtained with
MOF. Thiz behaviour iz due to the greater penalty that the CCS-0RC
system exerts on engines with AC operadon, which increases fuel
COnUMpion.

4.3. Payback analysis

Az obzerved in the results found, the initial cost of installing a CC5-
ORC syztem operating in a vehicle with an M936G engine iz bemween
15 and 18 % (depending on the capture rate), and in a vehicle with an
F1C engine, the cost of the wehicle increazes to almost double.
Furthermaore, both wehicles’ average annual operational expenses are 15
and 7 % of the initial OCS-ORC system cost for 100 and 70 % CCR,
rezpectvely. These results suggest that integrating a CCS-0RC syztem
into heavy-duty vehiclez may lack economic feasibility unless accom-
panying benefitz or exemptions from avoiding emissions-related taxes
exizt. Henee, this zection will undertake an economic assessment as an
entry point from 2027. when a package of stricter rules comes into foree
to reduce Tancport sector emissions through a zpecialized emission
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CAPEX percentage by sysbem (%]

100 CCR M336G,

CAPEX percentage by aystem [%)

100 CCR F1G3

70 CCR M936G

CAPEX percentage by sysbem (%]

TO CCR F1G

CAPEX percentage by system [%)

Fig. 6. CAPEX percentage by sub-syatem in the OCS-0RC gystem.

rading system often referred to az “ETS2" [54]. In this, the European

Table 12 Union established the charge for C0: emizsion rights to the mansport
CAPEX inchuding the initial purchace of the wehicle. sector with an inital value of 45 £/000y; [54,55]. Thiz will increaze the
Vehicle Technolegy Prurchase Difference Hefprence cost of goods wansported if the mansport sector does not have a broader
[kE] from baseline range of technologies to reduce i €0, emissions by that date.
[%] The initial analysiz will determine the payback time for a CC5-ORC
NG Ry o [47.88] system integrated into a heavy-duty wehicle. Initially, the annual €0y
__ ERcH A Ak [44] emizsions avoided for each engine are obtained utlizing the data pro-
e e e €2 = vided in section 2.4, This data is multiplied by the established price of the
engize {or P4 S . . . . . .
similar V) and R at 100 % o 183 O EC‘I:. emiszion rights; thereby, .ﬂ:ua income iz obtained for each case.
useful space of  af OCR study Table 14 shows the values obtained from the income and the anmal net
75 m’ NG 4 OO Corm profit, which is the difference between the OPEX and the income. Finally,
aﬂé at 0% of 4323 15.4 Study the payback time of the CC5-0R.C system iz determined by calculatng the
e w0 o (=11 net present value (MPV) using Bq. 22. In this caleulation, § represents the
. . EE B0 500 [5z 53] interest rate, set at 4 %o, t denotes the mumber of years, amd n zignifies a
VANwitha FIC e . oo - heavy manzport vehicle's lifespan, typically 10 vears, according to the
:ﬁ'ﬁiﬁ wd ARES1W A8 L snsdy literature [56]. Fig. 7 provides the result obtained for the NPV.
useful space of :::::R oL -
1am ORCat 7O of 73 gan :"m =Em—m (22)
ooR study = Laa!
Table 13
OPEX for the OC5-0RC systema.
Coneept MGG FlC
100 CCH 70 OCR 100 OCR 70 OCR
FPN MOF AC FPN MOF AC FFN MOF AL FPN MOF AL
Sorbent renovation [k /year] 1.34 134 [ilii] LES LES oS5 oS5 oU5H 0.42 ] ] 035
Fuel consumption increase [ fyear] .39 751 11.40 153 Lol 463 T 4.18 .49 116 L8k 242
O [k Fyear] 67 oy o7 057 057 oS5 o3g ou3s 034 32 .32 035
Total OFEX [ Apear] 10,80 G52 1281 195 1.43 682 1 514 7.33 1.7 164 311
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Table 14
Incomes and Profits obtained for integrating a CC5-0RC oystem in a heavp-tugy wehicle.
el FiC
Compepd ploi) T ploi) T
FFH MOF AC PPN BIOF FFH MIOF AC FFN MOF A
OPEX [lof/year] 10.40 952 1XE1 395 3.43 5.82 Gbl 514 Faz 197 1.4 a1
Iecome [kE Ayear] 1133 TuE iy 397
Profits [ /pear] oal 181 148 a.ue 450 211 om 053 1560 200 ) | (R

b

NPV (KE)
=
1

Pn [Mor] ac [Peulmor] ac T pes [mof] ac [Peslmor]  ac
CCR10D CCR7D CCR100 CCR7D
MIBIEG Fi1C

Fig. 7. NPV calculated at 10 years of OCS-0RC system for the whole sorbent,
CCR. and engines.

‘The values obtained from the payback time indicate that the capital
expenditures (CAPEX, see Tablez 10 and 11) failz to be recouped with
any sorbent and with any under CCR, conditions owver the vehicles’ useful
lifespan. Notably, even with the AC in both engines and at 100 % of CCR,
a reduction in CAPEX iz not achieved. Thiz behaviour is atiributed to the
fact that, under thiz CCR condition in both motors, no profic are ob-
tained with the AC, but on the contrary, additonal expenses are
incwrred for the operation of the CCS-0RC syztem.

Conversely, with the other owo sorbentz at 100 % CCR, a partal
recovery of the initial inwestment is achieved. Specifically, with MOF,
the recovery percentages stand at 22 and 64 % at 100 and 70 % CCE,
respectively, in the M936G engine, and 11 and 59 % at 100 and 70 %
CCR, rezpectively, in the F1C engine. Employing PPN yields recovery
percentages of 11 % and 57 % at 100 % and 70 % CCR, rezpectvely, for
the M936G engine and 50 % at 70 % CCR for the F1C engine.

As evidenced in the data previously cthown, there is a more signifi-
cant recovery on the initial mvestment of the CC5-0RC system in the
MO36G engine, especially at 70 % CCE, due to the lower inidal inwvest-
ment and the more significant amount of CO0; captured, which tranclates
into a higher annual benefit compared to the operaton of the CCE-0RC
zystem in the wehicle with an F1C engine.

Despite not achiewing the recovery of the inwvesmment within the
established lifespan vehicle pariod, it iz relevant to note that the carbon
abatement costs (CAC) (calculated using Eq. 23) obtained for the CCS-
ORC systems proposed in this research, operadng at 100 % CCR, vary
from 19.4 £,/000; with MOF up to 33.9 £,/t00; with AC in the vehicle
equipped with the M%36G engine, and from 26.2 £,/0C0, with MOF to
46.8 € /tC0x in the vehirle with the F1C engine, as shown in Fig. . These
walues are below those observed in other indusmries, such as glass and
steal, whose CCS costs range between 50 and 350 €,/tC0; [57,50]. As
expected, Fig. 2 thows a decrease in CAC with the CCR reduction due to

a0

40

L3
(=1
1

CAC [€1CO,]
=]
1

PPs 0P| A ]
CCR100 CCRTD

MIIEG F1G

Fig. B. CAC caloolated of OCS-ORC system for the whole sorbent, CCR
am] engines.

the OC5-0RC syztem's lowwer CAPEY. Furthermore, a higher CAC is seen
in both CCRs in the wehicle equipped with the F1C engine, which iz
artributed to the lower benefit obtained from the CCS-ORC system
operating in this vehicle.

m”—ﬁt_ﬁl:
cac=F==— T (23)

sl
PO neoncied

5. Sensltvity analysis

Thiz sectdon inmroduces two sensitivity analyses. The Hrst seeks to
establich the appropriate price of the CO emissions tax to achieve the
payback on the initial invesmment within the operational lifespan of a
heavy-duty work wehicle (10 yearz). The zecond aims to identify the
engine size (by varying the engine displacement volume) that achieves a
CAC of zero. Thiz latter analysis iz made in the same period, and the
price of the €O emizzion tax remains fxed at 45 €,/0C0,.

Fig. 9 shows the results of the frst analyzis. It discloses that, to
achieve a 10-year payback on imwvestment with a CCR of 100 %, the
required CO; emission rights prices are 70.6. 74.4 and 85.4 £/t00; for
the MOF zorbents, PPN and AC, respectively, in the M936G engine and
the FIC engine, the value of the tax with MOF, PPN and AC mustbe 75.3.
53.8 and 99.7 £/000;_ respectively. On the other hamd, by reducing the
CCR to 70 %, a decreaze iz observed in the required value of the C0y, tax
to achieve the payback of the initial inwvestment in the established
period. Compared to the 100 % CCR soenario, this reduction amounts to
10 and 15 €/tC0;, for all three sorbents in the M936G and F1C engines,
rezpecdvely. Notably, the analysic indicate: that smaller wehicles
necessiate higher C0y ax payments to achieve the desired return on
inwestment within the designated dmeframe.
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MB365; —— PPN —8— MOF —&— AC = F1C: —%#—FPN —%— MOF —4—AC
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Fig. 9. Payback sencitivity analyziz: a) 100 CGCR and b) 70 GCR

]
] 100 CCR:—a— PPN —— MOF —— AL |
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Engine displacement valums [L]
Fig. 10. CAC sencitivity analyziz for engine zize.

Fig. 10 reveals that achieving a CAC of zero or lesz at 100 %, CCR
requires an engine with a displacement wolume (V) greater than 20 L
with AC and 22 L with MOF and PPN. This specific fnding is atoributed to
the steeper negative slope of the CAC of the CC3-0R.C system betvween the
F1C and M936G engines with AC. On the other hand, when moving to the
CCR. of 70 %, it is observed that the CAC of zaro or less iz obtained with a
Vy of 18 L with MOF, 19 L with PPN and 21 L with AC. Although AC
exhibits a higher negative slope in the latter scenario compared to other
sorbents, thiz result aligns more closely with the trend observed in the
preceding findingz. Finally, regardless of the CCR rate, it is evident that a
CCS-0RC system could yield a CAC of zero in engines with high V.

6. Conclusions

The present work constitutes the first zizing and techno-economic
amalysiz of a CCEHORC integrated into a heavy-duty wehicle. The CCE-
ORC takes advantage of the waste heat in the exhaust gases to perform
the TSA stages. Additionally, it integrates an ORC cycle to supply the
power demand of the 00, compression stage. Thiz iz evaluated with owo
CCRz and three sorbents in two engines with different engine volume
dizplacements. The heat exchangers and TSA dewvice required for the
cormect operation of the CCS-0RC syrtem are sizing, searching for the
maximum compaction possible. A techno-economic analysic i con-
ducted to determine the initial expences of an HD-ICEV with an ine-
grated CC5-0RC system and the operational cost of the latter. Finally, the
economic feasibility of this integragon, under the scenario when the

ransport sector must pay for the C0, emizrions rights, iz evaluated.

The outcomes of the concept design conducted in the present
rezearch show that the volumes found for the TSA device, whose highest
value is searcely 0.26 m®, and the achieved compaction levels in the heat
exchangers of the CCE-0RC system suggest that the CCS-0RC system can
be installed in an HD-ICEV with minimal impact on the useful space.
Newertheless, in future rezearch endeavours, a detailed dezign of the
heat exchangers could achiewve higher [ values. This improvement would
enhance the compacton of the CC5-0ORC system, facilitating it inte-
gration into the HD-ICEY. Although, this does not mean a reduction in
the cost since it is caleulated with the heat exchanger area.

On the other hand, the CAPEX resultz show that the increase in the
initial investment of a large vehicle with an integrated CC3-0RC syztem
iz barely higher than the baseline vehicle. Conwverszely, it iz much lower
than the initial invesoment for other zerc-emissions technologies. It
should be noted that the techno-economic analyzes indicate that inte-
grating a CCE-0RC system in a wehicle with a small engine iz not
feasible.

Although the NPV in the lifespan of a heavy-duty vehicle iz far from
zero, values between 19 and 47 €,/0C0, of carbon abatement cost at 100
% CCR. are obtained, which are low compared to other industriez. So, the
ransport sector could incur this invesmment if it aims to meet the CDy
reduedon objectives establizhed by the European Union for the year
2050. The payback of the initdal investment can even be achieved with a
C0 tax greater than 65 €,/0C00z. The captured CO: could even be sold az
raw material for producing e-fuels, which would compensate for the
vehicle's operating cost and provide additional income that would in-
crease the benefitz obtained by integrating a CCE-0ORC system. The
capmured €0 is alzo prevented from being stored underground, thus
giving the €0, a productve value.

To sum up, this sudy shows that integrating the CC5-0ORC syztem in
vehicles uzed in heavy-duty ransport is promising from the CO, miG-
gation perspective and a medium-term economic point of view. The
proposed integration avoids the increase of CO; in the amosphere
provoked by the wancpart sector and provides COz as raw material for
manufacturing e-fuelz. For thiz reazon, fumre emndeawours should
encompass studies about life cycle astessments to determine the envi-
ronmental and zocial impacts and experimental smudies to validate the
CCE-0RC syztem under actual conditons. In thiz way, the knowledge
gap is closed, and thus, contributes to the development of a mowel
application that allows complete decarbonizadon of this energy-
intenszive sector.
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Appendix A, Appendix

Area, temperature, pressure and mazz flows of each heat exchanger with the CCS-0RC syztem operating with PPM.

Engine OCH Heat Area M a7 T TouiF [ T, i Tairw ] Fosim Fom -
exchanger [m®] Lo rel F<l L] rel [*cl [bar] [bar] [bar] [har]
ORC-H a7z 104,60 5T3.HT 119.49 51752 Al .49 <] 75 24.9 29
ORC-E 7.59 81,48 4273 119.49 51752 Er AT 184.15 1.0k 1.09 29 20.9
ORCG 1377 EX.E2 12102 4287 43,525.64] 3000 F599 1.5 1 1 1
MEEEGE 100 HE-OOs-C 095 104,60 150000 F 43,525.64] L 36,23 1 1 1 1
Oly-Com 245 104,60 119.49 a0 43, 5245.5] .00 Z5.5B <] 75 1 1
HE-EE1 2530 81,48 119.49 F 43, 5245.5] 3623 41.05 1 1 1 1
HE-Biz2 11.30 81,48 39.23 000 43, 5245.5] 558 3631 1 1 1 1
ORC-H 057 Fa53 5El.3 o= L4 e ] Al BE24T <] 75 24.9 29
ORC-E 216 81,48 48301 10247 L4 e ] HL4&7 184.15 1.0k 1.09 29 20.9
ORCG 1653 B17.234 1207 4287 32357.3 3000 3942 1.5 1 1 1
MEEEGE Fa HE-OOs-C LET Fa53 150000 4270 32357.13 Fr4X 65 1 1 1 1
Oly-Com 182 Fa53 10E2E a0 32357.3 .00 Z5.50 <] 75 1 1
HE-EE1 18.74 477.04 10247 4265 32357.3 Fak 43.55 1 1 1 1
HE-Biz2 1018 477.04 4Z45 000 32357.3 B.50 .52 1 1 1 1
ORC-H 039 4249 v 1) b L ] 20344 38.80 9597 <] 75 24.9 29
ORC-E 401 P75 40858 115.57 20344 ey 184.15 1.0k 1.09 29 20.9
ORCG FH2 .44 12105 TG 1761538 3000 Fhue 1.5 1 1 1
Fl 100 HE-D0 -0 .50 4249 150000 U 1761538 3598 3 X2 1 1 1 1
Oly-Com 130 4249 T3 a0 1761538 .00 Z5.406 <] 75 1 1
HE-EE1 13.24 P75 11557 I 1761538 3623 41.00 1 1 1 1
HE-Biz2 G40 P75 392z 000 1761538 .40 36,29 1 1 1 1
ORC-H .30 ot B SEDL1S e | 2399.4]1 40,53 Th.GE <] 75 24.9 29
ORC-E 4.7 P75 4701z G GE 2399.4]1 7&.58 184.15 1.0k 1.09 29 20.9
ORCG 284 =41 12103 H4E 13,146134 3000 F.a6 1.5 1 1 1
Fl Fa HE-OOs-C 035 ot B 150000 4236 13,16134 I3 5B 1 1 1 1
O0y-Com 0.5 ot B el | a0 13,146134 .00 =541 <] 75 1 1
HE-EE1 2.81 193|732 .58 42158 13,146134 .58 4338 1 1 1 1
HE-Biz2 538 193|732 4258 000 13,146134 5.4] .53 1 1 1 1

Appendix B. Appendix

Area, temperature, pressure and mazz flows of each heat exchanger with the CCS-0RC system operating with MOF.

Engine CCR Heat Ay i 317 Tin Tastur e, oy [k’ T cr Temiow Pa Prows o P o Pogi oz
exchanger [m*] Mgk [l E<C] hl [l [-C] [kar] [bar] [bar] [bar]
QORC-H 075 104,53 GB40Z 116,32 L e PR @011 T 7e 249 219
QORC-E bl ] BH1.48 Lle Rt 11612 L 9011 18415 1.0H 109 219 20.9
QRCA 1561 =T 1202 4E.HT 38,743.25 30 37.54 1.5 1 1 1

MUEGG 1m0 HE-OOp-C 095 104,53 150000 4LHD 38,743.25 a7.54 oy | 1 1 1 1
Ca-Com 54 104,53 11612 a0 3H,743.25 2500 Z5.6L T 7e 1 1
HE-EE1 2537 BH1.48 11613 4087 3H,743.25 b | LT 1 1 1 1
HE-BEz2 13.02 BH1.48 40,81 00 3H,743.25 oAl ) Bhbh 1 1 1 1
QORC-H 0.59 TALT 5an.15 10133 GLEaT4 e PR B33 T 7e 249 219
QORC-E 217 BH1.48 GOELT 10133 GLEaT4 H1.33 18415 1.0H 109 219 20.9
QRCA 17.90 BI.T4 1202 4E.HT 2031532 30 4112 1.5 1 1 1

MUEGG T HE-OOp-C [ TALT 150000 4435 2031532 41.1% 41.36 1 1 1 1
Ca-Com 147 TALT 10033 a0 2031532 2500 Z5.56 T 7e 1 1
HE-EE1 18.3% 477.04 10033 430G 2031532 41.36 45,42 1 1 1 1
HE-BEz2 11.58 477.04 4430 00 2031532 5506 30591 1 1 1 1

Fl1c 1m0 QORC-H 039 LE4 Lz 3E FE40 239323 A, &% L0 T 7e 249 219

{connmsed om next page)
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{contimued
Exgine CLR Hreat Area [T Tegm Teatyw Mg oy [kgs Ty Teat Feom [ P [
exchanger [m) [kgh] [l [“C] h] [l [“C] [har] [bar] [bar] [bar]
ORCE 4.02 ITETS 44554 112590 e GO0 18415 1.0% 1.9 ] 209
ORCE B34 e 12108 349,44 15,655.74 30,00 7.5 15 1 1 1
HEO0C .50 ALE4 150,00 40.53 15,655.74 3753 37,60 1 1 1 1
Cytion 1.33 ALE4 TEAD .30 15,655.74 25,00 2552 7a 77a 1 1
HE-BiE] 13.30 ITRTS 112490 40,81 15,650.74 1780 4L 1 1 1 1
HE-BIE2 LB ITETS 40,81 30,00 15,655.74 2552 664 1 1 1 1
ORGH 3 42 650,55 T1.49 25624 4064 75.40 7a 77a 24.9 229
ORCE 4.7 ITETS 495,89 95,40 25624 FE40 18415 1.0% 1.9 229 209
RO 154 256,24 121,04 34,59 11,906.73 30,00 41.06 15 1 1 1
FlC 70 HE0C .35 42 150,00 44,06 11,906.73 4106 4131 1 1 1 1
Cytion (54 42 T1.4% .30 11,906.73 25,00 25,46 7a 77a 1 1
HE-BGE1 61 193.73 Y540 44.31 11,906.73 41.31 4527 1 1 1 1
HE-BIE2 612 193.73 4431 30,00 11,906.73 25,46 26,91 1 1 1 1
Appendlx C. Appendix
Area temperature, pressure and mass flows of each heat exchanger with the CCS-0RC system operating with AC.
Engine CCR  Heat Area Mg _31F Tizap Tear ¥ Mgy o [z Tincr Tom.p P Fasmp P, oy Fogs cF
exchanger [m’] [zl el el k] Fcl Fcl [bar] [taar] [bar] [bar]
ORGH 079 3.8 G25.8] 12779 E35.11 BLGE 107.78 BETH BS.73 4.9 229
ORCE A LE1.48 421,58 12791 E35.11 107.78 184,15 1.06 1.0 229 09
ORCE 13.57 E35.11 12102 4887 44, 255,95 B0L00 547 15 1 1 1
MI3BG 100 HELOO.C 105 1na.e 150000 3924 A4, 265,95 35 36,24 1 1 1 1
C0yCon 2 1na.e 1D79 26030 A4, 265,95 2500 25,65 BETH BS.73 1 1
HE-BiE] 24.23 LE1.48 179 39.24 44, 255,95 3024 41.12 1 1 1 1
HE-BIE2 11.31 LE1.48 3024 30,00 A4, 265,95 2565 26,97 1 1 1 1
ORGH 063 TIH0 63315 10601 23,590 BLGE BELOZ BETH BS.73 4.9 ]
ORCE T45 LE1.48 AHL ) 106,02 23,590 B0 184,15 1.06 1.0 229 L]
RO 1671 23,590 12102 4887 HL7A.40 B0L00 39,40 15 1 1 1
MIdesE 7O HEO0C 073 TIH0 14598 ALES HL794.40 3940 3964 1 1 1 1
Cytion 196 TIH0 108,01 2430 HL794.40 2500 2565 BETH BS.73 1 1
HE-BiE] 17.59 47704 10802 4Lod HL794.40 b4 4358 1 1 1 1
HE-BIE2 1025 47704 ALBE 30,00 HL7A.40 2565 20657 1 1 1 1
ORGH 0.4z 46,22 625,21 7.8 206,70 40,30 10617 BETH BS.73 4.9 ]
ORGE aya IGTE 408,42 12617 206,70 106,17 184,15 1.06 1.0 229 €09
RO 7.51 4.0 12108 383 17,842.54 B0L00 5.0 15 1 1 1
FlC 100 HEOO:C 0.55 46,22 150000 3890 17,842.54 35 6.2 1 1 1 1
Cytion 1.38 46,22 7.3 2430 17,842.54 2500 25 62 BETH BS.73 1 1
HE-BiE] 1272 0TS 12617 9.3 17,842.54 Bh 41.13 1 1 1 1
HE-BIE2 599 0TS e 30,00 17,842.54 2562 26,34 1 1 1 1
ORGH 033 HLAS GILE] 71.79 ZALO5 ALET BE1% BETH BS.73 4.9 ]
ORCE 416 0TS A70.00 10319 BLO5 EL19 184,15 1.06 1.0 pls] €09
RO a.43 MLOG 121.04 3852 13,247.07 B0L00 39,40 15 1 1 1
FlC 70 HE0C 038 HLAS 150000 4180 13,247.07 3940 3964 1 1 1 1
Cytion 102 HLAS 71.79 2430 13,247.07 2500 25,43 BETH BS.73 1 1
HE-BiE] 9.41 193,73 10309 4Les 13,247.07 b4 4353 1 1 1 1
HE-BIE2 5.42 193,73 ALBE 30 13,247.07 543 2655 1 1 1 1
Appendlx D, Appendix
Dizeretization of the mathematcal model uzed in the dezsign of the TSA device:
Central nodes
+1 +1 +1 +1 +1 1
kTru-1 -2+ TN _'_E Toin —Tan - J'-C;T: -Ta
Ar? i 2Ar2 At
Atr=0 Eq. 14 is indeterminate, therefore the I'Hopital's nule must be applied, obtaining:
I T oLl
ar? Fae
Thiz 1 om i dii ized by taking . . { izl : jary, obtaining the followi N
1 i H
aEL - T -T
Ar? FoOAF
Cn the murface
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(33

h  eCp
F"-E-'-E'-'-E) + 1] =-T,

Appendix E. Appendix

Cambustion and engine efficiencies at 1300 rpm and 25 of EL for the M9356G engine and at 2000 rpm and 25 of EL for the F1C engine.

Enging MGG FlC
}lng;lnedﬂdmcr (Mg} [ 2065 1705
i s [%6] 98.71 e
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6 CARBON CAPTURE IN HD-
ICEV BY ABSORPTION

Once the path of adsorption as a COgz 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 COz 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 COg
reduction technologies available on the market is made.

The aim 1s to thoroughly understand each method's advantages and
disadvantages, addressing key questions such as 1) is the intended heat
integration of the exhaust gases with the CCS systems and ORC thermally
feasible? i1) 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, COz 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 CO3z stream is
removed in the condenser, and the high-purity CO: stream goes to the
compression stage (11). The COz2 is stored in a tank as a liquid, gaseous COz is
compressed from 1 to 75 bar (11-12) with two cooling stages up to 29 °C. In the
first cooling stage, the CO3z releases heat to the ORC (12-13), and in the second
stage, the COz2 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 CsHio 1 6.8 >120
7 CsH1o f(Engine load, rom) 1.2 f(CsHio mass Flow)
8 CsH1o 0 1 49
9 CsH1o 0 9 49
10 CsH1o f(exhaust gases mass flow) 7.9 122
11 CO:2 1 1 40
12 COsq 1 75 565
13 COsq 1 75 >120
14 COsq 0 75 29.3
15 Air 1 1 25
16 Air 1 1 f(CO2 mass flow)
17 Air 1 1 f(CsHio 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%.

Rate constant Absorption heat  COgz loading

Solvent reaction [m3/kmol-s] [kd/kmolcoz] [molCO2/molamine] Reference

Ethanolamine (MEA) 8400 85.13 0.59 [200,202]

Methyl diethanolamine
(MDEA) 11.5 52.51 0.74 [203,204]
Qkc
Qregeneration = (41)
mCOZ—storage
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 COz capture between these amines is the rate
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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 COz absorption from the EG in the absorber. This
results in a higher CCR and requires less regeneration heat than DMEA.
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Figure 38. CCRs for MEA and MDEA over the entire rpom range and at partial engine loads.
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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
Amine Heat exchanger rpm EL [%] EG mass flow [kg/h] Area [m?]

Evaporator 1 1000 25 208.4 0.195

MEA Evaporator 2 1000 25 208.4 0.041
ORC condenser 1900 100 754.7 0.361

CO2 condenser 1900 100 754.7 0.144
Evaporator 1 1000 25 208.4 0.143

MDEA Evaporator 2 1000 25 208.4 0.033
ORC condenser 1900 100 754.7 0.284

CO2 condenser 1900 100 754.7 0.109
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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 COz capture rate achieved with MEA, necessitating increased COz
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.
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Figure 42. ORC efficiency over the entire engine rpm range and engine load conditions.
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Figure 43. Percentage of power penalized of the engine by the CCS system with and without ORC.

6.4 ECONOMIC ANALYSIS

The economic evaluation of the complete CCS-ORC involves two scenarios: one
with and without ORC for MEA and another solely with ORC for MDEA. Table 36
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
COz2 reduction technologies, such as hydrogen fuel cell buses (HFCB) and electric
battery (EB) buses.
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Table 36. CO2 capture equipment installation costs CAPEX

Process Equipment Cost equation Parameter (A) Ref.
Amine plant All equipment's 26.094x106(A/408)0-65 COsz captured (t/h) [182,183]
ORC-expander 1.5(225+170A) Volume (m3) [177]
ORC-pump 900(A/300)0.25 Power (kW)
ORC-fan 900(A/300)0.25 Power (kW)
ORC ORC-CsH1o tank 31.5+16A Volume (L) [178]
ORC-Evaporator 190+310A Area (m2)
ORC-heater 190+310A Area (m2)
ORC-condenser 190+310A Area (m2)
CO2 storage Condenser 190+310A Area (m?2) [178]
system Compressor 267000(A/445)0.67 Power (kW) [180]
COz tank 31.5+16A Volume (L) [178]
Installing 8%A
. Instrumentation 5%A Amineplant+ORC+CO:
Direct cost Piping 1.5%A storage system [181]
Electric installing 1%A
Engineering T%A Amineplant+ORC+CO:
Indirect cost Contingency S%UA storage siitsetm+ direct [182]

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.

[ ]Amine plant [Jlll ORC [ CO, storage system [___| Direct cost[ | Indirect cost

11.79% 3% 13% 13%

- 11.7% . 11.7% .
60.7%
12.6% B 14.6% T

12.5% 10 79 9.5%
MEA with ORC MDEA with ORC MEA without ORC
Total 79.8 k€ Total 65.5 k€ Total 68.5 k€

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
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CCS-ORC system i1s approximately 40% more economical than HFCB and EB
buses.

Table 37. Initial purchase value of a bus
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+0ORC 454.4 -21.3 Own study
CNG+CCS 443.1 -18.3 Own Study

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 COz neutrality, unlike electric and
hydrogen cell vehicles. From an economic perspective, the captured COz 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 COz tax, which will be implemented in this
sector from 2025. Thus, it would obtain an income for selling the COg2 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 COg2 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 COz 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 COg2 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,
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which results in low power production to meet the energy requirements of the CCS
system, preventing achieve COgz 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:

e Garcia-Mariaca, A., & Llera-Sastresa, E. (2023). Energy and economic
analysis feasibility of COz capture on a natural gas internal combustion
engine. Greenhouse Gases: Science and Technology, 13(2), 144-159.
https://doi.org/10.1002/ghg.2176
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Energy and economic analysis
feasibility of CO, capture on a natural
gas internal combustion engine

Alexander Garcia-Mariaca and Eva Llera-Sastresa, University of Zaragoza, Zaragoza, Spain

Abstract: CO3 capture by amine scrubbing is a widely developed technology in its most advanced
stage of evolution. However, it has never been used to capture CO. from mobile sources. The present
study performs an energy and economic analysis of an amine scrubbing CO» capture storage (CCS)
system, which takes for the amine regeneration process the waste heat from the exhaust gases of a
turbocharged natural gas internal combustion engine (mobile source). The selected engine for the study
is an M936G, widely used in freight and passenger transport. A primary and a tertiary amine were
chosen for the simulations. In order to reduce volume and increase autonomy, captured CO» is stored
as a liquid, therefore, a specific installation is planned. The system is hybridised with an organic rankine
cycle (ORC) to reduce the energy penalty on the CCS system. Results show that a CCS system
operating with Monoethanolamine (MEA) at 30 wt% achieved a maximum CO, capture rate of 66%,
with a penalty over the power engine of only 10%. On the other hand, the economic analysis showed
that the CCS system with MEA and without ORC is 31.8% cheaper than a hydrogen fuel cells bus and
26% cheaper than a battery-electric bus. @ 2022 Society of Chemical Industry and John Wiley & Sons,
Lid.

Keywords: CO. capture; amine-scrubbing: internal combustion engines; organic Rankine cycle

Introduction

C urrently, the transport sector contributes

25% of total CO; emissions and is gradually
migrating towards electrification to reduce its
CO);, footprint.! However, in freight and passenger
transport, battery electric vehicles (BEV) and fuel cell
vehicles (FCV) can only be a supplement, but not an
alternative, to classic combustion engines,? due to short
autonomies. This sector is expected to continue
operating with C-H chain fuels, and thus the challenge
focuses on fuels such as natural gas or synthetic natural
gas. If, as in this last case, CH, is elaborated with a CO,

captured (in an onboard Internal combustion engine
vehicle) as raw material and an energy surplus from
renewable sources, it could close the gap and drive the
transport sector towards zero CO; emissions.

CCS is a potential technology for sustainable energy
production and reducing CO; emissions.”* The CCS
systems allow CO; to be separated from a gas stream
before or after a combustion process.® These
technologies have mainly been applied in the heat and
power generation sector and industries, such as cement
and steel production.® In particular, CO; capture
technologies in post-combustion have had significant
advances in recent years. Whereby the use of these
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technologies in the transport sector could be
functional. Some authors suggest that amine
scrubbing, adsorption and membranes could be
adapted to operate on mobile sources.™

So far, the research about CCS systems in mobile
sources has been focused on absorption and
adsorption. Engine-driven ships offer the most
favourable scenario for an absorption installation
because the internal combustion engine (ICE) operates
almost at the same load condition in a journey, which
is guite like the operating conditions of a power plant.
Ship-based carbon capture (SBCC) research works
have focused on amine scrubbing facilities. They
have made economic analyses and evaluated several
amines in different proportions, CO; capture rates
(CCR) and the use of waste energy recovery
systems.

For instance, Awoyomi et al.” studied the effect of
exhaust gas recirculation (EGR) on an liquefied natural
gas (LNG)-fuelled ship. They obtained a CCR of 90%
with a solvent of WH; in a concentration of 4 wit% and
solvent flow close to 40 kg/s. Stec ef al '? evaluated in a
diesel-fuelled ship an amine-scrubbing facility under
three atmospheric conditions (arctic, IS0 and tropical)
using a solvent with Monoethanolamine (MEA) at 30
wi%. The best results were found under tropical
conditions with values of CCR of 91.4%, 2.249 MW of
heat duty and a regeneration heat of 3.61 M]/kgC0O..
Giler and Ergin,'! in several LNG-fuelled ships,
evaluated an amine-scrubbing facility with a solvent
concentration of 35 wt% of MEA. The average result of
CCR obtained in their study was 33%. Ros et al.'?
evaluated SBCC on 12 LNG-fuelled engines (8 MW
each) with a solvent of 30 wi% of MEA. The main
results were a maximum CCR of 81% with an average
price of 125 €/CO;ton (depending on the storage
pressure of CO;). Luo and Wang," in a diesel-fuelled
ship of 10.8 MW with a waste energy recovery system
(WERS), made an economic analysis of an
amine-scrubbing plant using MEA at 30 wt% as
solvent. The results show a CCR of 73% and a CO;
capture price of 77.5 €/CO;ton without the WERS.
With WERS, 90% of CCR is reached with a higher CO;
capture price of 163 €/CO;ton. Feenstra et al '
evaluated two solvents, MEA and piperazine ( PZ), for
the CO; capture process on a 3 MW LNG-fuelled ship.
The main conclusion of their study is that the cost of
CO; capture is 120 €/C0O;ton using MEA and 98
€/CO;ton using PZ.
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In contrast, in ICE vehicles (ICEv), their rapid
accelerations and decelerations and changes in the
speed and load in the engine are the bottlenecks that
do not allow the implementation of CCS systems in
this sector. The research works found in the literature
have evaluated the energy requirements of the CCS
system and the most suitable sorbent or solvent.
Sharma and Maréchal'® elaborated an energy analysis
of a CCS system by temperature swing adsorption
(TSA) on a diesel-fuelled engine of a truck. The main
result obtained is that with a WERS taking the thermal
energy exhaust gases in advantage and with
PPN-6-CH2-TETA as sorbent, the CCS system does
not have penalisation over the ICE with a CCR of 90%.
Garcia and Llera® presented an energy analysis of a
CCS system with TSA operating with several sorbents.
The CCS system is hybridised with an organic Rankine
cycle (ORC) to supply the utilities of the CCS system.
The main conclusion obtained is a 73% of CCR with
MOEF-74-Mg without penalisation over the engine.

Regarding absorption, Kumar ef al.'*'" evaluated
MEA, methyl diethanolamine (MDEA) and blends
with NH; on a diesel-fuelled engine. The main result of
these investigations is that MEA has a CO; reduction
overcome 90% in any engine load condition. However,
these research works do not describe how the
regeneration process of the solvent in the CO; capture
unit would be.

As shown above, CO; capture by absorption in ICEv
has a few scientific developments, and this study aims
to broaden the knowledge of this field. This research
paper presents the first thermo-economic study of a
CCS system onboard a natural gas (NG)-fuelled vehicle
operating in the entire rpm operating range and under
four engine load conditions. The CCS system proposed
is subject to a sensitivity analysis using a primary and
tertiary amine with 30 wt% in the solvent. Evaluations
are carried out also with the hybridisation of an ORC
that takes the exhaust gases’ thermal energy to supply
the amine-scrubbing and CO; compression utilities.
The simulation of the different processes was carried
out in Aspen Plus. The feasibility analysis aims at
answering the following questions: (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 the primary and tertiary amines?
(iii) How much is the purchase cost of a vehicle with a
CCS system installed? (iv) What is the power
penalisation of the CCS over the engine performance?
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Table 1. Technical specifications of the MO36G
engine. 2

Architecturs In-line &-cylindar enging
Aspiration method Turbocharged with Aftercooler
Injection Multipoint
Valves per cylindar: 4
Bore [mm] 110
Stroke [mm] 135
Displacement volume 7700
[em®]
Compression ratio 17
Brake Power [IKW] 222 at 1950 rpm
Torgue [Nm] 1200 at 1600 rpm
Methodology

The energy analysis of CO; capture on board an ICEv
through amine scrubbing developed in this research
involves integrating three systems: the ICE (CO,
generator), the CCS system and the WERS. Ideally, the
thermal energy required for CO; desorption should
come from the exhaust gases of the vehicle’s engine,
and the electricity for the operation of the CCS system
devices should come from the engine and from the
WERS, which in the case of this study will be an ORC.
After technical analysis, an economic analysis is
performed. The evaluated total capital expenditure
{CAPEX) will be used to establish whether the
hybridisation of these three systems in an ICEv for CO,
reduction is competitive with other CO; reduction
technologies available in the market. Each component
and procedure developed in the simulations are

described below.

Engine selection and model

Engine selection

In the short and medium term, ICEvs will keep using
carbon-based fuels while the transport sector migrates
completely towards electrification. Gaseous fuels such
as natural gas (mainly CH,) will be one of the best
choices because of the high lower heating value (LHV)
and short carbon chain that produces less CO,.'*'* On
this basis, a heavy-duty turbocharged natural gas (NG)
spark ignition (SI) engine of reference M936G has been
selected to run the simulations. This engine is widely
used in trucks and buses. The technical specifications
of the engine are summarised in Table 1.

Engine simulation

The selected SI-ICE is simulated over AVL BOOST
software to determine the pressure, temperature and
concentration of the engine exhaust gases at the
catalytic converter outlet. The simulations were
performed at four engine load conditions (25, 50, 75
and 100%) in the rotational speed range of 1000-1900
rpm. The models used in the simulations are the
Heywood, Patton and Nitschke model for the friction,
the Woschni heat transfer model for the heat transfer
in the cylinders, and the re-analogy for the heat
transfer in the engine ducts. Finally, the air inlet is at
standard conditions. The main input parameters to run
the simulations are listed in Table 2.

Engine model validation

The results of brake power (BP) and brake-specific fuel
consumption (BSFC) obtained in the simulations are
validated with the values given by the manufacturer for
these variables.™® As can be seen in Table 3, the
maximum error between the simulation and the
manufacturer values is 6.63%. Therefore, the results
obtained in the engine simulation present an
appropriate behaviour, considering that the pressure,
temperature, concentration and exhaust gases mass
flow are close to reality.

Model development of the
amine-scrubbing and CO; compression
facilities

Amine selection

Amines are organic compounds which have been used
for CO; capture since the 1930s becoming a widely
used effective method in the industry® They are
usually diluted in water in concentrations up to 30
wit%. Primary and secondary amines react with CO; to
produce ammonium carbamates through the
formation and deprotonation of zwitterion, as
described in reactions 1 and 2.

ByR;NH+ CO; — R E:NHTCOO™ (R1)

Ry B;NHTCOO™ + ByR;NH — R R, NCOO~
+R,R;NH; (R2)

Tertiary amine reaction does not form zwitterion.
Tertiary amines produce an unstable carbamate, and an
additional reaction leads to the generation of
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Table 2. Input parameters in AVL BOOST for the engine simulations.

Variable Unit MI3EG

Firing Order A 153624

Star of combustion CAD —-18

Combustion duration CAD a7

ASF ratio - Stoichiometric combustion [16.75]
Maximum boost pressure ratio - 2

Conmecting Rod Langth mim 250

Lower heating valus NG*'=2 Mg 48351

Table 3. Comparison engine results between the simulation and manufacturer chart.

Engine load pm Realo Simulation Ermor
[%]
BP [kw] BSFC [0/kWh] BP [kwW] BSFC [0/kWh] BP [%a] BSFC [%a]
100% 1000 110.0 200,00 11017 162.04 -0.2% 4.0%
1400 181.0 166.00 174.08 187.81 3.3% —1.0%
1600 204.0 1668.00 197.27 1688.33 3.3% —0.2%
1900 2200 19300 22745 189.60 —3.359% 1.76%
T5% 1000 B25 22500 B2.o1 22 .52 —0.50% 1.54%
1400 135.75 20025 136 20919 —0.168% 0.03%
1600 153 211.50 153.6 211.57 —0.359% —0.03%
1900 165 21713 166.3 217.20 —0.79% —0.08%
50% 1000 55 270,00 B526 269.47 —0.47% 0.19%
1400 a0.s 25110 @5.5 24657 —66I% 1.80%
1600 102 253 80 104 36 253 61 —2.31% 0.07%
1900 110 26055 112.45 26077 —2.23% —0.09%
25% 1000 arh 416.00 27.42 421.00 0.20% —1.20%
1400 4525 366.68 A5 26 38711 —0.02% -0.06%
1600 51 30104 50,69 a2 0.61% —0u04%
1900 55 401 44 ad.1 40136 1.60% 0.02%
bicarbonate ions (reaction 3). This reaction increases primaries™ and 0.7 molcoy/molymm. for tertiary
theoretical CO; loading compared to primary and amines.”” Despite this, primary and secondary amines
secondary amines.*® are mainly used because carbamate formation exceeds

those of bicarbonate. Several research works display

R R;RsN + H;0 4 CO; — RiR:R;NHTHCO;  (R3)  yhat reaction constant can vary from 47740 m®/s/kmol
for DETA®! to 8400 m*/s/kmol for MEA™ and 11.15
m’/s/kmol for MDEA.* Table 4 shows the main
physical-chemical properties of the amines at a
concentration of 30 wit%.

In the present research, a primary amine (MEA) and
a tertiary amine (MDEA) have been selected to
compare the maximum CO; capture rate (CCR).

According to the literature, primary amines require
more regeneration energy than tertiary amines.” The
reported value for MEA is 5 MJ/kgons, while MDEA
presents values of 2.8 M]/kgrq, with stripper
temperatures between 100 and 120°C.* A similar
behaviour presents the CO; loading capacity with
values close to 0.6 mol-g:/molyyge for amine
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Table 4. Amine properties at 30wit% and 313 K.

Solvent Rate constant
reaction [m?/kmolis]

Ethanolamine (MEA) B400
Diethanolamina (DEA) 1340
Triethylamina (TEA) 16.8
Piperazine (Fz) 53700
Aminomethyl propanal (AMP) 21000

Methy| diethanalamine (MDEA) 115
Diethylenetriamine (DETA) 47000

Criginal Research Article: Enengy and economic analysis feasibility of G0, capture

Absorption heat C0Oy loading Reference
[kkmologs] [MoIC O/ mol ]

B5.13 0.59 29, 33
T4.24 0.1 20,33,34
56.59 0.38 20,3334
B80.58 091 35, 36
20.91 0.78 29, 33,34
5251 0.74 30, a7
B0.48 1.414 38, 39, 40

@ C0z Compressor

Ea@

COz condenser

Figure 1. Amine-scrubbing and CO, compression facilities diagram.

Capture rates are expected to depend on the variation

of engine rotational speed and engine load conditions.

The regeneration heat is obtained employing Eqn 1,

which relates to the heat given up by the exhaust gases

in the stripper (see Fig. 1) and the CO; mass captured.
Qaxhaust it

Oragenerstion = —————— (1)
e MIC0, —storage

CCS configuration

According to the literature, amine scrubbing has a great
potential to be used as a technigue of CO; capture
onboard ICEv:” Fig. 1 displays the amine scrubbing
facility and the CO; compress process diagram. The
exhaust gases from the ICE are used to heat the
stripper and produce solvent regeneration (1, Fig. 1).
The desorption temperature is set to 120°C to avoid
corrosion problems and high solvent degradation. A
pinch delta temperature of 10°C is assumed, whereby
the exhaust gases at the stripper outlet are fixed to be

130°C (2, Fig. 1)(). After releasing heat in the ORC, the
exhaust gases are cooled down and dried to 40°C
before entering the bottom absorber (4, Fig. 1). The
lean solvent enters at the top of the column (24, Fig. 1).
The countercurrent flows of solvent and exhaust gases
react in the absorber. The clean exhaust gas leaves the
absorber at the top (5, Fig. 1). Rich solvent leaves the
column at the bottom (18, Fig. 1), and it is pumped to
the heat exchanger (19, Fig. 1), where the temperature
is raised to 87°C before entering the top of the stripper
(20, Fig. 1). Lean solvent abandons at 101°C and then
goes to the heat exchanger and thus transfers thermal
energy to the rich solvent (21-22, Fig. 1), reducing its
temperature to 84°C. The lean solvent is cooled down
until 40°C in a cooler before entering again in the
absorber (23-24, Fig. 1). Finally, the water content in
CO; flow is removed in the condenser, and high purity
CO; gas flow goes to the compression stage (11, Fig. 1).
Table 5 summarised the parameters assumed in the
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Table 5. Parameters of the amine-scrubbing and CO; compression devices assumed in the simulations.

Device Parameter
Stripper Operating temperature
Absorber Operating temperature
Pumps 1 and 2 lzentropic efficiency
G0y Compressor Isantropic efficiency

Table 6. Parameter values for the calculation of the inlet pressure to the expander.

Variable

Compressibility factor ()

R

Tou &t 25% of engine koad (6.8 bar)
ATey 8t 25% engine load (5.8 bar)
ATey 8t 50% engine load (5.8 bar)
ATey 8t T5% engine load (5.8 bar)
ATey 8t 100% angine load (B8 bar)
fipumg.in 3t 1 bar (saturated liquid)
Tl

Dol gramp

B

Bz

B

simulations for the devices in the amine-scrubbing and
CO; compression facilities.

CO, compression stage

The CO; is stored as a liguid to reduce its volume. To
achieve this condition, the CO; will be compressed
from 1 bar to 75 bar (11-12, Fig. 1) with two cooling
stages until it reaches 29°C. In the first cooling stage,
the CO; releases heat to the ORC (12-13, Fig. 1), and in
the second stage, the CO; is cooled with atmospheric
air under standard conditions (13-14-15-16 Fig. 1).
Finally, the CO; is stored in a tank, as seen in Fig. 1.

Organic cycle Rankine

Working fluid selection

Cyclopentane (CsH ) has been selected as a working
fluid in the ORC. This working fluid (WF) has had
excellent results in previous ORC research on ICEs.*

Also, it is thermally stable at temperatures up to
350°C.4 Another extensive factor for its selection is

Valug Refarance
120°C 41
40°C 42
0.55 43
0.65 43
Value Unit
0.73 MA
0.1186 kedikg-K
20513 K
0 K
10 K
23 K
39 K
735.3 kgim®
0.45% MA
os* MA
0.36 MA
0s® MA
o.ze HA

that C;H has a limited environmental impact, low
toxicity and is noncorrosive. *

ORC configuration

The configuration of the ORC was made following the
procedure developed by Fatigati ef al.***" This
procedure calculates the maximum inlet pressure in
the expander using Eqn 2.

Bnex = ZR (T + ATen) Ppnm.lnﬁm‘ﬁ#‘nlﬁm (2)

This equation relates the inlet condition in the
expander and pump of the ORC through
dimensionless variables: fi,y is the product of the
volumetric efficiencies of the expander and pump; fvg
is the ratio between the displacement volume of the
pump and expander; and §,, is the ratio between the
rotational speed of the pump and the expander.
Maximum inlet pressure also depends on the
superheating temperature difference (A Tgy) that
increases with the engine load. The rest of the
parameters in Egn 1 are summarised in Table 6.
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Figura 2. ORC layout used in the simulation.

For a pump inlet pressure of 1 bar, the maximum
pressure obtained at the expander inlet is 9.05 bar.
However, with the available heat in the exhaust gases
after the stripper, the maximum saturation pressure
achieved for the ORC cannot overcome 6.8 bar, whose
value is less than the maximum allowed obtained with
Eqn 2. So, the permeability value with 6.8 bar of
expander inlet is 0.013 kg/MPa/s, which is a suitable
permeability value according to the literature *#

With the values of low and high pressure found
above, the ORC operation is under subcritical
conditions. As there are two sources of heat (from the
exhaust gases (2-3) and from the CO; after the
compression process (12-13), Fig. 2}, the ORC will
have two evaporators (9-10-6, Fig. 2). The pressure

Table 7. Equipment conditions for ORC simulations.

Equipment Parametar Unit
ORC-C Inlet pressure bar
Orverall heat transfer WimPK
coefficient™
ORC-P Inlet pressure bar
|sentropic efficiency MNA
ORCH Inlet pressure bar
Owerall heat transfar Wim?K
coefficient™
ORC-E Inlet pressure bar
Cwerall heat transfar WmEK
coefiicient®®
ORC-X Inlet pressure bar
|sentropic efficiency MNA

Criginal Research Article: Energy and economic analysis feasibility of GOy capture

drop value in the evaporators is 1.1 bar for each one,
which is taken from the literature.*” Finally, the ORC
condenser cooling down the WF with air (7-8 and
16-17, Fig. 2), whose pressure drop is 0.2 bar.*” This
kind of ORC is called basic ORC (BORC).*® Figure 2
displays the final configuration of the ORC, and Table 7
shows the values of the pressures and parameters
considered for each device in the simulations.

Simulation of the hybridisation of the
SI-ICE, CCS system and ORC

The amine scrubbing, CO; compression and ORC
facilities were designed and modelled in Aspen plus.
These systems have been integrated to use the residual
heat in the exhaust gases in the desorption process and
power production. Thus, to supply the power demand
of the auxiliaries such as pumps and compressors
considered in the simulations.

Figure 3 shows the hybridisation of the four systems
mentioned above. Additional parameters are taken into
account for the simulations: (i) concentration of the
amine in the solvent is set to 30 wt%, (ii) mass fraction
of the exhaust gases after the colling down process is
17.9% CO;, 3% H;0 and 79.1% N, and (iii) the full
line pressure of the amine-scrubbing facility is
maintained between 1 and 1.1 bar. Table 8 summarises

Valua State Fluid
12 Vapour CgHig
500 NA Air- CHio
Condensation
1 Saturated GCgHyg
liquid
0.55 NA
Compressed CgHig
liquid
150 Liquid-Gas MA CoHi—COz
7a Compressed GCgHyg
liquid
70 Ligquid-Gas NA Cghyg
3000 Phass —axhaust
change gas
35 Gas—Gas
6.8 Vapour CaHun
0.65 NA
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Figura 3. layout of the CCS system hybridised with the ORC.

Table 8. Thermal conditions of the fluids in the simulations.

Point Fluid Quality Pressurs Temperature (*C)
(bar)
1,2,3 Exhaust gases 1 1.09 f{Engine foad, mom)
EG)
4 EG 1 1.08 40
5 EG 1 1.09 flabsorer process)
6 CrHyg 1 6.8 =120
7 CrHyg fiEngine load, mm) 1.2 fiCeHyp mass Fiow)
a8 CueHin (¥} 1 49
9 CrHyg i 9 49
10 CaHia flaxhaust gases 78 122
mass fiow]
11 GOy 1 1 40
12 GO 1 75 565
13 GO 1 75 =120
14 GOy i} T5 283
15 Air 1 1 25
16 Air 1 1 fIC0, mass flow)
17 Air 1 1 fCxH10 mass flow)
15 Rich solvant 1 1 flabsorbar process)
14 Rich solvent 1 1.1 flabsorer process)
20 Rich solvent 1 1.1 &7
21 Lean solvent 1 1 118
22, 2394 Lean solvent 1 1.1 f{stripper procass)
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MEA CCR
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Figure 4. CCRs for MEA and MDEA over the entire rpm range and at partial engine loads.

all pressure and temperature values for each set point
in the simulations. Since these parameters are
established in the simulations, it proceeds to obtain the
maximum CCR, the mass flow of solvent, WF and
cooling air, as well as the power and thermal energy
consumption of each device.

Results

Amine capture
Figure 4 shows the CCRs obtained in the
amine-scrubbing facility with the two amines selected
at partial engine load in the entire rpm range. There, it
can be observed that the highest CCRs occur at the
lower engine load conditions and highest rpm, with
values of 0.506 and 0.655 for MDEA and MEA,
respectively. The lowest values of the CCRs are
presented, at high engine load and lower rpm, with
values of 0.226 for MDEA and 0.281 for MEA.

Comparing the two amines, the solvent with MEA
captures 14.9% more than MDEA at its best operating
condition (25% engine load and 1900 rpm) and 5.5%
more at the worst working condition (100% engine
load and 1000 rpm). The tendency with both amines is
similar; they present a high CCR at low engine loads
and higher rpm and a lower CCR at high engine loads
and lower rpm. The reason is that the mass of CO;
captured, and the heat duty are the same for every
engine load at a specific rotational speed (despite the
increase in the exhaust gases’ mass flow related to the
engine load). These only increase with engine
rotational speed and not with the engine load.

The heat duty for each rpm was always set up at 25 %
of engine load with the aim that the stripper could

operate in the other engine load conditions. For this
reason, the heat duty in the stripper is kept constant for
both amines. Thus, the reaction rate constant controls
the CO; capture. MEA has a higher reaction rate
coefficient than MDEA and can react with more CO;
in the absorber resulting in a higher solvent mass flow
and CCR than MDEA. Regeneration heat is directly
affected, as a lower mass of CO2 is captured for the
same heat duty with MDEA, producing a regeneration
heat 33% higher than with MEA in the entire rpm
range. This behaviour is because the CO; mass
captured and the heat duty increase with the same
slope. Figures 5 and 6 show the behaviours described
above.

ORC heat exchanger areas

In order to be sure that the ORC can operate under all
engine rpm and load conditions, the areas of the ORC
and CO; compression system heat exchangers were
obtained at the extreme points. Maximum engine load
and 1900 rpm for the condensers and minimum load
condition and 1000 rpm for the areas of the
evaporators were set. Table 9 shows the resulting areas
in the simulations with each solvent.

As is shown in the previous results, the total heat
exchanger area in the ORC is 0.74]1 m® with the MEA
solution and 0.509 m? with MDEA. This difference is
since there is less WF mass flow in the ORC with
MDEA than MEA because there is less solvent in the
amine-scrubbing facility. This situation produces less
demand for cooling, whereby the CCS system
operating with MDEA requires less air mass flow of
cooling than with MEA. This behaviour can be seen in
Fig. 7.
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Figure 5. Solvent mass flow and regeneration heat for loading conditions.
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Energy analysis

The hybridisation of the ORC with the
amine-scrubbing facility is done to further exploit the
thermal energy available in the exhaust gases after the
solvent regeneration process. This configuration tries
to minimise the energy requirements of CO; storage,
associated mainly with CO; compression. Figure 8
shows that the ORC thermal efficiency reaches a

maximum of 11% at 1900 rpm and 25% engine load
and a minimum of 8.6% at 1000 rpm and full engine
load. This behaviour is the same with both solvents in

the ORC, as it only depends on the available heat from

the exhaust gases after the stripper. Values agree with
those reported in the literature for the simulation of
internal combustion engines operating with

ORC. 45153
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Table 9. Heat exchangers areas obtained in the simulations.

Amine Heat em Engine load Exhaust gases Arga (m*) Variation
axchanger (%) mass flow (m=)
(ka/h)
MEA Evaporator 1 1000 25 208.4 0185 0.003
Evaporator 2 1000 25 208.4 0.041 0001
ORC condanser 1900 100 7547 0.361 0.0001
GOy condanser 1900 100 7547 0144 0.002
MDEA Evaporator 1 1000 25 208.4 0.143 0,004
Evaporator 2 1000 25 208.4 0.033 0.002
ORC condanser 1900 100 7547 0.284 0001
GOy condanser 1900 100 7547 0109 0.003
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Figura 7. Working fluid and air mass flows in the ORC.

The penalisation power percentage on the engine is 8%. The difference is that more CO; is captured with
performance is calculated by adding the power ORC MEA, so more CO; compression power is required.
expander, the CO; compression power and the powers However, the simulations of the CCS system without
of the ORC and CCS pumps and dividing all this by the ORC produce a penalisation on the engine power on
engine power (Eqn 3). average 1.5% higher than the CCS system with ORC

for both solvents. In contrast, at the lowest point, the
Fower percentage penalisation of the engine power is hardly noticeable.
~Wonc—x + Wopcp + W w . .
ORC-X + ﬁii B Weumpt + W pumpr + Economic analysis
7 —COIMPIessor
= - P : {3} The economic analysis of the entire CCS is carried out
with and without ORC for MEA and only with ORC for

Figure 9 shows that the CCS system with MEA and MDEA. Devices costs are obtained through equations

working with the ORC has a penalisation on the engine  found in the la literature. The total capital investment

at its most critical point of 10.1%, while with MDEA, it (CAPEX) is completed after including the direct and
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Figure 9. Parcentage of power penalised of the engine by the CCS system with and without ORC.

indirect costs. Table 10 shows the equations used to
calculate the CAPEX of the CCS system with the unit of
waste heat recovery. The result is added to the value of
an NG-fuelled bus, and they are compared with other
commercial buses with CO; reduction technologies.
Figure 10 shows the percentage of the different items
taken into account in the CAPEX and the total
investment of the CCS system. It can be seen that
amine plant cost has a weight greater than 50% in the

three cases, while the importance of the ORC cost over
the total is between 9.5 and 10.7%, depending on the
amine used in the amine plant. As mentioned above,
this is due to the size of the heat exchangers and
compressor of CO,.

The results show that with MEA, the CAPEX is 14.3
k€ higher than with MDEA. This difference is because
the CCS system with MEA has a higher CCR than
MDEA, requiring larger devices, which increases its
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Table 10. CO» capiure equipment installation cosits CAPEX.

Process
Amine plant
ORC

Oz storage

Diirect cost

Indirect cost

Equipment
All equipment’s
ORC-X
ORC-P
ORC-fan
ORC-CsHap tank
ORC-Evaporator

Cost equation Parameter (A) Ref.
26,004 = 106(A/408)0.65 CO; captured {t/h) 54, 55
1.5(225+170A) Violume [m?) 56
200(A200)0.25 Power (kW) 57
200(A200)0.25 Power (kW)
31.5+16A Volume L)
190+3104 Area (m?)
190+3104 Area (m*)
190+3104 Area (m?)
190+310A Area (m®) 57
2ETOD0A/M45)0 BT Power (kW) 58
31.5+16A Volume L) 57
BY%A Amineplant+0RAC+C0; storage system Orwen criterion
S%A
1.5%A
1%A
TI%A Amineplant+0RC+C0, storage system+ 54
B3%A direct cost

[ ] Amine plant il ORC Il CO. storage system il Direct cost ] Indirect cost

13%
1,7%
125% J

10,7%
MEA with ORC
Total 79.8 ke

13%
11,7%
12,6% J
9,5%
MOEA with ORC
Total 65.5 ke

1

%
1.7%

B0,7%
14,6% d

MEA without ORC
Total 68.5 ke

Figure 10. Total CAPEX and percentage weight of each item included in the CAPEX.

cost. The CAPEX of the capture system without ORC
using MEA is 14.1% lower regarding the base case. To
conclude the economic viability of a bus with a CCS
system, a search of bus prices that using different CO;
reduction technologies such as hydrogen fuel cell buss
(HFCB) and electric battery (EB) bus has been done.

Table 11 shows the bus prices found.

According to the bus prices shown in Table 11, diesel
bus is still the best alternative when it comes to the
initial investment, as they are 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 diesel buses.
On the other hand, it is observed that the price of a bus
with a CCS is about 40 percentage points below that of

hydrogen fuel cell and battery-electric
buses.

From the obtained data, installing a capture system
increases the cost of the CNG-fuelled bus by
18.3-21.3%. However, when the transport sector must
pay for carbon Permits, the CCS in ICEv and the fuel
cell system will be the best choice for the conventional
vehicle. Based on the above, the fuel cell bus becomes
maore relevant because it does not emit CO4. In the
second place, it would be the vehicle with a capture
system as it would achieve a CO; reduction of up to
66%, making it much more competitive than its
conventional diesel counterpart. However, CCR is not
enough to reach a totally CO;-neutral system, unlike
electric and hydrogen cell vehicles. Nevertheless, a bus
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Table 11. Purchase of passenger itransport buses in euros.

Technology or fuel Valug (ke)
Compressad NG (CNG) AT46
Diessl 3429
HFCB 650
EB Gl
CNG+CC5+0RC 454 4
CNG+CCS 4431

with a CCS system with a 1 m® storage tank at the
conditions set out in this study could have autonomy
up to 600 km (calculated with fuel consumption of 0.68
kg/km®), which is 2.4 times longer than the current
maximum range of commercial electric vehicles, which
is 250 km on average.™

Conclusions

A thermo-economic study of onboard CO; capture
using amine scrubbing of a vehicle powered by a
spark-ignition turbocharged internal combustion
engine operating on natural gas has been carried out.
According to the obtained results, the amine with the
highest potential for CO; capture is MEA, having a
higher CO; capture rate than MDEA under the whole
range of engine operating conditions. However, the
thermal integration of the exhaust gases with the CCS
systems and ORC is technically feasible only for the
CCS system. Because the exhaust gases can cover the
desorption process of the CO; captured, but with the
thermal energy reaming in the exhaust gases after the
stripper, the ORC cannot produce enough power to
reduce the penalisation on the performance engine.
Also, incorporating an ORC into the capture system
does not offer a real benefit in terms of energy and
economy. On the contrary, it would add weight and
volume to the bus, increasing the vehicle’s operating
and maintenance costs.

The present study provides a first approximation to
the use of amines in onboard capture. It would also be
necessary to conduct detailed research on the reaction
of amines with other pollutants in the exhaust gases,
absorber and stripper sizing and engine operation

problems due to the resistance offered by the systems to

the exhaust gases detrimental to engine performance.
Although this type of application in the transport
sector is still in its initial research phase, the

Differance from the base case (%) Refarance
0.0 50, 60
B.5 60
-73.5 61
1.2 G2
-3 This study
-18.3 This study

thermo-economic results obtained in this research
show that a CCS by amine scrubbing with MEA and
without ORC can become a competitive alternative to
BEV and FCV, in particular in long distances. These
capture-equipped vehicles will bring the transport
sector closer to meeting the CO; reduction targets set
by the European Union.
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7TCONCLUSIONS, 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 CO:2 emissions in this sector, this thesis proposes and
analyses an innovative COz 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 COz 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%
COg 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
COg capture is, on average, 450 kd/kgCO2 at 100% of CCR and 150 kd/kgCOz 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 COgz, 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 COa.
Consequently, this requires higher compression power to liquefy CO:z and
escalates energy consumption for COg2 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

162



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 1s 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 1s 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 COgz 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 COz mitigation and a medium-term techno-
economic approach. The proposed integration has the potential to reduce CO2
emissions from the transport sector and supply COz 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 CO:z 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 COgz 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:

e 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.

e 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

e First energy evaluation of three different sorbents and two amines
operating in a CCS system on board a heavy transport vehicle

e First conceptual design, sizing, and thermal modelling of a CCS system and
its COg2 capture unit operating with TSA.
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First techno-economic analysis of a CCS system, obtaining variables such
as 1nitial 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. COz 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 COz cycle in the
road transport sector (Z-CAT)

The scientific contributions presented at international conferences during the

development of the thesis are:

Garcia 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.

Garcia 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 Garcia Mariaca, Jorge Perpinan, Manuel Bailera, Eva Llera-
Sastresa, Begona Pena, 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 Garcia-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 COz capture by temperature swing
adsorption. Alejandro Aparacio, (in progress).

Design of the evaporator of an organic Rankine cycle to drive a COzq
capture system in engines. Raul 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

e 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 electrificaciéon 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 COz2
originadas por el transporte pesado sigue representando un desafio significativo.
Este problema requiere un enfoque distinto para cumplir con los objetivos
establecidos por la Union Europea. En consecuencia, resulta imperativo explorar
alternativas para reducir la huella de carbono en el sector del transporte. Con el
propoésito de ofrecer soluciones para la reduccion de emisiones de COg, esta tesis
propone y analiza un innovador sistema de captura y almacenamiento de COz2
(CAC), disenado para adaptarse a las diversas condiciones operativas de los
vehiculos de trabajo pesado con motores de combustién interna.

Segun la revision bibliografica realizada, se observa un mayor nivel de
investigacion en el sector maritimo en comparacién con el transporte por
carretera. Se evidencia también que el calor residual de los gases de escape se
puede utilizar para la desorcion del COz. En particular, en los barcos, los motores
de combustién interna operan regularmente a un régimen constante, lo que
implica una menor variacién en el flujo masico 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 mas adecuado
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para estas caracteristicas. En contraste, los vehiculos de trabajo pesado con motor
de combustién interna operan con frecuentes aceleraciones y desaceleraciones, lo
que provoca variaciones continuas en el flujo masico de los gases de escape.
Ademas, el espacio limitado disponible en estos vehiculos dificulta la instalacién
del equipamiento necesario para un sistema CAC. En este contexto, la adsorciéon
se presenta como la opcién mas viable, ya que opera con lechos fijos que pueden
regenerarse utilizando el calor residual de los gases de escape. Al ser un proceso
ciclico, los tiempos de desorcion y los tamanos de los equipos pueden ajustarse a
las condiciones operativas especificas del vehiculo.

Los resultados confirman que el calor residual contenido en los gases de escape
puede cubrir todas las demandas de energia térmica en el sistema CAC operando
con adsorcién por oscilacién de temperatura. Ademas, la hibridacién del ciclo
organico de Rankine (COR) es ventajosa, ya que, dependiendo del sorbente
utilizado, la penalizacion que impone el CAC sobre la potencia del motor apenas
varia 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 tedricamente factible desde el punto de vista energético. Adicionalmente,
un analisis dinamico revel6 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 encontré que el consumo de energia para la
captura de COzq es, en promedio, de 450 kJ/kgCO2 a una tasa de captura de COg2
de 100% y de 150 kd/kgCO2z a una tasa de captura de COz de 70%, lo cual es casi
un 50% menos de lo reportado en la literatura. Estos prometedores resultados se
deben principalmente a la integraciéon del COR y a la configuracién térmica de los
dispositivos propuesta en esta tesis.

Por otro lado, no se observé 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 adsorcion por oscilaciéon de temperatura apenas contribuye, en
promedio, con un 6% al peso y volumen del sistema CAC-COR. El estudio reveld
ademas que el tamano del motor no influye drasticamente en el funcionamiento
del sistema CAC-COR, ya que las cargas parasitas 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 COz. En
contraste, el tipo de sorbente si es un factor predominante en el desempeno del
sistema CAC-COR. El sistema CAC-COR mostr6 un rendimiento adecuado con los
sorbentes PPN y MOF y ambos mostraron un comportamiento energético similar.
Sin embargo, cuando se utiliz6 carbon activo, el sistema CAC-COR tuvo mayores
cargas parasitas y consumo de energia para capturar COg2, con un promedio del
15% en todas las cargas del motor y rangos de rpm. Este aumento se debe a la baja
selectividad del carbon activo, lo que lleva a una mayor concentracion de
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impurezas de N2 en el COz capturado. En consecuencia, esto requiere una mayor
potencia de compresion para licuar el CO2 y aumenta el consumo de energia para
la captura de CO2 en comparacion con los sorbentes MOF y PPN. Por lo tanto, las
propiedades ideales del sorbente deben incluir un bajo calor de adsorcién y una
alta selectividad, ademas de la capacidad de tolerar pequenas 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 mas se acerca a estas caracteristicas es el PPN. No
obstante, este tipo de sorbente ain se encuentra en produccién a nivel de
laboratorio, por lo que atin no seria una opcién viable para su implementacién
inmediata.

Como se mencion6 anteriormente, a nivel energético no se observan grandes
diferencias en los resultados debido al tamafno del motor. Sin embargo, en lo que
respecta al espacio util para la integracion del sistema CAC-COR y en el analisis
tecno-econémico realizado en esta tesis, si se encontraron diferencias
significativas relacionadas con el tamano del motor. Para el caso del motor grande
cuyo, cuyo vehiculo de analisis fue un bus, la afectacion en el volumen de trabajo
del vehiculo es de apenas un 3.4%, mientras que en el vehiculo que opera con el
motor mas pequeno (VAN), el volumen util requerido para la instalacién del
sistema CAC-COR es del 10.2%. Ademas, los resultados de CAPEX muestran que
el incremento de la inversion inicial para bus con un sistema CCS-ORC integrado
es apenas superior al del bus base y es un 29% menor en comparacion con otras
tecnologias de cero emisiones existentes para buses. Por el contrario, la inversion
inicial para VAN con un sistema CAC-COR integrado no es viable, ya que su coste
se incrementa en un 25% respecto a las tecnologias eléctricas y casi un 50%
respecto a la VAN base.

Por otro lado, se observa que el retorno de la inversién de un sistema como el
propuesto en esta tesis, evaluado a lo largo de la vida 1til de un vehiculo pesado
(10 anos), esta lejos de ser cero debido al incremento en el consumo de combustible
necesario para cubrir las cargas parasitas, asi como al coste de los equipos y al
mantenimiento y operacion del sistema CAC-COR. Sin embargo, los valores de
costos de abatimiento de carbono obtenidos se encuentran entre 19 y 47 €/tCOz a
una tasa de captura de CO2 de 100%, lo cual es hasta un 50% mas bajo en
comparacion con otras propuestas de sistemas de captura y almacenamiento de
COz desarrollados para otras industrias. Basado en estos resultados, el sector del
transporte podria considerar esta inversién, que no es muy alta, si se pretende
cumplir con los objetivos de reduccién de CO2 establecidos por la Unién Europea
para el ano 2050.

Segun los analisis de sensibilidad realizados en la evaluacion tecno-econémica,
el valor del impuesto de CO2 que el sector del transporte deberia pagar, una vez
implementado, para recuperar la inversién inicial en la vida ttil de los vehiculos,
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debe ser superior a 65 €/tCO2. Ademas, si el CO2 capturado se vende como materia
prima para la producciéon de combustibles sintéticos, esto podria compensar el
coste operativo del vehiculo y proporcionar ingresos adicionales, aumentando asi
los beneficios obtenidos al integrar un sistema CAC-COR. Esto reduciria el tiempo
de recuperacion de la inversion o el coste del impuesto de CO2. Asimismo, evitaria
que el CO2 capturado se almacene bajo tierra, otorgandole un valor productivo a
esta emision.

En el caso de la absorcion, 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 operacion del motor. Sin embargo, la integracion 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 desorcién del COa2. Por
lo tanto, la hibridacién 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 parasitas 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 integracion del sistema CAC-COR
en los vehiculos de trabajo pesado con motor de combustion interna es
prometedora tanto en el proceso de absorciéon como en el de adsorcién, desde la
perspectiva de la mitigaciéon del CO2 y desde un enfoque tecno-econémico a medio
plazo. La integracién propuesta puede reducir las emisiones de COz del sector del
transporte y proporcionar COz para la producciéon de combustibles sintéticos. Para
que esto sea completamente funcional, los motores de combustién interna de estos
vehiculos deberian operar con gas natural, ya que este produce menos emisiones
de CO2 en comparacion con los motores de combustion interna alimentados con
diésel o gasolina. Esto permitiria una mayor autonomia en términos de
almacenamiento de CO32. Ademas, 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 combustién interna, la cual es una tecnologia
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 permitira alcanzar una aplicacién viable
que posibilite la descarbonizacion completa de este sector intensivo en energia.

CONTRIBUCIONES CIENTIFICAS

Las principales contribuciones de esta tesis estan relacionadas con propuestas
mnovadoras y la exploracion de los aspectos técnicos involucrados en el desarrollo
de tecnologias de captura y almacenamiento de CO2 en vehiculos 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 econémico que supondria
la integracion de este tipo de sistemas en un vehiculo. Esta perspectiva difiere
completamente de los trabajos previos encontrados en la bibliografia y patentes
que se centran en la configuracion del sistema de captura y almacenamiento de
COz2 con el motor funcionando bajo una Unica condicién de operacion [64,74]. Asi,
las principales aportaciones de esta tesis se resumen a continuacion:

Primera validacion energética de la integracion de un COR que toma el
calor residual de los gases de escape provenientes de un motor de
combustion interna para producir potencia que satisfaga la demanda de
potencia de un sistema CAC integrado en un vehiculo pesado.

Primer diseno térmico y analisis energético de un sistema CAC operado por
adsorcion por oscilacién de temperatura y otro por lavado de aminas, capaz
de trabajar bajo diferentes condiciones de operacién de un motor de
combustién interna.

Primera evaluacion energética de tres sorbentes diferentes y dos aminas
funcionando en un sistema CAC a bordo de un vehiculo de transporte
pesado

Primer disefio conceptual, dimensionamiento y modelado térmico de un
sistema CAC y su unidad de captura de COz operando con adsorciéon por
oscilacion de temperatura.

Primer andlisis tecno-econdémico de un sistema CAC, obteniendo variables
como costos de inversion inicial, costos de abatimiento de carbono y retorno
de la inversion.

Primer calculo de las penalizaciones sobre el rendimiento del motor por la
integracién de un sistema CAC operado por adsorcién por oscilaciéon de
temperatura trabajando en las condiciones dindmicas de un motor de
combustién interna.

Otras contribuciones complementarias producto de esta tesis son:

Elaboracion de la primera revision bibliografica de sistemas de captura y
almacenamiento de CO2 para fuentes moviles, clasificandolos por método y
técnica de captura de COo.

Participacion en el proyecto de investigacion 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

Postulacion de proyecto de investigacion a convocatoria autondmica,
titulado: Estudio tecno-economico de la captura por adsorciéon con zeolitas
para el cierre del ciclo de COz en el sector del transporte por carretera (Z-
CAT)., en caso de ser aprobado se ejecutara en los afos 2025-2026

Las contribuciones cientificas presentadas a conferencias internacionales
durante el desarrollo de la tesis son:
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Garcia 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.

Garcia 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 Garcia Mariaca, Jorge Perpinan, Manuel Bailera, Eva Llera-
Sastresa, Begona Pena, 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 Garcia-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 formacién en recurso humano para la ciencia, la tecnologia y
la innovacion también ha sido un componente importante de esta tesis a través de
la elaboraciéon de tres trabajos fin de grado titulados:

Elaboracion de un modelo simplificado para el analisis 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
adsorcion por oscilacion de temperatura. Alejandro Aparacio, (en curso).

Disetio del evaporador de un ciclo organico Rankine para el accionamiento
de un sistema de captura de COz2 en motores. Ratul Alvira, (en curso).

FUTUROS ESFUERZOS DE INVESTIGACION

La integracion de sistemas CCS-ORC en vehiculos pesados implica

actividades complejas que deben abordarse desde un enfoque interdisciplinar para

abarcar todos los conceptos necesarios para su implementaciéon real. En base a

esto, los trabajos futuros deberian orientarse en las siguientes direcciones:

Validacién experimental con el motor funcionando a cargas parciales y en
estado transitorio para conocer:
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» Kl aumento de la contrapresion del motor, provocado por la
instalacion de sistemas adicionales en el conducto de gases de
escape.

» El funcionamiento del dispositivo de adsorcién por oscilacion de
temperatura, incluidos los tiempos de regeneracion del sorbente y
la tasa de captura de CO2 maxima.

> La degradaciéon del sorbente o solvente debido a su interaccién con
otras emisiones contaminantes como 6xidos de nitroégeno, diéxido 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 parasitas provocadas por el funcionamiento del sistema

CAC.

Analisis de ciclo de vida para concluir sobre la viabilidad de la instalacion
de un sistema CAC en fuentes moviles.

Evaluaciéon tedrica y experimental del sistema CCS-ORC bajo diversas
condiciones climaticas.

Disenno detallado del sistema CCS-ORC, que incluye la seleccion de
materiales, dimensionamiento, posible ubicaciéon en el vehiculo, cargas
estructurales, mantenimiento, operaciéon y control en la operacion del
sistema.

Optimizacion de los sistemas de refrigeracion del sistema CCS-ORC.

En el caso del sistema de absorcion 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 -217.3466 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 -217.5264 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 -217.5200 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

PPN MOF AC
Load rpm
Qads [kW] Ques [kW] Qads [kW]  Qads [kW]  Ques [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

PPN MOF AC
Load rpm

Qads [kW] Ques [kW] Qads [kW]  Qads [kW]  Ques [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] ~ Ques [kW] ~ Qads [kW] ~ Qads [kW] ~ Ques [kW]  Qaas [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 Nen [%] Neom [%]
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 Nen [%] Neom [%]
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 217.35 97.88
75 1000 27.85 97.87
75 1500 29.10 97.84
75 2000 29.44 97.84
75 2500 217.80 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.

Area tin_wF  Timr Townr  7incF  TicF Touwcr PinsF Pouwnr Pincr Poucr

fngine COR Heatexchanger oy [kgh] [°C] [)C]  [ke/h] [C] [*C] [bar] [bar] [bar] [bai]

ORC-H 0.72 104.60 573.87 119.49 527.52 50.93 99.49 75 75 249 229
ORC-E 7.59 681.48 421.73 119.49 527.52 99.49 184.15 1.09 1.09 229 209
ORC-C 13.77 527.52 121.02 48.87 43529.61 30.00 3599 1.5 1 1 1
M936G 100 HE-CO2-C 0.95 104.60 150.00 39.23 43529.61 35.99 36.23 1 1 1 1
CO3-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
ORC-H 0.57 73.53 581.23 102.28 617.26 50.93 82.47 75 75 249 22.9
ORC-E 8.16 681.48 483.01 102.47 617.26 82.47 184.15 1.09 1.09 229 20.9
ORC-C 16.53 617.26 121.07 48.87 32357.23 30.00 3942 1.5 1 1 1
M936G 70 HE-CO2-C 0.67 73.53 150.00 42.70 32357.23 39.42 39.65 1 1 1 1
CO3-Con 1.82 73.563 102.28 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
ORC-H 0.39 42.49 573.36 79.39 203.44 38.80 95.97 75 75 249 229
ORC-E 4.01 276.75 408.58 115.97 203.44 9597 184.15 1.09 1.09 229 20.9
ORC-C 7.92 203.44 121.05 36.76 17615.38 30.00 3598 1.5 1 1 1
FiC 100 HE-CO2-C 0.50 42.49 150.00 38.98 17615.38 35.98 36.22 1 1 1 1
CO3-Con 1.30 4249 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
ORC-H 0.30 29.83 580.19 72.21 239.41 40.53 76.58 75 75 249 229
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
Fi1C 70 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 7221 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 538 193.73 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.

Area min_gr  Tiwar  Touw nr MMin_CF Tincr  Touwcr Pinnr Pownr Pincr Poutcr

Bngine CCR ~ Heatexchanger " poop) o] [PC] [ke/]  [PC] [°C]  [bar] [bar] [bar] [bar]

ORC-H 0.75 104.99 584.02 116.12 591.17 50.93 96.11 779 779 249 229
ORC-E 7.66 681.48 45893 116.13 591.17 96.11 184.15 1.09 1.09 229 20.9
ORC-C 15.61 591.17 121.02 48.87 38743.25 30.00 37.54 1.5 1 1 1
M936G 100 HE-CO2-C 0.95 104.99 150.00 40.80 38743.25 37.54 37.81 1 1 1
CO3-Con 2.54 104.99 116.12 29.30 38743.25 25.00 25.66 779 779 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
ORC-H 0.59 73.67 591.15 101.33 659.74 50.93 81.33 V7.9 T7.9 249 229
ORC-E 8.17 681.48 508.67 101.33 659.74 81.33 184.15 1.09 1.09 229 20.9
ORC-C 17.90 659.74 121.02 48.87 29315.32 30.00 41.12 1.5 1 1 1
M936G 70 HE-CO2-C 0.67 73.67 150.00 44.35 29315.32 41.12 41.36 1 1 1 1
CO3-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
ORC-H 0.39 42.64 603.38 78.40 229.23 4049 9290 779 779 249 229
ORC-E 4.02  276.75 44594 112,90 229.23 92.90 184.15 1.09 1.09 229 20.9
ORC-C 8.36 229.23 121.03 38.44 15659.74 30.00 37.53 1.5 1 1 1
F1C 100 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 77.9 779 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
ORC-H 0.31  29.92 590.55 71.49 256.24 40.64 7540 779 779 249 229
ORC-E 4.27 276.75 495.89 95.40 2566.24 7540 184.15 1.09 1.09 229 209
ORC-C 9.56 256.24 121.04 38.59 11909.73 30.00 41.06 1.5 1 1 1
Fi1C 70 HE-CO:2-C 0.35 29.92 150.00 44.06 11909.73 41.06 41.31 1 1 1 1
CO3-Con 0.98 29.92 7149 29.30 11909.73 25.00 25.46 77.9 779 1 1
HE-EG1 9.61 193.73 9540 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.

Area tin_ur  TinwmF  TowHF  MincF Tincr  Toucr Pinnr Pouwnr Picr Poutcr

Bngine CCR ~ Heatexchanger 1y egm) °c]  [°C]  [kgm]  [°Cl  [°Cl  [bar] [bar] [bar] [bar]

ORC-H 0.79 113.81 625.81 127.79 535.11 50.93 107.78 85.73 85.73 249 22.9
ORC-E 7.17 681.48 421.58 127.91 535.11 107.78 184.15 1.09 1.09 229 20.9
ORC-C 13.97 535.11 121.02 48.87 44269.95 30.00 35.97 1.5 1 1 1
M936G 100 HE-CO2-C 1.05 113.81 150.00 39.24 44269.95 3597 36.24 1 1 1 1
COz-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 12791 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
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 48290 108.02 623.90 88.02 184.15 1.09 1.09 229 20.9
ORC-C 16.71 623.90 121.02 48.87 32794.40 30.00 39.40 1.5 1 1 1
M936G 70 HE-CO2-C 0.73 79.90 149.98 42.65 3279440 39.40 39.64 1 1 1 1
CO3-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 3279440 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
ORC-H 0.42 46.22 625.21 87.26 206.70 40.30 106.17 85.73 85.73 24.9 229
ORC-E 3.79 276.75 408.42 126.17 206.70 106.17 184.15 1.09 1.09 229 20.9
ORC-C 7.561 206.70 121.05 38.26 17843.54 30.00 35.96 1.5 1 1 1
FiC 100 HE-CO:2-C 0.55 46.22 150.00 38.96 17843.54 35.96 36.23 1 1 1 1
CO3-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 599 276.75 39.23 30.00 17843.54 25.52  26.34 1 1 1 1
ORC-H 0.33 3245 632.61 71.79 242.05 40.57 83.19 85.73 85.73 249 22.9
ORC-E 4.16 276.75 470.00 103.19 242.05 83.19 184.15 1.09 1.09 229 20.9
ORC-C 8.93 242.05 121.04 38.52 13247.07 30.00 39.40 1.5 1 1 1
F1C 70 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 542 193.73 42.64 30 13247.07 2543  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

kTrln++11 2TT§'L+1 + Tl+1 L k Trln++11 Tl+1 _ c iTrl;’L+1 _ TT?’L
Ar? i 2Ar? P At
At r = 0 equation 14 is indeterminate, therefore the 1'Hopital’s rule must be
applied, obtaining:

0T oT

oz = PC

2k —
P ot

This latter equation is discretized by taking the mirror image and isolated
boundary, obtaining the following discretization:

" e c T — T,
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On the surface
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