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Preface

This Reprint brings together selected contributions on carbon dioxide capture, utilization,
storage, and conversion, reflecting the growing scientific and industrial need for effective carbon
management strategies. Its scope covers experimental, analytical, and process-oriented studies,
including absorption, adsorption, geological storage, chemical looping, blue hydrogen assessment,
monitoring methods, and catalytic CO, conversion.

The aim of this Reprint is to present recent progress in technologies and methodologies that
can support greenhouse gas mitigation and the transition toward lower carbon energy and chemical
processes. The motivation for compiling these works lies in the urgent need to better understand,
evaluate, and improve practical solutions for reducing CO, emissions while maintaining industrial
performance and energy security.

This Reprint is addressed to researchers, engineers, graduate students, and professionals
working in chemical engineering, environmental science, energy systems, process optimization,
and carbon capture and utilization. It is also intended to support readers seeking an overview of
current research directions and applied challenges in the development of scalable CO, management

technologies.

Georgios Bampos and Georgios Karanikolos
Guest Editors

vii
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Editorial for the Special Issue “CO;, Capture and Conversion
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1,2,%

Georgios Bampos and Georgios N. Karanikolos 12*
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Technology-Hellas (FORTH/ICE-HT), 26504 Patras, Greece
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1. Introduction

The increasing concentration of carbon dioxide (CO;y) in the atmosphere is widely
recognized as one of the main drivers of climate change [1,2]. Rapid industrial development,
growing global energy demand and continued reliance on fossil fuels have contributed
to unprecedented greenhouse gas emissions [3,4]. In response to these challenges, carbon
capture, utilization and storage (CCUS) technologies have emerged as essential components
of global decarbonization strategies. These technologies aim not only to reduce CO,
emissions from industrial sources but also to enable the transition toward more sustainable
energy and chemical production systems [5,6].

Carbon capture and conversion processes encompass a wide range of approaches,
including chemical absorption and adsorption, membrane separation, chemical looping
combustion, and direct air capture (DAC) [7]. Once captured, CO; can either be stored
in geological formations or converted into valuable chemicals and fuels. These pathways
have the potential to transform CO, from an environmental liability into a useful resource,
thus contributing to the development of circular carbon systems [8].

Despite considerable advances over recent decades, several technical and economic
challenges remain. High energy requirements for solvent regeneration, limitations in
catalyst performance for CO; conversion, uncertainties related to long-term geological
storage, and infrastructure constraints continue to hinder large-scale deployment of CCUS
technologies [9,10]. Addressing these issues requires interdisciplinary research efforts
combining chemical engineering, catalysis, materials science, chemistry, and geosciences,
as well as process systems engineering.

The Special Issue entitled “CO, Capture and Conversion Processes: Recent Trends and
Future Perspectives” brings together recent research contributions addressing key aspects
of CO;, capture, storage, utilization and system-level evaluation. The eight papers included
in this collection cover a wide range of topics, from solvent-based capture technologies and
chemical looping combustion to geological storage studies, catalytic conversion pathways and
carbon footprint assessment methods. Together, these contributions provide valuable insights
into the current state of research and highlight potential directions for future development.

2. Overview of Contributions

The contributions published in this Special Issue cover a wide variety of topics related
to CO, capture and conversion processes, highlighting the multidisciplinary nature of
this rapidly evolving research field. They can be grouped into four thematic areas: ad-
vanced CO, capture technologies, geological storage and adsorption mechanisms, CO,

Processes 2026, 14, 1332 https://doi.org/10.3390/pr14091332
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utilization and catalytic conversion pathways, and system-level analyses related to carbon
management and emerging energy systems (Figure 1).

25%

25%

A OWN -

12%

38%

Figure 1. Publication distribution (%) based on subject: advanced CO; capture technologies (1, red),

geological storage and adsorption (2, green), technology reviews and system-level assessment
(3, blue), and CO; utilization and catalytic conversion (4, cyan).

A significant portion of the contributions focus on advances in CO; capture technolo-
gies, particularly those aimed at improving the efficiency, monitoring and operational
performance of capture systems. Han et al. [11] investigate the relationship between electri-
cal conductivity and CO; absorption capacity in aqueous di-methyl-ethanolamine (DMEA)
solutions. In their study, they demonstrate that electrical conductivity measurements can
be used to estimate CO; loading during absorption, leading to the development of an
empirical equation capable of predicting absorption capacity in real time. Such monitoring
approaches could offer a practical and low-cost tool for improving operational control in
solvent-based carbon capture systems.

Another study addressing solvent-based capture technologies is presented by
Wang et al. [12], in which the authors examine the performance of phase-change absorbents
designed for CO, capture from blast furnace gas, focusing on solvent systems based on
monoethanolamine (MEA) and 1-(2-aminoethyl)piperazine (AEP). Their results indicate
that certain solvent mixtures, particularly those involving AEP combined with n-propanol,
exhibit promising absorption capacities along with relatively low regeneration energy
requirements. These findings highlight the potential of phase-change absorbents as an
energy-efficient alternative for industrial CO, capture processes.

Complementing solvent-based approaches, Tao et al. [13] explore an alternative cap-
ture concept. Chemical looping combustion (CLC) is considered a promising technology
because it inherently separates CO, during combustion by transferring oxygen from the
air to fuel through a solid oxygen carrier. In this study, the authors evaluate the redox
performance and reaction kinetics of a natural iron ore used as an oxygen carrier. The
results suggest that natural iron ores may represent a cost-effective and environmentally
friendly option for large-scale CLC systems, although operational parameters must be
carefully controlled to avoid sintering and performance degradation.

Beyond capture technologies, this collection also includes papers related to geological
storage and adsorption mechanisms, which play a critical role in the long-term sequestra-
tion of captured CO,. AlNajdi et al. [14] investigate the mineralogical composition and pore
structure characteristics of the Lista Shale (a specific geological rock formation), which acts
as a caprock above a proposed CO; storage reservoir in the North Sea. Through detailed
mineralogical and pore-system analyses, the authors assess the ability of the formation
to function as a reliable top seal. Their findings indicate that the clay-rich matrix and
restricted pore throat sizes contribute to complex fluid pathways and low permeability,
thus supporting the potential of the formation to contain injected CO; in the long term.

https://doi.org/10.3390/pr14091332
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Additional insights into subsurface CO, behavior are presented by Ortiz Cancino
and Santos Santos [15]. The authors experimentally investigate the adsorption behavior of
methane and carbon dioxide on shale samples with exceptionally high total organic carbon
contents. Their results reveal that CO, consistently exhibits higher adsorption capacities
than CH, under the tested conditions, demonstrating the strong affinity of shale formations
for CO,. These findings contribute to a better understanding of gas-rock interactions in
shale systems and support the potential use of such formations for both CO, storage and
enhanced gas recovery.

Another important research direction represented in this Special Issue concerns CO,
utilization and catalytic conversion pathways, which aim to transform captured CO, into
valuable chemicals and fuels. The review article by Sajnani et al. [16] provides a comprehen-
sive overview of the catalytic hydrogenation of CO; to methanol. Combining bibliometric
analysis with a detailed examination of catalytic systems and reaction mechanisms, the
authors highlight the importance of Cu-based catalysts, which offer a balance between
catalytic activity, selectivity, and economic feasibility. Their analysis identifies key research
trends and highlights the potential of methanol synthesis as a pathway for CO, valorization
and sustainable carbon management.

In addition to studies focusing on specific technologies, this collection also includes
contributions that examine broader technological and system-level perspectives related
to carbon management. Thiedemann and Wark [17] present a comprehensive overview
of current carbon capture technologies. The authors summarize the main carbon capture
approaches, namely post-combustion capture, pre-combustion capture, oxy-fuel combus-
tion, chemical looping and DAC, while also discussing storage options such as geological
sequestration and mineralization. Furthermore, they highlight pathways for utilizing
captured CO; in the production of chemicals and fuels, thus offering a concise overview of
the technological landscape and associated challenges.

Finally, Chan et al. [18] address the broader environmental performance of emerg-
ing low-carbon technologies by proposing a simplified methodology for evaluating the
carbon footprint of chemical production systems during the conceptual design stage. By
introducing the concepts of product carbon intensity and economic carbon intensity, the
study provides a framework for comparing alternative process configurations. Applying
the methodology to different blue hydrogen production scenarios, the authors demonstrate
how early-stage carbon footprint analysis can help identify sustainable process designs.

3. Challenges and Future Perspectives

The studies included in this Special Issue illustrate the diverse research efforts currently
underway to address the challenges associated with CO, capture and conversion processes.
Advances in solvent development, catalytic conversion, geological storage evaluation, and
process assessment methodologies highlight the progress that has been made in recent years.

However, several challenges remain before these technologies can be widely deployed
at an industrial scale. One of the most significant challenges in CO; capture technologies
is the high energy requirement associated with solvent regeneration. Although new ab-
sorbent systems and alternative capture technologies such as membrane and adsorption
technologies and chemical looping show promising results, further improvements are
needed to reduce energy consumption and operational costs while enhancing scalability.

From the perspective of geological storage, ensuring the long-term integrity of storage
sites remains a critical issue. Detailed studies of caprock properties, pore structures,
and geochemical interactions, such as those presented in this collection, are essential for
evaluating the reliability of potential storage formations. Continued research in this area

https://doi.org/10.3390/pr14091332
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will help reduce uncertainties associated with CO, sequestration and support the safe
deployment of large-scale storage projects.

The utilization of captured CO; as a feedstock for chemical production also represents
an important pathway toward sustainable carbon management. Processes such as CO,
hydrogenation to methanol have attracted significant research interest, but large-scale
implementation will depend on further advances in catalyst design and integration with
renewable hydrogen production technologies.

Finally, system-level evaluation tools will play an increasingly important role in guiding
the development of low-carbon technologies. Simplified assessment methods, such as the
carbon intensity metrics proposed in this Special Issue, can support decision-making during
early-stage process design and help identify more sustainable technological solutions.

Overall, the contributions presented in this collection provide valuable insights into
the current state of research and development for CO, capture and conversion processes.
Continued collaboration between researchers, industry stakeholders, and policymakers
will be essential to translate these scientific advances into practical technologies at scale,
capable of contributing to global decarbonization efforts.
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Abstract

Chemical looping combustion (CLC) provides an inherently cost-effective method for
carbon capture by employing a solid oxygen carrier (OC) to transfer lattice oxygen from
air to fuel. The search for low-cost, high-performance natural OCs is crucial for the large-
scale deployment of this technology. A natural iron ore containing 41.34% Fe,O3; was
systematically evaluated as OC for the CLC of CO. Its redox performance was quantified
in a fixed-bed reactor between 750 °C and 900 °C with CO concentrations of 10-20%.
Multi-cycle tests were conducted to assess stability. Kinetic analysis of the initial cycles
was performed using an integral model fitting method. Multi-cycle tests revealed that the
fresh ore achieved peak conversions of 48.9% at 750 °C and 77.2% at 900 °C. However,
severe sintering occurred beyond 850 °C after the first cycle, causing approximately a 50%
drop in OC conversion. Interestingly, once sintered, a self-activation phenomenon was
observed during subsequent cycles; the OC conversion slowly recovered from 32% to 37%
from the second to the fifteenth cycle under the aggressive conditions (900 °C, 20% CO).
Kinetic analysis of the initial cycles (before sintering) revealed low apparent activation
energies, ranging from 15.93 to 19.13 k] mol~!, which are significantly lower than the
typical literature values for iron-based ores. This work underscores the potential of natural
iron ores as economical and sustainable OCs for CO-rich fuels. The observed self-activation
ability of the sintered OC is a promising finding for long-term operation. The results
also highlight the critical importance of operating conditions to avoid deep reduction and
sintering, necessitating a high solids inventory and a moderate oxygen-to-fuel ratio in
practical CLC systems.

Keywords: chemical looping combustion; iron ore; oxygen carrier; performance evaluation;
reaction kinetics; self-activation ability

1. Introduction

The issue of global warming caused by CO, emissions has been the focus of research
for many years, especially after 2015 when the Paris Agreement was signed [1-4]. However,
in early 2025, official reports indicated that the Earth’s average temperature had increased
by more than 1.5 °C compared to pre-industrial levels [5]. The data reiterated the urgent
need to curb carbon emissions, which reached an unprecedented peak in 2024 [6]. In the
energy sector, fossil fuels play an important role as the cornerstone for energy safety. As
the imperative for decarbonization grows, there is heightened focus on carbon capture and
storage technologies within this domain [7-9].

Processes 2025, 13, 2949
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There have been different ways for carbon capture in fossil fuel utilization, such as
integrated gasification combined cycle, CO, sorption in flue gas, oxy-fuel combustion,
and so on [10-13]. Of these, chemical looping combustion (CLC) has garnered significant
attention, owing to its inherent CO, separation during combustion, low-NO, formation,
and high exergy efficiency, etc. [13-16]. In CLC, fuel and air are processed in different
reactors, namely the fuel reactor (FR) and air reactor (AR). Oxygen from the air is transferred
to the fuel via an oxygen carrier (OC), typically a metal oxide. That avoids the direct contact
between the fuel and air. Consequently, combustion products in the FR are not diluted by
the nitrogen in air. After condensation and purification of the flue gas at the FR side, it yields
a high-concentration CO, stream for capture. The principle of CLC is shown in Figure 1.

High-concentration CO,

T

O,-depleted air purification
4
Flue gas
A N
/
Reduced OC =
/o, educe \\Hzé

I'N
I (@01 o
\ |
|
AR A FR
| '\ )
U .

\N2
\ Oxidized OC
\
Air Gasification agent Fuel

(if using solid fuel)

Figure 1. Principle of CLC.

OC circulates between two reactors, participating alternately in redox reactions, which
is crucial to CLC [15,17]. Its properties directly determine the combustion efficiency, carbon
capture performance, long-term stability, and operational cost. When selecting an oxygen
carrier, it is necessary to consider its performance from multiple aspects, such as the reaction
kinetics, oxygen carrying capacity, and environmental performance [17]. Among various
OCs, Fe-based OC exhibits favorable properties in terms of reactivity and environmental
impact [15,18,19]. The preparation of Fe-based OCs typically involves using Fe,O3 as the
active component with Al,O3, ZrO,, TiO,, SiO,, and other inert substances [20-22]. By ad-
justing ratios and processes, controllable oxygen carriers can be synthesized. However, the
scalability and cost-effectiveness of the synthetic process remain significant challenges [23].
Researchers recognize the economic viability of using natural ore as an oxygen carrier
and consider it an inevitable choice for large-scale CLC systems [24-27]. The selection of
appropriate OC necessitates a comprehensive investigation into its reaction performances.

The prevalent iron ores encompass ilmenite and hematite, among others. To examine
the combustion performance of such ores as OC, the intermediate gasification products
like CO, Hp, and CHy4 from the solid fuel combustion process are usually employed as
fuels to study their reaction characteristics with iron ore [28,29]. Leion et al. conducted
an investigation into the reaction performance of various ilmenite minerals in CLC using
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a laboratory-scale fluidized bed. Their findings affirmed the viability of using natural
ores as oxygen carriers and established that these OCs possess commendable strength and
fluidization characteristics [27]. Adanez et al. employed CO, CHy, and H; as gaseous fuels
in a thermogravimetric analyzer (TGA) to study the reaction performance of ilmenite in
CLC. They observed an enhancement in the reaction performance of ilmenite during the
initial few redox cycles, which is referred to as the activation process. The duration of this
activation process was found to be contingent upon the composition of the gas fuel [30]. For
performance evaluation, experiments are usually conducted to derive kinetic parameters
such as the apparent activation energy for the reaction between OCs and fuel. Significant
progress has been made in the research on the reaction characteristics of natural iron ore,
and some of the main relevant literature is summarized in Table 1.

Table 1. Performance evaluation using Fe-based iron ore as OC.

OC Types Active Compositions Test Fuel Reactor Apparent Activation Energy Reaction Order  Reference
Kryvbas iron ore 84.86% Fep O3 CH,y TGA 42.0 k] mol 1 1.98 [31]
. . . 55.8% Fe203 -1
Canadian ilmenite 32.6% TiO, CO TGA 115 kJ mol 0.67 [32]
o H, 109.2 k] mol !
Norwegian ilmenite 51116%// “FieEr% co TGA 1133 kJ mol~! 1 33]
D E2 RS CH, 165.2 k] mol~!
Chinese hematite 66% Fe; O3 CO TGA 110.75 kJ mol ! 1.5 [34]
. . o Fluidized 1
Chinese hematite 66% Fe; O3 CO bed reactor 74.48 k] mol 1 [35]
IImenite 46.4% Fe; 03 CHy TGA 62.4 k] mol ! 0.52 [36]
Canadian ilmenite 104% FexOs + CH TGA 106.7 k] mol ! 07 [37]
30% Fe,TiOs 4 : :
H, 81.1 k] mol !
Spanish iron ore 76.5% Fe, O3 CO TGA 76.1 k] mol 1 1 [38]
CHy 257 k] mol !
. 35.21% Fep, O3 CHy 62 kJ mol !
Lean iron ore 10.0% CaSO, O TGA 56 kJ mol~! 0.5 [39]
. . o 157.5k] mol ! 1
Chinese iron ore 44.16% Fe; O3 CH,y TGA 126.9 kJ mol~! 2 [40]

The activation energy among varying iron ores exhibits significant diversity, at-
tributable to the different distribution locations and active component concentrations
inherent in natural iron ores, as well as a variety of microstructure changes (such as pore
characteristics, surface structure, etc.). In recent years, numerous pilot-scale CLC units have
been constructed and set into operation [14,15,24,26,41]. There is a substantial demand
for low-cost and efficient OC. Though many works have focused on the performance
evaluation and selection for OCs, only a few types of OCs have been tested on pilot-scale or
sub-industrial CLC units. Previously, our group has designed and established a pilot-scale
CLC circulating fluidized bed reactor [13,42]. A kind of iron ore OC has been used for
the CLC of coal. Satisfactory CLC performances were obtained. While the feasibility of
natural iron ores as OCs is established, this work focuses on an ore with a comparatively
low Fe;O3 content (41.34%) but high inherent SiO; and Al,Os, evaluating its performance
under aggressive conditions. Testing ores with lower active content but high mechanical
strength is highly relevant for cost-cutting. The primary focus of this study was to evaluate
the macroscopic redox performance and reaction kinetics of a naturally sourced iron ore
under typical CLC conditions.

2. Experimental Section
2.1. Material

As previously noted, both the OC circulation and inventory are much larger in a
pilot-scale CLC unit. The expense associated with synthetic OC is prohibitively high, and it
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always exhibits relatively low mechanical strength. A kind of iron ore produced in Hebei,
China, is chosen due to its properties of low cost and proper Fe content in prior selections.

The selected iron ore was crushed and sieved to obtain a particle size fraction from
350 to 830 pm. Then, the ore particle is calcined at 1000 °C for 2 h in the atmosphere of air
to guarantee sufficient oxidation. For the precalcination step, it is not merely for oxidation
but is a critical pre-treatment to achieve a stable initial microstructure and maximum
oxidation state before the redox cycles begin. This pre-treatment at high temperature is also
a common method in the study of OC performance in the field of CLC. The calcined particle
is used for the OC in following experiment. Its compositions are analyzed using X-ray
Fluorescence (XRF) Spectrometer, typed Rigaku ZSX Primus III+ (Rigaku Corporation,
Tokyo, Japan). The results are shown in Table 2.

Table 2. Main components of the iron ore OC.

Components Fe, O3 SiO, Al,Os3 CaO MgO Others
Weight 41.34% 32.17% 11.85% 3.77% 1.47% 9.40%

It is seen that this kind of OC has relatively high contents of SiO, and Al,O3, which
are always used as inert supports in synthetic OC. This natural ore has a relatively high
mechanical strength due to this reason. While the factors such as particle size, fuel type,
and reactor design can indeed influence the observed reaction rates and apparent kinetics,
a detailed comparative analysis of these parameters falls beyond the intended scope.

2.2. Experimental Setup and Procedures

A fixed-bed reactor system is employed to test the CLC performance of this iron ore
OC, which is shown in Figure 2. The experimental setup consists of a fixed-bed reactor, gas
supply and flow rate controller, temperature controller, and a gas processing and analyzer.

Preheater

Mass Spectrometer

L Rl
_______ 1 ‘
_{
=>
Temperature g
Ar|CQ |0, P 3 o ——
Controller Q |
Ll : f:
=
s B
(‘D 4
— 1 Gascleaning

Figure 2. Fixed-bed reactor setup for OC evaluation.

The primary reactor body is made of stainless steel, which has an inner diameter of
8 mm with a height of 600 mm. Within the reactor, a porous sintered plate is located in the
flat-temperature zone to place the OC particles. Electrical heating is employed to maintain
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the reaction temperature, which is measured using a thermocouple. The various gases are
quantified using MFC, then mixed in a mixer. At the outlet of the mixer, the gas line is
preheated. A temperature controller, equipped with two separated instruments, is used to
control the reactor and preheater temperatures through fuzzy PID logic. As the flue gas
exits from the reactor, it is cleaned and dried in pure water and silica gel. Subsequently,
the cleaned gas is analyzed by a mass spectrometer (MS) to obtain the gas concentrations.
To ensure the highest accuracy, the absolute calibration of the MS was not solely reliant
on the MFCs. Before each experiment, the MFCs and MS were calibrated using a primary
standard: a soap-film flow meter. This calibration was performed at the reactor outlet, after
all conditioning elements, thus directly correlating the MS signal to the volumetric flow rate
of the gas mixture at ambient temperature and pressure. This procedure directly validates
the entire chain of flow and concentration measurements against a primary standard and
accounts for any minor deviations in the MFC calibrations or the physical state of the gas.

Prior to the OC evaluation experiment, 15.000 g of OC is weighed and placed into
the reactor. Then, the Ar is introduced to purge the reaction zone, while the reactor is
simultaneously heated to the setting temperature. While the reactor temperature reaches
the operating temperature, a stream of CO gas, at a specific concentration and diluted by
Ar, is introduced into the reactor for the reduction of OC. This process continues for 10 min,
after which the pure Ar gas is reintroduced for an additional 5 min to sweep the reactor.
Following this, a stream of 21% O,, diluted by Ar, is introduced to regenerate the OC for
10 min. The cycle concludes with the reintroduction of pure Ar to sweep the reactor in
preparation for the next redox cycle. When all redox cycles are finished, the electrical heater
is turned off and the Ar is introduced for cooling the system. Throughout the various
stages of the redox cycles, the total gas volume flow rate is maintained at 800 mL min~!.
Fixed reaction times ensure that each cycle and each experiment is performed identically,
allowing for a direct and fair comparison of the final conversion and deactivation trends.
Also, this setting of the reaction time is long enough to capture the reaction profile and
reach a pseudo-steady state in gas composition. In addition, the oxidation of reduced iron
phases to Fe, O3 is a highly exothermic and typically much faster process than reduction,
especially in the presence of air. The 10 min period with air is exceedingly long to ensure
complete re-oxidation of OC before the next cycle begins.

2.3. Experimental Data Processing

The gas compositions at the reactor outlet are analyzed to determine the gaseous
productions. Typically, the reactivity of the OC is gauged by its reduction, given that the
oxidation process is quite fast. During the reduction process, the iron ore OC may be
reduced to different phases, as shown in Equation (1):

Fe203 — Fe304 — FeO — Fe, (1)

The theoretical weight loss of the OC in a reduced state is different depending on the
final phases represented in Equation (1). In order to quantify the conversion of the OC
utilized in this work, the final state of the OC is considered to be Fe. During the experiment,
the conversion of the OC X is defined by the following equation:

Mox — Mt

X=—,
Mox — Myeq

2
where the m,, is the weight of the iron ore OC in fully oxidized state, namely the weight
fed into the reactor; m,,; is the OC weight in theoretical reduced state; m1; is the OC weight

at time ¢ during reduction process, which should be calculated by the lattice oxygen offered
by the OC.

10
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During the reduction process, the CO, is generated due to the participation of lattice
oxygen provided by the OC. The molar flow of the CO; nco, can be determined as follows:

t
nco, = /0 Myed XCO, At, 3)

where 1,4 is the total gas molar flow rate during reduction period, which can be calculated
by the volume flow rate of gaseous products F,.;; Xco, represents the gas concentration as
measured by a mass spectrometer.

The inert gas does not participate in the reduction of OC. Therefore, the mass balance
of the inert gas, Ar, can be used to determine the total flow rate of the flue gas. The use of
an inert gas as an internal standard for mass balance calculations is indeed the universal
and fundamental method in the CLC field for determining absolute gas flow rates and
solid conversion. This method is well-established in the literature. Based on that, the F,,;
can be calculated using the balance of Ar in the reaction system, namely:

Far
Freg = ——————, 4)
T " xeo — XCo,
where Fy, is the flow rate of the carrier gas Ar in the CO gas; xco is the concentration of
CO in the gaseous products.
The increase in mass from CO to CO; is equivalent to the decrease in mass of OC
during the reduction period. This can be quantified by the following calculation:

1000nco, 16  2000nco,

24 4 1254 ©®)

Mox — Mt =

3. CLC Performance of the Iron Ore as Oxygen Carrier

In a practical CLC process, numerous factors influence the OC reactivity, including
reaction temperature, fuel characteristics, reaction time, etc. In this part, the effects of two
key factors, namely temperature and the concentration of gaseous fuel, are investigated.
Blank experiments were conducted under identical conditions (flow rate, temperature,
particle size) using a bed of inert quartz sand with the same size and volume as the OC.
This directly measures the system’s intrinsic response time, including the mixing in the
preheater, reactor void volume, and the MS response. The response time has been treated
when the OC is used as bed material for the CLC experiment.

3.1. Effects of Reaction Temperature

In a common CLC unit, the reaction temperature is a key factor affecting the reactivity
of the OC. When the CLC reaction temperature is changed from 750 °C to 900 °C, the inlet
CO concentration is kept at 10%. Each redox experiment is conducted for five cycles. The
gaseous products during the OC reduction period are shown in Figure 3.

11
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Figure 3. Gas concentrations at different reaction temperatures: (a) 750 °C; (b) 800 °C; (c) 850 °C; and
(d) 900 °C.

Once the CO is introduced into the reactor, it reacts with the OC, resulting in the
production of CO,. However, due to the short residence time of CO, it cannot be totally
converted, thus both CO and CO, are measured at the outlet of the reactor. As illustrated
in Figure 3a, the CO, concentration reaches its maximum of 8.35% in the first cycle at
118 s, then it decreases over time. The peak CO, concentration in the second cycle is
7.59%, which is lower than that in the first cycle. Additionally, the time to reach it is also
slightly earlier. In the subsequent three cycles, the peak CO; concentration exceeds that
of the second cycle, and the time to reach these peaks shortens. The fifth cycle records
the highest CO, concentration, reaching 8.37% at approximately 89 s. When the reduction
period ends, the CO, concentrations in these cycles decrease to 4.31%, 3.46%, 3.17%, 3.01%,
and 2.98%, respectively. Notably, the rate of decrease in the first cycle is significantly
slower, indicating a higher conversion of CO compared to the subsequent cycles, where
the rates are similar. The CO concentrations increase over the reaction time within these
cycles. A higher concentration of CO, in the first cycle suggests greater CO conversion. Its
concentration is noticeably lower than that in other cycles.

At 800 °C, the CO;, and CO concentrations exhibit a pattern similar to that at 750 °C.
However, there are notable differences: the time required to reach the maximum is longer,
and the subsequent decline is more gradual, resulting in a broader peak of CO, concen-
tration as illustrated in Figure 3b. At the final seconds of the reduction periods, the CO,
concentrations in these cycles decrease to 5.19%, 3.85%, 3.59%, 3.49%, and 3.50%, respec-
tively, which are higher than those at 750 °C. This suggests an increased formation of CO,
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OC Conversion

while CO is being consumed. Moreover, it is found that the final CO, concentrations in
these cycles become relatively stable with the increase in cycle number.

The gas concentrations at 850 °C markedly differ from those observed previously.
In the initial redox cycle, CO, achieves its maximum of 8.51% at approximately 144 s.
Subsequently, it decreases to 6.53% at 600 s with a moderate decline rate. Notably, the CO,
concentration remains elevated throughout the reduction period, demonstrating a high
conversion of CO and OC. The CO concentration first increases and then decreases to a low
value of 3.58% almost at the same time as the maximum CO, concentration. As the reaction
progresses, the CO concentration experiences a slight uptick. The CO, concentrations in the
following cycles are much lower than those in the first cycle. The maximum values of them
are 5.92%, 6.10%, 5.92%, and 5.77%, respectively. With the exception of the second cycle,
the durations to reach these peaks are quite short, near 80~90 s. In these cycles, the CO
concentration keeps a relatively similar variation trend and level, demonstrating a similar
conversion of CO. However, discernible deviations from the first cycle suggest potential
sintering of the OC.

At 900 °C, the CO, concentration variation is similar to that at 850 °C during the initial
cycle. However, its maximum value is lower than that at 850 °C. In the following cycles,
the CO; concentrations remain relatively low, with maximum values of 3.42%, 3.87%,
3.99%, and 4.11%, respectively. On the contrary, the CO concentrations are significantly
higher. This phenomenon confirms the previous speculation about the potential sintering
of oxygen carriers at elevated temperatures. In these cases, the OC conversion is calculated

and shown in Figure 4.
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Figure 4. OC conversions at different reaction temperatures: (a) 750 °C; (b) 800 °C; (c) 850 °C; and
(d) 900 °C.
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The results indicate that the OC conversion during the first cycle surpasses that of
subsequent cycles. The OC conversions in the first cycles reach 48.89%, 51.85%, 60.19%,
and 54.55%, respectively, when the temperature increases from 750 to 900 °C. Clearly, a
temperature increase is advantageous for OC conversion, bolstering the reduction reaction
between the OC and CO. However, due to the potential of high-temperature sintering, the
OC conversion decreases at 900 °C. When the Fe-containing phase in OC is totally reduced
to Fe304 or FeO, the expected OC conversion should be 3.33% or 10%, respectively. How-
ever, under these conditions, the observed OC conversions are much higher, suggesting
that the Fe-containing phase in the OC has been converted into the Fe phase from FeO.

At 750 °C, the OC conversion maintains a relatively high value, ranging from 41.47%
to 42.63% in the following cycles. Although these values are lower than those in the first
cycle, they persist within a stable range, demonstrating a consistent reactivity of the OC.
When the reaction temperature is 800 °C, the OC conversions in the following cycles are
not only higher than those at 750 °C but also approximately 8~10% lower than that of the
first cycle. Though the OC conversion at 850 °C in the first cycle is the highest, it decreases
to a low level near 35% in the following cycles. A similar trend is observed at a temperature
of 900 °C. These findings align with previous results of the gas concentrations, revealing
the potential severe deterioration of OC reactivity in CLC. This is due to the deep reduction
of the Fe-based OC. Typically, the suitable reduced phase of OC is considered to be Fe3Oy.
Upon further reduction to a lower valence state, there would be a huge amount of reaction
heat generated during the oxidation period, which consequently leads to the sintering
of OC.

However, there is an interesting phenomenon that has been observed in the cases
at 900 °C. Though the OC has potential to be sintered, the OC conversions from the
second to fifth cycles are 22.95%, 23.83%, 24.58%, and 25.33%, respectively, indicating an
upward trend—a pattern that is unique to this temperature, as the conversions decrease at
other temperatures. That is suggestive of a self-activation behavior of the sintered OC. In
typical pilot-scale CLC units, the large OC circulation rate prevents reduction to FeO or
Fe phases. However, under certain extreme sintering conditions, a gradual improvement
in the reactivity of the OC can be seen. The implications of this phenomenon warrant
further investigation.

3.2. Effects of CO Concentration

With the reaction temperature maintained at 800 °C, the inlet CO concentration is
changed to 10%, 15%, and 20%. The results under the condition of 10% CO concentration
have been given in the previous part. Under other conditions, the gas concentrations are
shown in Figure 5.

As illustrated in Figure 3b, the peak CO, concentration in the first redox cycle is
approximately 7.98%. There is a noticeable trend of increasing peak CO, concentrations in
subsequent cycles when the inlet CO concentration rises. Consistent with prior observa-
tions, the concentration in the first cycle is the highest. With an inlet CO concentration of
15%, the observed CO, concentration surpasses that with 10% inlet CO in the correspond-
ing cycle. In this instance, the CO, concentration peaks at 11.66% at 110 s during the first
cycle and then decreases to 6.46% at 600 s. This concentration remains higher than those in
the following cycles. By the end of these cycles, the CO, concentration decreased to 4.29%,
4.18%, 4.13%, and 4.20%, respectively. Correspondingly, the CO concentration in the first
cycle is the lowest.
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Figure 5. Gas concentrations with different inlet CO concentrations: (a) 15%; (b) 20%.
When the inlet CO concentration reaches 20%, the peak CO, concentration across five
cycles is 13.44%, 9.45%, 10.58%, 10.89%, and 10.90%, respectively. The CO, concentration at
the final second of the first cycle is 7.20%, which is higher than that in the previous condition.
In these cases, the sintering of OC becomes unavoidable due to the high conversion in the
first cycle.
Under these conditions, the OC conversions are shown in Figure 6.
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Figure 6. OC conversions with different inlet CO concentrations: (a) 15%; (b) 20%.

With a 15% inlet CO concentration, the OC conversion in the first cycle achieves
70.39%, significantly surpassing the 51.85% observed with an inlet CO concentration. This
suggests that an increased CO concentration positively impacts its conversion, attributed
to a higher partial pressure in the atmosphere. In the second cycle, the conversion rate
of OC, which is directly proportional to the CO, concentration, is relatively slow, which
leads to a low conversion of 50.95% at the end of the reduction period. From the third to
fifth cycles, the OC conversions have similar variation trends, with no obvious difference
among them. At approximately the initial 200 s, the conversion rate in these three cycles is
higher than that in the second cycle, yielding a higher conversion. However, the conversion
rate in these cycles becomes slower, and the OC conversions gradually cope with that in
the second cycle. The final OC conversions in these cycles are similar, which are 51.35%,
50.93%, and 51.04%, respectively.
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While 20% CO is employed as fuel, the OC conversion in the first cycle peaks at 77.22%,
making it the highest performance under the test conditions in this work. This indicates
that over half of the Fe-containing phase has been converted to Fe. During the regeneration
period, the sintering of the OC would become severe, leading to the deterioration of the OC
reactivity. In the following four cycles, the OC conversions reach 50.42%, 50.16%, 50.17%,
and 50.36%, respectively, which are slightly lower than those under the condition with 15%
CO as fuel.

3.3. Self-Activation of Sintered OC

As previously noted, a potential self-activation process of the sintered OC is noticed
in multiple redox cycles. To further verify this capability from the perspective of OC
conversion, an experiment under more rigorous conditions is conducted. The reaction
temperature is set as 900 °C, and the inlet CO concentration is set as 20%. The CO,
concentrations and the OC conversions in fifteen redox cycles are shown in Figure 7.
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Figure 7. CO, concentrations and the OC conversions in 15 redox cycles: (a) CO, concentrations;

(b) OC conversions.

The first reduction cycle is substantially different from the rest, having a much higher
CO; concentration (maximum of 13.47% at 119 s) and a broader reaction profile. This
suggests a rapid initial reduction step followed by fast kinetics towards completion. This
distinct initial behavior is attributed to the activated phase of the fresh OC, potentially
involving the initial reduction of surface oxides and structural changes upon its first
exposure to the reducing atmosphere. Similar to the previous result, the sintering occurs
after the first redox cycle. From the second cycle onwards, the CO, concentration follows a
stable pattern, characterized by significantly lower concentrations and a more defined peak
shape. Peak CO, concentrations for cycles 2-15 were generally in the range from 5.27% to
6.02%. This stabilization signifies the establishment of a consistent reduction mechanism
and surface chemistry after the sintering in the first cycle. The consistent peak height and
shape across cycles 2 through 15 suggest that the oxygen release capacity and reaction
kinetics are relatively constant during this period. Sintering of the OC leads to several
detrimental effects. It decreases the active surface area available for gas—solid reactions
between CO and OC. In addition, high temperatures cause pore collapse or widening,
restricting CO diffusion into the particle interior and reducing access to internal oxygen

storage sites.
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Similarly, a pronounced distinction in OC conversion is immediately evident between
the first reduction cycle and all subsequent cycles. The initial reduction period exhibits
markedly higher reaction rates and achieves substantially greater conversion at any given
time point compared to later cycles. For instance, at 600 s, OC conversion reached 89.30%
in the first cycle. In stark contrast, the second cycle achieves only 32.07% conversion. The
conversion trajectories for cycles 2, 3,4, 5,7, 9, 11, 13, and 15 largely overlap or show only
marginal improvements in later cycles compared to cycle 2, but with minor variations. It is
seen that the final OC conversion gradually increased from 32.07% in the second cycle to
37.33% in the fifteenth cycle. The consistency in the conversion from the second to fifteenth
cycles suggests that the most severe sintering occurs during the initial cycle, after which
the particle morphology stabilizes, albeit in a state with inherently lower reactivity than
the fresh material. The very minor, gradual increase in conversion observed in later cycles
could potentially indicate limited crack formation or surface restructuring over extended
cycling, slightly mitigating the effects of sintering. This agrees with the previous hypothesis
about the self-activation ability of sintered OC, although it does not reverse the dominant
effect of potential sintering. The high content of inert SiO, and Al,O3 (see Table 2) likely
acts as a natural support matrix, providing mechanical integrity and potentially limiting the
extent of sintering, which may contribute to this observed self-activation ability. The long-
term cycling (50-100 cycles) under non-destructive conditions and mechanical attrition
testing is the gold standard for applied OC development. Future work will focus on it to
verify the long-term behavior of OC under moderate conditions.

It is noteworthy that the present study primarily focuses on the macroscopic redox
performance and reaction kinetics of the iron ore OC. The primary aim was to evaluate
the feasibility and bulk reactivity of this low-cost, natural ore under CLC conditions. The
conclusions regarding sintering and self-activation are therefore inferred from the consistent
and reproducible trends observed in the gas conversion and OC conversion data presented
in Sections 3.1-3.3. This study focuses on CO as a representative fuel to probe the intrinsic
reduction kinetics and stability of the ore; its performance with other fuels such as H, and
CHy is a critical subject for future research.

4. Kinetic Analysis

Kinetic parameters are important for the OC performance evaluation. There are differ-
ent methods to determine the reaction kinetics, such as isoconversional analysis, model
fitting method, and so on. Isoconversional analysis is a powerful tool for revealing multi-
mechanism processes. Isoconversional and model-fitting methods are complementary. The
former is excellent for estimating activation energy without model assumptions, especially
for complex processes, while the latter is valuable for directly testing specific mechanistic
hypotheses. The primary goal of our kinetic analysis was to identify the most probable
reaction mechanism that describes the reduction process of this specific ore. Also, the
apparent activation energy was obtained to compare with the literature. Therefore, the
kinetic parameters of this OC in CLC are calculated based on the model fitting method,
which is widely used in this field.

4.1. Model Fitting Method

In the gas-solid reaction of OC reduction, the conversion is always related to the reac-
tion temperature. As demonstrated earlier, the sintering occurs in the first redox cycle when
the temperature exceeds 850 °C and 10% CO is used as the reduction gas. Therefore, the
results in the first cycles at temperatures from 750 °C to 850 °C are employed to determine
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the kinetic parameters. Typically, the conversion rate can be expressed as a function of
temperature and OC conversion during the reduction period, as described below:

dX
S =KD, ©

where f(X) is the model function during the reduction period; k(T) is the Arrhenius rate
constant, which is given as:

k(T) = Aexp<—RET), @)

where A and E are two kinetic parameters, namely the pre-exponential factor and apparent
activation energy; R denotes the gas constant.
The integral of the model function f(X) is g(X). While the reaction is conducted
isothermally, the g(X) is expressed as:
X dx

= |y 700 = KO ®)

The common kinetic models are given in Table 3.

g(X)

Table 3. Some common kinetic models for f(X) and g(X) [40].

Kinetic Model f&X) gX)
fi=1-X g1=—In(1 - X)
Kinetics-order models fa=(1— X)? g =(1- X)1-1
fa3=01-X)? g =[01-X)" - 1]/2
fa=1/2X) g1=X2
Diffusion model f5=1/[-In(1 — X)] g5=1-X)In(1 -X)+X
fe=3/2)1 = X)*°11 — (1 - X)'°] go=[1-(1-X"P
, =2(1 — X)1/2 =1-(1-Xx)l/?
Contraction model Z = 3(1 — X)2/3 ;‘Z —1-(1-x)/3
- fo=2(1 = X)[-In(1 — X)]'/ g9 = [~In(1 — X)]'/2
Nucleation model F10=3(1 — X)[—In(1 — X)]/3 210 = [=In(1 — X)]1/3

There are two different methods for fitting the models using these functions. While
f(X) is employed, it necessitates the calculation of dX/dt, which is highly sensitive to the
noises and fluctuations. To avoid these effects, this work employs the integral function g(X)
to fit the conversion. It is seen from Equation (8) that when the model is suitable to describe
the reduction of OC, the g(X) should exhibit a linear relationship with reaction time.

When the functions in Table 3 are used, the conversion variation against time is used
to obtain the g(X). Then the g(X) is fitted using a linear function via the linear least squares
method. The data samples for g(X) and the linear fitting results are shown in Figure 8.

It is seen that certain kinetic models exhibit an approximate linear relationship with
reaction time. This suggests that these models are suitable for describing the gas—solid
reaction. For choosing the reliable models, the coefficient of determination R? for each
fitting result is given in Table 4.

18



Processes 2025, 13, 2949

Table 4. R? of each linear fitting result.

T (O 81 32 33 84 35 g6 g7 g8 g9 g10
750 0.9933 0.9714 0.9714 0.9071 0.8879 0.8655 0.9949 0.9951 0.8289 0.3878
800 0.9835 0.9461 0.9461 0.8776 0.8545 0.828 0.9924 0.9902 0.8843 0.5104
850 0.9580 0.8913 0.8913 0.8433 0.8129 0.7774 0.9785 0.9727 0.9453 0.6787
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Figure 8. Examination and linear fitting of different models: (a) 750 °C; (b) 800 °C; and (c) 850 °C.

From these quantitative results, the g1, g7, and gg are regarded as possible kinetic mod-

els for the reduction of this iron ore OC due to a high R? over 95% at different temperatures.

4.2. Determination of Kinetic Parameters

Once the kinetic models have been determined, their kinetic parameters can be derived
from the fitting results. The slope of the fitted line is directly related to the k(T) as illustrated
in Equation (8). By taking the logarithm of Equation (7), it can be obtained as follows:

E 1
—lnA-=
nATR

Ink(T) T

©)

Using the fitting results in Figure 8, both k(T) and T are known. By substituting these

values into Equation (9), a linear relationship between k(T) and T can be obtained. The
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slope and intercept of this relationship can be employed to calculate the pre-exponential
factor and apparent activation energy. Given three possible kinetic models, the relationship
between Ink(T) and 1/T is shown in Figure 9.

According to the relationship illustrated in Figure 9, the apparent activation energies
of the OC reduction in these models can be obtained as listed in Table 5.
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[ ]
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Figure 9. Relationship between Ink(T) and 1/T for different models.

Table 5. Calculated apparent activation energy in these models.

Model g1 87 88
Apparent activation energy 19.13 k] mol ! 15.93 k] mol ! 16.94 k] mol !

As shown in Table 5, the apparent activation energy of this OC for CLC varies in the
range from 15.93 k] mol~! to 19.13 k] mol~!, which is much lower than previous results
as listed in Table 1. This OC is suitable for CLC; however, in the practical CLC system, a
large equivalence ratio of OC to the fuel is needed to avoid a deep reduction of the OC,
which causes the sintering of OC. The low apparent activation energies determined for the
reduction reaction, coupled with the best fit to the contracting volume model and purely
surface-chemical controlled model, provide insight into the likely reaction mechanism. The
values obtained here are remarkably low, suggesting the chemical reaction at the interface
is very facile. The fit to the models g7 and gg indicates that the overall reaction rate is
significantly influenced by the diffusion of oxygen ions through the product layer (FeO/Fe)
or the inward movement of the reaction interface. The large particle size used in this study
(2040 mesh) further promotes such diffusional limitations.

5. Conclusions

In contrast to the high-Fe;O3 ores prevalent in the literature, this study demonstrates
that an iron ore with a lower active content, but high inert support, can exhibit favorable
reactivity and a unique self-activation phenomenon post-sintering. The redox performance
of a natural iron ore used as OC in CLC was evaluated under different temperatures and
CO concentrations. The reaction kinetics were analyzed based on a model-fitting method.
From the results, key conclusions are obtained as follows:
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(1) Increasing the reaction temperature from 750 °C to 850 °C enhances the initial OC con-
version, whereas operating at 900 °C instigates swift potential sintering, as indicated
by a pronounced drop in CO, yield.

(2) High CO concentration not only expedites the initial conversion but also intensifies
sintering. This reaffirms the imperative for meticulous control over reduction depth.

(3) A notable self-activation effect was noted in sintered OC during prolonged cycling at
900 °C with 20% CO, which led to a gradual increase in conversion from 32.07% to
37.33% over 15 cycles.

(4) Kinetic modeling confirms that the reduction of this OC adheres to a contracting vol-
ume model or first-order kinetic mechanism, characterized by an apparent activation
energy of 15.93-19.13 k] mol 1.

This work provides a fundamental evaluation of a natural iron ore’s performance
under CO reduction, underscoring its potential as an economical OC for processes utilizing
syngas or similar CO-rich fuels. To leverage these benefits in pilot-scale or full-scale CLC
units, it is crucial to maintain a high solids inventory and a moderate oxygen-to-fuel ratio.
This approach limits the OC reduction to Fe30,4/FeO, thereby preventing activity loss due
to sintering. However, its performance with other fuels like CH4 and Hy, crucial for broader
industrial applications, remains to be investigated in future work.
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Abstract

This study presents a comprehensive experimental evaluation of pure methane (CHy4) and
carbon dioxide (CO,) adsorption on organic-rich shale samples from the Cesar-Rancheria
Basin, Colombia. Adsorption isotherms were measured at two temperatures (50 °C and
80 °C) and up to 3 MPa using a manometric method. The data were fitted using the Lang-
muir model. The samples exhibit high total organic carbon (TOC) contents, ranging from
33.44% to 69.63%, but surprisingly low BET surface areas (1-7 m?/g), an uncommon com-
bination in shale systems. Despite these low surface areas, the samples showed notable
adsorption capacities, particularly for CO,, which consistently outperformed CHy4 across
all conditions. Maximum CO, adsorption capacities reached up to 1.6 mol/kg, while
CHy4 values peaked at 0.49 mol/kg. The Langmuir parameters reflect a stronger affinity
and greater capacity for CO,, supporting its potential role in enhanced gas recovery and
CO; sequestration. These findings contribute to understanding gas—shale interactions
in thermally immature and highly organic-rich formations and highlight the importance
of mineralogy and organic matter characteristics beyond surface area alone. This work
provides novel insights into the adsorption behavior of Colombian shales and serves as a
valuable reference for future gas in-place estimations and shale reservoir evaluations in
similar geological contexts.

Keywords: gas adsorption; adsorption isotherms; Cesar-Rancheria Basin; gas storage

1. Introduction

The increasing global energy demand, paired with the urgent need to reduce green-
house gas emissions, has driven a significant shift toward cleaner and more sustainable
energy sources. In this context, natural gas—mainly composed of methane (CH4)—has
gained prominence as a transitional fuel due to its lower carbon intensity compared to coal
and oil [1]. Unconventional gas reservoirs, particularly organic-rich shales, have become a
strategic target for energy development in numerous countries, including Colombia, where
sedimentary basins such as Cesar-Rancheria offer promising exploration opportunities [2,3].

Shale gas is predominantly stored through adsorption mechanisms on organic matter
(kerogen) and fine-grained mineral surfaces [4]. This mode of storage becomes increas-
ingly relevant in formations characterized by high total organic carbon (TOC) content,
nanoporous structures, and low permeability [5,6]. A critical aspect in evaluating these
systems is understanding how various geochemical and mineralogical features—such
as specific surface area, maturity, and mineral composition—influence gas adsorption
behavior under reservoir-like conditions [7].
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Experimental studies have shown that both methane and carbon dioxide exhibit
strong affinities for organic-rich matrices, with CO, typically displaying higher adsorption
capacities than CHy due to its quadrupolar nature and greater polarizability [8,9]. This
makes shale formations relevant not only for gas production but also as potential candidates
for CO, geological storage [10,11]. However, adsorption performance can vary significantly
depending on the textural and compositional heterogeneity of the shale, as well as the
prevailing pressure and temperature conditions [12].

A growing body of research has addressed adsorption behavior in shales from North
America and parts of Europe and Asia [13-15]. Nonetheless, detailed experimental data
for South American shales—particularly those from Colombia—remain scarce. Previous
investigations in the Cesar-Rancherfa Basin have primarily focused on hydrocarbon po-
tential, thermal maturity, and TOC distributions [16-18], with limited attention given
to the adsorption behavior of greenhouse gases or the implications for both energy and
climate strategies.

There are ongoing debates regarding the dominant adsorption sites in shales. While
some authors argue that organic matter is the primary adsorption phase [19], others high-
light the significant role of clay minerals, particularly illite and kaolinite, to gas uptake [20].
Additionally, the influence of thermal maturity on adsorption remains debated; higher
maturity often correlates with increased microporosity but may also reduce adsorption due
to changes in kerogen structure [21,22].

This study addresses these gaps by presenting an experimental investigation of pure
CHy and CO; adsorption on shallow shale samples from the Cesar-Rancheria Basin. These
samples are characterized by unusually high TOC values (33.44-69.63 wt%) combined with
low specific surface areas (1-7 m?/g), a combination rarely reported in the literature. By
integrating adsorption isotherms with geochemical and mineralogical analyses, this work
aims to clarify how these contrasting properties affect gas storage. The findings contribute
to a deeper understanding of gas—shale interactions in tropical basins and provide valuable
data for future gas in-place estimations, energy exploitation, and carbon management
initiatives in the region.

2. Materials and Methods
2.1. Sample Characterization

In this study, four core samples were used for obtain original experimental data for
CH4 and CO; adsorption, from ANH-La Loma-1 and ANH-Carretalito-1 wells in the Cesar-
Rancheria Basin (CRB). The samples analyzed in this study were obtained from shallow
depths ranging between 45 and 150 m.

The CRB is a foreland sedimentary basin located in northeastern Colombia, extending
across the southern part of the La Guajira department and the northeastern sector of the
Cesar department. It is geographically bounded to the northwest by the pre-Cretaceous
rocks of the Sierra Nevada de Santa Marta, to the north by the Oca Fault, to the south-
east by the pre-Cretaceous outcrops of the Serrania de Perija, and to the southwest by
the Bucaramanga-Santa Marta Fault system. The basin covers an approximate area of
11,668 km? and is characterized by a complex tectonic history resulting from the interaction
between the South American Plate and the Caribbean Plate [23,24]. The basin’s structural
configuration and stratigraphic succession make it a geologically attractive region for the
exploration of both conventional and unconventional hydrocarbons [17,24].

In the laboratory, samples were crushed using a mechanical grinder to obtain a fine
and homogeneous powder with an estimated particle size below 250 um. All analyses
were conducted on dried samples, prepared under controlled conditions to preserve their
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physicochemical properties. The samples are named S1 and S2 (ANH-La Loma-1) and S3
and S4 (ANH-Carretalito-1).

2.2. Mineralogical and Geochemical Characterization

The mineralogical composition of the samples was determined by X-ray diffraction
(XRD) using a Bruker D8 Advance diffractometer with Cu-Ko radiation in the DRX Labo-
ratory of Universidad Industrial de Santander.

The dominant mineral phases are summarized in Table 1. Quartz and kaolinite
were the most abundant constituents in samples S1 and S2, while sample S3 exhib-
ited high contents of whewellite and dickite. Several secondary minerals, including
pyrite, natrojarosite, and lizardite, were also detected. No XRD results were available for
sample 54.

Table 1. Mineralogical composition of samples from CRB (XRD results).

Mineral % in S1 % in S2 % in S3
Quartz 45.07 43.84 19.35
Natrojarosite 14.80
Lizardite-1T 13.89
Pyrite 11.39 6.34
Gypsum 1.72
Barite 1.60
Spinel 1.38
Kaolinite 9.13 45.37
Chamosite-1MIIb 1.02
Jarosite 2.77
Anatase 1.68
Whewellite 57.1
Dickite 23.55

Geochemical properties of the shale samples were evaluated to determine their hydro-
carbon generation potential, thermal maturity, and organic richness. Total organic carbon
(TOC) content was measured to assess the quantity of organic matter present in the rock
matrix, with values ranging from 33.44 wt% to 69.63 wt%, indicating exceptionally high
organic richness. Pyrolysis parameters, including S; (free hydrocarbons), S, (hydrocarbons
generated through pyrolysis), and S3 (CO, from kerogen oxidation), were obtained using
standard Rock-Eval techniques. Derived indices such as the hydrogen index (HI), oxygen
index (OI), and production index (PI) were used to characterize the type and maturity of
organic matter. The samples exhibit low Tmax values (420-425 °C), suggesting immature
to early mature stages of thermal evolution. The low PI values are consistent with a limited
level of hydrocarbon generation, while the HI and OI values indicate a predominance
of Type II and mixed Type II/III kerogen. Vitrinite reflectance (Ro%) was also measured
and corroborates the Rock-Eval Tmax data, supporting the interpretation of early matu-
rity. These geochemical characteristics confirm that the analyzed shales possess a high
organic content but have undergone limited thermal alteration, which may influence their
adsorption behavior and gas storage potential. The most important measurements are
summarized in Table 2.
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Table 2. Geochemical parameters.

Sample TOC Tmax Sy S, S; HI o1 PI Ro (%)
ID wt%)  (°O) (mg HC/g Rock) (mg HC/g Rock)  (mg CO,/g Rock) (mg HC/g TOC) (mg CO,/g TOC) (81/(S1 + S2))
S1 33.44 420 2.45 110.10 1.70 329.22 5.08 0.02 0.36
52 53.67 422 211 155.98 2.65 290.62 494 0.01 0.39
S3 6658 425 1.45 143.70 10.78 215.84 16.19 0.01 0.51
S4 69.63 424 1.05 113.49 10.44 162.99 14.99 0.01 0.53

TOC: total organic carbon; Tmax: temperature at maximum pyrolysis yield; S;: free hydrocarbons; S;: hydro-
carbons generated through pyrolysis; S3: CO; released during pyrolysis; HI: hydrogen index; Ol: oxygen index;
PI: production index; Ro: vitrinite reflectance. These parameters indicate high organic richness and early thermal
maturity across the analyzed samples.

2.3. Gas Adsorption Experiments

Adsorption experiments were performed using a home-made high-pressure (HP)
manometric device. Before each measurement, samples were degassed at 110 °C under
vacuum for at least 12 h to ensure the complete removal of pre-adsorbed gases and moisture.
The adsorption isotherms were measured at two temperatures (50 °C and 80 °C) and up to
3 MPa to simulate typical subsurface reservoir conditions in shallow to intermediate-depth
formations and to explore the temperature-dependent behavior of gas uptake. These tem-
perature values have also been widely used in similar experimental studies for evaluating
physisorption in shale systems [10,13,25]. All experiments were performed in duplicate to
ensure reproducibility, and the results were corrected for system void volume. Equilibrium
was assumed once pressure fluctuations were less than 0.001 over 45 min, for S2 it took
about 90 min. The claimed uncertainty is better than 3% [26].

The amount of gas is measured by monitoring the pressure drop of a fixed, known
volume containing the adsorbent sample. For the manometric method, the measuring
device consists of a dosing cell (31.5 cm?), and an adsorption cell (16.78 cm?) with calibrated
volumes, equipped with a high-precision pressure transducer. The entire system must
be maintained under constant temperature conditions. Three two-way valves allow the
separation of the dosing cell from the adsorption cell. Isothermal conditions are ensured
by a PID regulator (Eurotherm 3208, Eurotherm Automation, Dardilly, France), monitored
through the use of two thermocouples placed on each of the cells. This equipment can
operate over broad ranges of pressure (0-3.0 MPa) and temperature (303.15 K—423.15 K).

The adsorption isotherms were fitted using the Langmuir adsorption model, widely
applied to describe CHy and CO; adsorption on organic-rich shales due to its simplicity
and ability to provide reliable estimates of monolayer adsorption capacity under subsurface
conditions. The mathematical formulation followed the three-parameter Langmuir model
as described by Gensterblum et al. [27].

Parameter estimation was carried out using the Solver add-in in Microsoft Excel,
applying the generalized reduced gradient (GRG) nonlinear algorithm to minimize the sum
of squared residuals (SSE) between experimental and modeled adsorption values. This
approach ensures robust optimization for nonlinear regression with continuous variables.
To assess the uncertainty of the fitted parameters, confidence intervals were determined by
individually varying either ny, or p;, while keeping the other fixed at its optimum value,
until a 5% increase in SSE was achieved compared to the minimum SSE of the fit. This
method provides a quantitative measure of parameter sensitivity and reliability.

2.4. Surface Area and Pore Structure Characterization by N, Adsorption—Desorption

Textural properties of the shale samples were evaluated by N; adsorption—-desorption
at 77 K using a Micromeritics 3FLEX™ instrument. Before analysis, samples were degassed
at 110 °C under vacuum for 12 h using a VacPrep 061 (Micromeritics, Micromeritics, Miami,
FL, USA) to remove moisture and volatiles. The specific surface area was determined using
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the Brunauer—-Emmett-Teller (BET) method. Pore size distributions were derived from the
desorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method, as
recommended for slit-shaped pore analysis. N, adsorption—desorption isotherms were
measured over a relative pressure (P/Py) range of 0.01-0.99.

3. Results
3.1. Mineralogical Composition and Its Role in Adsorption

X-ray diffraction (XRD) analysis revealed diverse mineralogical compositions among
the samples. S1 and S2 were rich in quartz (45.07% and 43.84%, respectively) and kaolinite,
with minor phases such as pyrite, natrojarosite, and lizardite. S3 showed a dominant
presence of whewellite (57.1%) and dickite (23.55%), while mineralogical data were not
available for S4. Despite repeated attempts, including additional XRD and exploratory
XRF analyses, no reliable data could be obtained for S4, likely due to sample alteration or
contamination during handling or storage. No additional material from S4 is available for
further analysis.

Clays such as kaolinite and dickite can enhance adsorption through increased surface
area and the development of active sites [28]. However, the low BET values observed—even
in samples with substantial clay content—suggest that mineralogy alone does not account
for the differences in gas uptake. This indicates a complex interplay between mineral
phases, thermal maturity, and the structure of the organic matrix [29,30]. The notable
adsorption capacity of 54, despite the lack of mineralogical data, may be partly explained
by a mineralogical composition similar to that of S3, as both samples originate from the
same well. This possibility, along with potential structural features favoring gas uptake,
highlights the need for further study.

3.2. Geochemical Properties and Thermal Maturity

Total organic carbon (TOC) contents ranged from 33.44 to 69.63 wt%, with particularly
high values in samples S3 and S4. Nevertheless, the specific surface areas (BET) were
relatively low (1-7 m?/g), suggesting a predominance of non-porous or poorly connected
organic domains, likely due to the immature thermal state. This has been reported in other
studies where high TOC did not correlate with higher surface area or adsorption when the
pore network within the kerogen was poorly developed [31,32].

Tmax values ranged from 420 to 425 °C and vitrinite reflectance (Ro) values from
0.36 to 0.53%, placing all samples in the immature to early stage. According to the extended
HI classification, S1 to S3 are associated with Type II/III kerogen and S4 with Type III
kerogen. Figure 1 shows a plot of hydrogen index (HI) versus Tmax for samples S1 to S4.
The dashed horizontal lines indicate the boundaries between kerogen types according to
the extended HI classification: Type II/1II (200-400 mg HC/g TOC), Type III (50-200 mg
HC/g TOC), and Type IV (<50 mg HC/g TOC) [33]. Vertical dashed lines indicate thermal
maturity stages at 430 °C (onset of maturity) and 450 °C (transition to postmature stage).
The samples are primarily in the immature to early mature window, with kerogen types
ranging from Type II/11I to Type III.

These results are consistent with previous studies showing that high TOC in immature
shales does not necessarily imply higher adsorption capacity due to the lack of developed
microporosity in the organic matrix [31,32]. This geochemical profile provides essential
context for interpreting the adsorption behavior presented in the following sections.
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Figure 1. Tmax—HI graph. Source: own elaboration.

3.3. Adsorption Behavior of CHy and CO,

The adsorption isotherms of pure methane (CH4) and carbon dioxide (CO,) were
measured at 50 and 80 °C for all samples. In every case, CO, displayed higher adsorption
capacity than CHy across the entire pressure range (0-3 MPa), consistent with its higher
molecular polarizability and stronger affinity for organic matter [25,34].

The highest overall adsorption capacity was observed in sample 54, followed by S3,
S2, and S1. This ranking only partially correlates with BET surface area, which ranged from
1m?/g (S2) to 7 m?/g (S4). The fact that this trend does not strictly follow TOC values
indicates that additional factors—such as pore accessibility and mineral structure—also
play a key role in controlling gas uptake [5,29,31].

The complete set of adsorption data is presented in Figures 2-5. Each figure displays
the experimental data points together with the fitted Langmuir model curves, allowing
for a clear visual assessment of fit quality. The corresponding Langmuir parameters and
coefficients of determination (R?) are summarized in Tables 36, confirming the strong
agreement between experimental data and model predictions and supporting the applica-
bility of the Langmuir model to these organic-rich shale samples. The data point symbols
are coded as follows: filled triangles represent CO, adsorption at 50 °C, filled squares
represent CO, adsorption at 80 °C, open triangles represent CHy4 adsorption at 50 °C, open
squares represent CHy adsorption at 80 °C, and solid lines represents Langmuir model fit.
This consistent coding applies across Figures 2-5 and facilitates the direct comparison of
gas behavior across temperatures and samples.
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Figure 2. Adsorption isotherms and Langmuir fit for S1, A CO, adsorption at 50 °C; M CO, adsorption
at 80 °C; A CHy4 adsorption at 50 °C; [0 CHy adsorption at 80 °C; solid lines: Langmuir model fit.
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Figure 4. Adsorption isotherms and Langmuir fit for S3, A CO, adsorption at 50 °C; Bl CO, adsorption
at 80 °C; A CHy adsorption at 50 °C; [0 CHy adsorption at 80 °C; solid lines: Langmuir model fit.
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Figure 5. Adsorption isotherms and Langmuir fit for 54, A CO, adsorption at 50 °C; Bl CO, adsorption
at 80 °C; A CHy adsorption at 50 °C; [0 CHy adsorption at 80 °C; solid lines: Langmuir model fit.

Table 3. Langmuir model fitting parameters and 95% confidence intervals for S1.

ng (mol/kg) p. (MPa)

Experiment [95% CI] [95% CI] An R?

CH, at50°C [0.21(4)1‘92—18.4;118] [7.3072.923’;1461672] 00005 09970
CH, at80°C [0.04%2113.%458] [1.3419;612.53760] 0.0002 0.9951
COzat50°C [0.19%&—9361982] [().95%??11(?.69438] 0.0004 0.9928
CO, at80°C [0.18?1'51?83830] [1.3011.52§f.52756] 0.0007 0.9976

Table 4. Langmuir model fitting parameters and 95% confidence intervals for S2.

ng (mol/kg) p. (MPa)

Experiment [95% CTIJ 195% CIJ An R?

CH, at50°C [0.6436-0.6345 179806.7 8366 0.0014 09945
CH, at80°C [0.94%19—5(%544] [18.611556—61%%7132] 0.0004 09997
€Oz at50°C (L1121 1068] (201092 0030] 0.0016 09974
€O, at80°C [0.75%1753.57510] [1.9017.79?15.19026] 0.0004 09972

Table 5. Langmuir model fitting parameters and 95% confidence intervals for S3.

ng (mol/kg) py (MPa)

Experiment [95% CTIJ 195% CIJ An R?

CH, at50°C [0.57(;235.%736] [6.6069'65—76%493] 0.0006 0.9991
CH, at80°C [0.35%5?—55.%531] [5.3457'33?51.12560] 0.0007 0.9989
CO, at50°C [1.0917'2—913%899] [1.21}1'529134?932] 0.0037 0.9970
CO; at80°C [0.74%6711(?.77447] [1.20%;'329%927] 0.0017 0.9954

These results provide a robust basis for the detailed discussion of adsorption mecha-
nisms and controlling factors presented in Section 4.
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Table 6. Langmuir model fitting parameters and 95% confidence intervals for S4.

ng, (mol/kg) py (MPa)

Experiment [95% CTIJ 195% CIJ An R?

CH, at50°C (0.8326.08287 [2.0555-2.0349 0.0011 09962
CH, at80°C [0.66%96—68.86598] [2.40%3;19212950] 00005 09968
€O, at50°C (1999119937 (143601 4267 0.0022 09929
€O, at80°C [1.2711'5—616.22607] [1.25%).825)17.12235] 0.0040 09923

Experimental data were correlated using the three-parameter Langmuir model de-
scribed by Gensterblum et al. [27] and applied by Gasparik et al. [35], which is given

as follows:
/T ’T
ngécsess =np p 1— & — ngg:;olute 1_ @ )
PTPL Pads Pads
where n{®*® is the adsorbed amount of gas (mol/kg) at pressure p (MPa), p; is the

Langmuir pressure (the pressure at which half of the Langmuir volume is adsorbed),
np, is the amount adsorbed (mol/kg) when the monolayer is completely filled (Lang-
muir maximum capacity), p, is the gas density (kg/ m3) to a p and T, and p,4s is the ad-
sorbed phase density, which was assumed as a fixed value of 421 kg/ m? for CHy [36] and
1027 kg/m? por CO, [37].

The standard deviation was calculated according to Pozo et al. [38] as follows:

1 | N 2
An = N ;( Nexp — nf,-t) )

where N is the number of data points; neyp is the experimental adsorption value; and NG is
the calculated value at each adsorption pressure.

The parameters of the Langmuir model obtained from nonlinear regression are pre-
sented in Tables 3-6 for each sample, gas, and temperature condition. The fitting results
include the maximum adsorption capacity (ng,), Langmuir pressure (Pr), and the fitting
parameter (An). The values of An indicate that the Langmuir model provides a good fit to
the experimental data, supporting its applicability to describe CHy and CO, adsorption on
these organic-rich shales. Differences in nj, and Py, across the samples reflect variations in
adsorption affinity and capacity, which are influenced by geochemical maturity, mineralogy,
and surface area.

The parameter estimation was carried out using the Solver add-in in Microsoft Excel,
applying the generalized reduced gradient (GRG) nonlinear algorithm to minimize the sum
of squared residuals between experimental and modeled values. This method is widely
used for nonlinear regression problems involving continuous variables and constraints.
The consistency of the results and the low An values across all fits confirm the robustness
of the approach.

To assess the uncertainty in the Langmuir parameters, confidence intervals were
estimated by varying each parameter individually while keeping the other fixed at its
optimum value. Solver (Microsoft Excel version 1808 Build 10417.20020, GRG Nonlinear)
was used to identify the range of nj, and Py, values that resulted in an increase of 5% in
the sum of squared errors (SSE) compared to the minimum SSE obtained in the fit. The
resulting upper and lower bounds reflect the sensitivity of the parameters to the model fit
and provide a measure of the reliability of the estimated values.
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In addition to the standard deviation (An), the goodness of fit was quantitatively
assessed by calculating the sum of squared errors (SSE) for each isotherm. The SSE values
were found to be consistently low across all samples and conditions, supporting the ade-
quacy of the Langmuir model in describing the adsorption behavior. Although advanced
statistical tests such as the Fisher test were not applied in this study, the robustness of the
results is demonstrated by the combination of low SSE values, high coefficients of determi-
nation (R? > 0.99 in most cases), and narrow confidence intervals. Together, these metrics
provide strong evidence for the reliability of the fitted parameters. Values in brackets in
Tables 3-6 represent the 95% confidence intervals, estimated by varying one parameter at a

time while holding the others fixed, until the SSE increased by 5% relative to the minimum
SSE of the best fit.

3.4. Textural Analysis by N, Adsorption—Desorption

N, adsorption—desorption analyses provided additional insight into the pore struc-
ture of the shale samples. The isotherms (Figure 6) display Type IV behavior with

H3-H4 hysteresis loops, characteristic of mesoporous materials with slit-shaped or layered
pore structures.
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Figure 6. N, adsorption—desorption isotherms at 77 K for shale samples S1, S2, S3, and S4. Filled
symbols represent adsorption branches, and open symbols represent desorption branches.

Among the samples, 54 exhibited the highest N, uptake, consistent with its larger BET
surface area (7 m?/ g), while S1 and S2 showed the lowest adsorbed volumes, reflecting
their more limited pore development. S3 presented intermediate characteristics, with
modest N, adsorption compared to S4.

The pore size distribution curves (Figure 7), derived from the desorption branches
using the Barrett—Joyner-Halenda (BJH) method, revealed that the samples are dominated
by mesopores (2-50 nm). 54 displayed a broader mesopore distribution and greater cu-
mulative pore volume, which may partially explain its superior CH4 and CO, adsorption
performance. In contrast, S1 and S2 showed narrower distributions concentrated in the

3-10 nm range, while S3 featured a more uniform distribution across the mesopore region.
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Figure 7. Pore size distribution curves of samples (S1-54) derived from N, desorption using the BJH
method. dV/dw differential pore volume plotted against pore width.

These textural features, combined with geochemical and mineralogical data, highlight
that gas storage capacity in these thermally immature, organic-rich shales is not solely
determined by organic content, but is strongly influenced by pore structure, connectivity,
and mesopore development.

4. Discussion
4.1. Influence of Organic Matter and Thermal Maturity

The organic-rich nature of the studied shales, with TOC values ranging from
33.44 to 69.63 wt%, suggests high hydrocarbon generation potential. However, the low BET
surface areas observed (1-7 m?/g) confirm that organic content alone does not account
for the observed adsorption capacities. This decoupling between TOC and adsorption
potential has been reported in other studies, where immature or poorly porous organic
matter contributes little to gas storage due to limited internal pore development [29,31].

The limited pore accessibility in these thermally immature samples (Tmax
420-425 °C; Ro 0.36-0.53%) likely arises not only from underdeveloped kerogen porosity
but also from the structural characteristics of the macromolecular organic matrix. As recent
studies have shown, immature shales often exhibit poorly connected pore systems and
low internal surface areas despite high TOC levels [39,40]. Furthermore, adsorption may
be modulated by the type and morphology of kerogen, which influence the distribution
and nature of sorption sites [41,42]. Interactions between organic matter and mineral
phases—such as kaolinite, dickite, and whewellite identified in our samples—may also
alter surface chemistry and pore accessibility [43].

The weak correlation observed between TOC and adsorption capacity in our data,
along with the mesopore distributions revealed by N, adsorption-desorption analyses,
highlights that gas uptake in these shales reflects a complex interplay between organic
structure, maturity, pore network development, and matrix composition.
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4.2. Role of Mineralogy in Gas Storage

Mineralogical composition played a significant role in differentiating adsorption
behavior among the samples. S1 and S2 exhibited high quartz and kaolinite contents,
while S3 was dominated by whewellite and dickite. Although clays such as kaolinite and
dickite are often linked to increased surface area and sorption sites, in this study their
presence did not correspond to elevated BET values or superior gas uptake. This finding
reinforces previous reports that mineral composition alone does not control adsorption
unless accompanied by suitable textural development and pore network connectivity [30].

The presence of secondary minerals such as natrojarosite and lizardite in S1 may
partially obstruct pore accessibility or modify gas interactions through their polar surfaces.
Conversely, S3’s mineralogy, combined with its more uniform mesopore distribution, likely
contributed to its intermediate adsorption performance.

For 54, no XRD data could be obtained despite repeated measurements, including
supplementary XRF analyses, likely due to sample alteration or contamination during
handling or storage. No additional material was available for further analysis. Nevertheless,
the superior adsorption performance of 54 and its broad mesopore distribution observed
in N, adsorption-desorption analyses suggest that its pore structure compensated for the
lack of specific mineralogical data. This highlights the importance of textural properties
in gas storage, beyond mineralogy alone. Future work will focus on obtaining new core
material to complete its mineralogical characterization.

4.3. Textural Properties and Pore Structure

The N; adsorption—-desorption isotherms and pore size distribution analyses provided
further insights into the textural characteristics of the studied samples. All isotherms
exhibited Type IV-like behavior with H3 hysteresis loops, indicative of slit-shaped pores,
limited pore connectivity, and layered structures, which are typical of immature or poorly
developed organic matrices. The pore size distributions, derived using the BJH method, re-
vealed that the dominant pores fell within the mesopore range (2-50 nm), with incremental
pore volumes peaking between approximately 4 and 20 nm depending on the sample.

Among the samples, S4 displayed the highest cumulative pore volume and BET
surface area, which aligns with its superior adsorption performance for both CHy and
COy. S3 exhibited an intermediate cumulative pore volume with a relatively uniform
mesopore distribution, contributing to its noteworthy adsorption despite its low BET value.
In contrast, S1 and S2 presented the lowest cumulative pore volumes and narrower pore
size distributions, consistent with their lower gas uptake.

These results emphasize that pore accessibility and connectivity—rather than TOC
or mineralogy alone—are key determinants of adsorption behavior in these shales. The
relatively low microporosity observed across all samples reflects their immature thermal
state, as significant micropore development is typically associated with advanced kerogen
transformation [33].

Overall, the textural evidence supports the interpretation that gas storage capacity
in these organic-rich shales is governed by a complex interplay of organic matter content,
mineralogy, and pore structure, with the latter exerting a decisive influence. These findings
underscore the relevance of detailed pore structure characterization in evaluating shale gas
potential and CO, sequestration capacity.

4.4. Performance and Langmuir Interpretation

The experimental isotherms and Langmuir modeling confirm that CO, exhibits higher
adsorption capacity and affinity than CH, across all samples and temperatures, which is
consistent with its higher polarizability and quadrupole moment [25,27]. The Langmuir
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parameters show that CO, not only achieves greater maximum adsorption (nr ) but also
requires lower equilibrium pressure (Pp) to reach saturation, indicating more efficient
sorption dynamics and stronger interactions with the shale matrix.

The increase in adsorption capacity at the lower temperature (50 °C) compared to
80 °C reinforces the dominance of physisorption mechanisms [13]. Sample 54 consistently
exhibited the highest adsorption capacities for both gases, in agreement with its larger
BET surface area, higher cumulative pore volume, and elevated TOC. In contrast, S3
showed remarkable adsorption performance despite its modest BET value, likely due to
the favorable contribution of its unique mineralogy (e.g., whewellite and dickite), relatively
uniform mesopore distribution, and intermediate maturity level. This reinforces the view
that adsorption capacity is governed by the complex interplay of textural, mineralogical,
and geochemical properties rather than any single parameter alone [32,33].

Although several isotherm models—including Sips, Toth, Freundlich, and
Dubinin—-Radushkevich—could be applied to describe gas adsorption on shale, the Lang-
muir model was selected in this study due to its simplicity, theoretical clarity, and well-
documented applicability to organic-rich formations. Previous studies have shown that the
Langmuir model provides sufficiently accurate fits for CHy and CO, adsorption in shale
systems, particularly under the moderate pressure conditions (0-3 MPa) typical of early-
stage reservoir evaluations [10,13,27,30]. The Langmuir parameters—maximum capacity
(np) and Langmuir pressure (P )—are physically meaningful and facilitate inter-sample
and inter-study comparisons, adding practical value for resource assessment.

The consistently low fitting residuals (An), narrow confidence intervals, and high
coefficients of determination (R?> > 0.99 in most cases) across all samples support the
robustness of the Langmuir fits. While alternative models might better capture surface
heterogeneity, the Langmuir model proved adequate for the objectives of this study. Future
research could explore multi-model fitting and advanced statistical analyses to provide
deeper insights into the heterogeneous adsorption behavior of these complex shale matrices.

4.5. Implications for Shale Gas Potential

The findings of this study highlight that high TOC alone is not a reliable predictor of
adsorption capacity in organic-rich shales. Instead, shale gas potential should be assessed
through a holistic understanding of organic maturity, mineralogical framework, and pore
structure. The results show that even samples with exceptionally high TOC can exhibit
limited adsorption if the pore network is poorly developed, as seen in the thermally im-
mature samples of this study. Samples S1 to 53, dominated by Type II/1II kerogen, may
achieve enhanced adsorption performance with further maturation, as thermal evolution
is known to promote the development of microporosity and improve pore connectivity
within the organic matrix. In contrast, S4, despite its immature state, demonstrates signifi-
cant adsorption capacity, likely reflecting a combination of favorable pore structure and
mineralogical characteristics.

These observations are consistent with recent studies emphasizing the dynamic in-
terplay between geochemical, mineralogical, and textural factors in controlling gas sorp-
tion behavior in shale formations [25,34,35]. The pore size distributions, mesoporosity,
and cumulative pore volumes measured in this study further illustrate the critical role
of textural properties in determining adsorption potential—underscoring that gas stor-
age capacity results from the combined effects of composition and structure rather than
individual parameters.

It is important to note that this study is based on four samples from shallow depths
within two wells and therefore may not fully capture the heterogeneity of the Cesar-
Rancherfa Basin. Future investigations incorporating a broader spatial, stratigraphic, and
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maturity range will be essential to validate these findings and support more comprehensive
resource assessments for this basin. Such studies should also explore the evolution of pore
systems with increasing thermal maturity and diagenetic alteration to better predict shale
gas potential over geological timescales.

5. Conclusions

This study presents a comprehensive experimental assessment of CHy and CO, ad-
sorption on thermally immature, organic-rich shale samples from the Cesar-Rancheria
Basin in Colombia. Based on the integrated analysis of adsorption behavior, geochemical
properties, mineralogy, and pore structure, the following conclusions can be drawn.

CO, consistently exhibited higher adsorption capacity and stronger affinity than
CHj4 under all tested conditions, due to its greater polarizability and quadrupole mo-
ment. This confirms the potential of these shales for CO, geological storage in addition to
gas production.

The adsorption capacity varied among the samples, with 5S4 showing the highest
performance. This result is partly explained by its larger BET surface area and cumulative
pore volume. However, the correlation with TOC was weak, underscoring that gas uptake
is governed by a complex interplay of organic content, thermal maturity, mineralogy, and
especially pore structure.

Despite their exceptionally high TOC contents (33.44-69.63 wt%), the samples ex-
hibited low BET surface areas (1-7 m?/g) and limited microporosity, consistent with
their immature to early mature thermal state (Tmax: 420-425 °C; Ro: 0.36-0.53%). This
highlights that TOC alone is not a reliable predictor of adsorption capacity in thermally
immature shales.

Pore structure, as revealed by Nj adsorption-desorption and BJH analysis, played a
decisive role in adsorption performance. 54 showed the broadest mesopore distribution
and highest cumulative pore volume, aligning with its superior gas uptake. In contrast,
S1 and S2 exhibited narrower mesopore ranges and lower pore volumes, which limited
their adsorption.

The Langmuir model provided an excellent fit to the experimental data, as demon-
strated by low residuals, narrow confidence intervals for fitted parameters, and high
coefficients of determination (R? > 0.99 in most cases). This supports its continued use for
early-stage evaluations, although future studies could benefit from multi-model compar-
isons to account for surface heterogeneity.

Overall, these findings emphasize the need for integrated evaluation of shale gas
potential, considering not just TOC or mineral content but also textural characteristics
and thermal maturity. Such holistic assessments are essential for accurately estimating
gas in-place and designing CO; sequestration strategies in the Cesar-Rancheria Basin and
similar geological settings.
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Abstract: Interest in hydrogen has grown as a means to decarbonize future energy systems.
To maximize hydrogen’s potential as the main energy carrier, the infrastructure for hydro-
gen production, distribution, and storage needs to be designed and developed at a global
scale. Carbon footprint analysis is an important metric for ensuring that the environmental
impact of the developed plant is kept at a minimum. However, application of conventional
methods during the conceptual design stage is challenging due to lack of detailed process
data coupled with the large number of potential designs to be vetted. As a result, there is a
need to develop rapid screening techniques that can be used during the conceptual design
stage to gauge potential carbon footprints. To address this issue, a simplified carbon foot-
print analysis method is proposed in this work. Two indices are introduced, i.e., “product
carbon intensity” and “economic carbon intensity”, to allow comprehensive analysis of
the performance of design alternatives. By limiting the scope and basic economic analysis,
the simplified carbon footprint analysis requires less data, and hence expedite the analysis
process. The methodology is demonstrated through analysis of four design scenarios
for blue hydrogen production. Among the scenarios, hydrogen production with both
carbon capture and pre-reforming yielded better results based on product carbon intensity
(2.43 kg CO, /kg Hy), while design with only carbon capture performed better based on
economic carbon intensity (11.25 kg CO,/USD). Thus, high potential design scenarios were
successfully identified based on the newly introduced indices.

Keywords: hydrogen economy; carbon intensity; techno-economy analysis; CO, reduction

1. Introduction

Energy is crucial for a high quality of life and global welfare, making the energy
sector a massive market that is valued at 1.8 trillion USD in 2022 and expected to reach
3.9 trillion USD by 2032, with a compound annual growth rate (CAGR) of 8.04% [1]. As
electricity demand rises due to increased population size, the supply of energy is also
increasing, reaching 614 EJ in 2021 [2]. However, CO, emissions are also increasing, hitting
37.15 billion tons in 2022 [3]. To address climate change, the Paris Agreement aims to
reduce emissions by 45% by 2030 and achieve net zero by 2050 [4]. The 2023 Conference of
the Parties of the UNFCCC (COP28) highlighted slow progress and urged a faster transition
away from fossil fuels [5]. A record number of 11 countries have committed to the net zero
goal by increasing their production of renewable energy as a climate change mitigation
strategy [6]. This commitment is reflected in the global production of renewable energy
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(excluding hydroelectric), which increased by 14% in 2022 to reach 40.9 E]. Additionally,
the production capacity of solar and wind energy showed an increasing trend, reaching
266 GW, with solar contributing 72% of that increase [7]. Despite these advancements, the
variability of renewable energy sources, such as solar and wind power, poses challenges
for grids, particularly in integrating these resources into existing infrastructure [8].

Hydrogen is a promising alternative to reduce the use of fossil fuels and plays a
crucial role in addressing issues caused by climate change and the energy crisis [9]. It
is an ideal option for storing surplus renewable energy [10]. As of the end of year 2021,
approximately 47% of hydrogen is produced from natural gas, 27% from coal, 22% from oil
as a by-product, and only around 4% from electrolysis [11]. Hydrogen fuels are categorized
by color and are separated based on feed stock and production route. Grey hydrogen is
produced using fossil fuels, such as oil and coal, which release greenhouse gases during
production [12]. Green hydrogen is produced through electrolysis utilizing renewable
energy sources and has zero carbon emissions [13,14]. Being entirely renewable, green
hydrogen is a promising option for tackling climate change and achieving the energy
transition. Many countries and regions have included the development of green hydrogen
in their long-term energy plans, as it is a clean energy source that can be stored and
transported [15,16]. The primary uses of hydrogen in future energy systems are supplying
high-temperature process heat in the iron and steel industry [17]; serving as a fuel for
long-range freight transport via internal combustion engines or fuel cells [18,19]; supplying
domestic heating for decarbonization and commercial heating via boilers [20,21]; fueling
stationary gas turbines [22], etc. However, the roundtrip efficiency of storing and utilizing
energy via green hydrogen generally ranges between 30% and 40%; this efficiency reflects
the energy losses that occur during the processes of electrolysis, hydrogen storage, and fuel
cell conversion [23]. The roundstrip efficiency of a gaseous hydrogen energy storage system
with a fuel cell as the hydrogen-to-power unit is around 42%, considering typical efficiency
values of 60% for the fuel cell and 70% for the electrolyser, while neglecting the penalty for
hydrogen conditioning [24]. Although this efficiency is lower than direct electricity storage
solutions like batteries, green hydrogen offers unique advantages, such as long-term energy
storage and flexibility in various applications.

Blue hydrogen plays a critical role in reducing emissions and transitioning to green
hydrogen by providing a cleaner alternative to grey hydrogen. It involves integrating
carbon capture and storage (CCS) technologies into the hydrogen production process to
capture and store the CO; emissions generated from hydrogen production using fossil
fuels [25]. Blue hydrogen can be as competitive as green hydrogen when it comes to
their impact on the environment, as long as two conditions are met. The first is that the
natural gas source used to produce blue hydrogen must have low associated greenhouse
gas emissions. The second is that technologies with consistently high CO, capture rates
must be employed. Current technological achievements suggests that a capture rate of
90% or above is consistently possible [26]. As of now, green hydrogen is approximately
two times more expensive than blue hydrogen and four times more expensive than grey
hydrogen. Up to 70% of the cost associated with green hydrogen production lies in the cost
of its renewable energy input. The decrease in renewable energy cost will eventually result
in green technology being an economically and environmentally attractive option. Green
hydrogen is expected to break even with grey hydrogen in terms of production costs by
year 2030 for locations where production of renewable energy is optimal and by year 2035
for regions with middling availability of renewable energy [27]. Black and brown hydrogen
are the most environmentally damaging options, as they are produced from black coal
or lignite (brown coal). It is estimated that their carbon intensity is 20-23 kg CO, /kg Hp,
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which is approximately 10 times worse than that of green hydrogen; the latter is estimated
to have a carbon intensity of 1-2 kg CO,/kg H, [28].

Knowing the carbon footprint of the hydrogen product is vital. The carbon footprint
is defined as the greenhouse gas emissions of a system as computed on a life cycle ba-
sis [29,30]. It can generally be broken down into Scope 1, 2, and 3 components consisting
of direct emissions, emissions from purchased energy, and other value chain emissions,
respectively. This established technique even led to the formulation of a series of standards
by the International Organization for Standardization (ISO) to standardize the implementa-
tion of LCA internationally [31]. However, existing methodologies are not perfect. They
are generally data-intensive, making computation of the total carbon footprint challenging.
Scope 3 emissions are especially problematic, since their estimation relies on data sharing
within the supply chains. Also, the standard methodology solely analyzes predefined
system configurations; industrial decarbonization options need to be generated and ana-
lyzed separately. Efforts to further improve these methodologies have been made. One
such method is carbon emission pinch analysis (CEPA), which was originally introduced
for the analysis of carbon-constrained enerqy planning [32]. An extension of the technique
was later developed to systematically evaluate carbon footprint reduction options [33].
Although simplified, the methodology’s flexibility was demonstrated in multi-product
plants [34]. Another work combining CEPA with input-output analysis was also developed
and resulted in a more effective analysis method [35]. This hybrid approach was later
used for the comparison of different scenarios of carbon footprint reduction in edible oil
production [36].

The demand for better and more effective methods coincides with a 2022 survey
where over half of the correspondents, who were from the scientific research community,
considered the EIA procedure to be ineffective [37]. Heavy reliance on extensive data,
often contain gaps that affect the overall quality of said data, remains a tall hurdle when
conducting carbon footprint analysis. While difficulty surrounding the availability of
specific original data can be circumvented through the use of secondary data, the credibility
of the final analysis results is reduced as a trade-off. Additionally, complete collection of
the required data in a timely fashion is uncommon due to the time-intensive nature of said
process, which may lead to compounding delays to the delivery of the overall project [31].
Furthermore, boundary setting or scoping is also another significant hurdle faced when
conducting a carbon footprint analysis. As more importance is placed on minimizing
the environmental impact of human activities, some countries have incorporated the
environmental impact assessment process into legislation, which was the impetus and
origin of EIA. Thus, the ultimate test of scoping is approval from the planning committees
of the project studied. An extensive scope may lead to additional expenses and delays, to a
level where it may be rejected by the planning committees, while a limited scope renders
the assessment too insignificant in terms of scientific and conservation value [38]. Such
conflicting and subjective priorities of all the involved parties result in a difficult balancing
act for those actually conducting the assessment, leading to the observed disconnect
between the best practice presented in research and literature and those practices applied
on the ground [39].

To contribute to the ongoing efforts to improve carbon footprint analysis, this work
proposes a simple methodology for preliminary carbon footprint analysis that can be
applied during the conceptual design stage. During the conceptual design stage, many
details are not yet set in stone, as a large number of potential ideas are studied to determine
their feasibility. It is hoped that the potential solutions may be shortlisted in order to
proceed to a detailed design. A lack of detailed information results in the presence of many
unknown facets of the overall project. This further exacerbates the difficulty of performing
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detailed carbon footprint analysis, such as through the use of conventional methods such
as LCA. The lack of details leads to low-quality results, while the heavy workload required
to explore potential solutions results in overall low work efficiency during the conceptual
design stage. Therefore, by focusing on selected key indices, it is possible to simplify and
optimize the carbon footprint analysis process, so as to provide results that are sufficient
for use. In particular, any corporation has good information related to the production and
financial aspects of their products and processes. Hence, analysis based on the carbon
footprint of a unit product and/or unit investment would be appropriate. These results
can then be used as reference to make appropriate design-related decisions during the
early stages of design, where impact on the overall project schedule and economics is still
minor. Doing so helps to achieve the goal of improving overall work efficiency during the
conceptual design stage by assessing the many possible solutions and retaining only high
potential designs.

A hydrogen production process is used as an example to demonstrate the methodology.
The base case design and several design alternatives for carbon reduction are analyzed to
evaluate their performance from a carbon emission perspective, along with considerations
for production and economics.

The rest of this paper is organized as follows. The next section outlines the problem
statement of this work, followed by a case study of steam methane reformation (SMR)-
based hydrogen production. This is followed by a summary section where observations
from the case study are compared and key takeaways of this work are presented. Any
notable issues or observations regarding the data are also discussed in this section. Finally,
the paper concludes with a section summarizing the key achievements and outlining
directions for future work.

2. Problem Statement
The problem addressed in this paper can be described as follows:

e Given a state-of-the-art process for grey hydrogen production. Its carbon footprints
are contributed through its energy use, in the form of steam and electricity.

e  Alternative production units may be added in order to reduce the CO, footprint of
the process; such units may include CCS (which leads to blue hydrogen production)
or other units where hydrogen production may be enhanced. The newly added
production units may incur additional capital and operating cost to the overall process.

The problem is to identify an economic-viable process pathway that has the lowest
carbon footprint.

3. Methodology

A flowchart illustrating the proposed methodology is shown in Figure 1. For a given
chemical process, a base case design is first developed. Next, a process simulation model is
constructed using commercial software, where the mass and energy balances are obtained.

Heat integration is next carried out for the process, based on the established process
integration principles [40]. Heat integration helps to reduce the energy consumption of the
process, and hence leads to better economic performance and lower CO; emission. The
carbon footprint and economic performance of the design alternatives are next evaluated.
These steps are repeated for all design alternatives before a comparison may be made.
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Figure 1. Flowchart for the proposed methodology.

In analyzing the carbon footprint, three types of carbon emission must be taken into
consideration. Scope 1 and 2 emissions that are generated directly by the process and
through its energy consumption can be determined from the simulation model (see Table 1).
Similarly, the amount of CO, captured or reduced in each scenario can also be derived from
the process simulation model. As the boundary of this study is limited to the production
stage, scope 3 emissions that are not part of company value chain are excluded from the
analysis [41].

Table 1. Definitions of the three types of emissions [42].

Type

Description

Scope 1

Direct greenhouse (GHG) emissions that occur from sources that are controlled or owned
by an organization.

Scope 2

Indirect GHG emissions associated with the purchase of electricity, steam, heat, or cooling.
Although the emissions physically occur at the facility where they are generated, they are
accounted for in an organization’s GHG inventory because they are a result of the
organization’s energy use.

Scope 3

Result from the activities of assets not owned or controlled by the organization in question.
All emissions not included in an organization’s scope 1 and 2 emissions are categorized as

scope 3 emissions.

The carbon intensity of each design scenario was analyzed using two different indices,
i.e., product carbon intensity, which is based on the amount of product made (expressed
as kg CO,/kg Hy), and economic carbon intensity, which is financial-based (expressed as
kg CO, /USD). Scope 1 emissions, E; (kg CO,/h), can be derived through Equation (1):

Er=Y" Cai 1

where Cg is the amount of CO, generated by each process unit, which can be determined
through process simulation. The summation is the total scope 1 emissions from the process.

For scope 2 emissions, E; (kg CO,/h), all pieces of equipment that utilize electrical
energy are taken into account through Equation (2):

E2 = PC X CE (2)

where P, is the total power consumption by the equipment (in kWh) within the process
boundaries and Cf is the carbon intensity of the electricity purchased externally (in kg
CO,/kWh).
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It is expected that carbon capture, utilization, and storage (CCUS) will be used for
carbon footprint reduction in the near future. Through carbon capture (CC), CO, gas
is isolated and removed from the system, which results in net reduction of the carbon
footprint of the process. Therefore, the net carbon footprint of the process, Cy (kg CO,/h),
and product carbon intensity, Clp, are given as:

Cn = E1 + E» — Eccus 3)
Cn

CIP = ? (4)

where Eccys (kg CO,/h) refers to the amount of CO, emissions captured, utilized, or
reduced within the system, and H (kg/h) refers to the amount of hydrogen product.

From an economic standpoint, the operating cost, OP, of the process is the sum of the
utility and feed costs required to maintain plant operation. Water and fuel consumption
can be determined through simulation and calculation to determine water cost, Cy,, and
fuel cost, Crye- They can be added to the feed cost, Cry, to yield the materials cost, Cy,.
The electric cost is calculated from the net power consumption, Py (kWh), derived from
equipment contributing scope 2 emissions and equipment such as turbines that are able
to generate electricity while adjusting the pressure of gas streams. Equations (5)—(7) were
used to calculate the operating cost of the process:

Cn = CFeed + CFuel + Cy (5)
Py = Pc — Pg (6)
OP = (Py x T) + Cp @)

where Pg (kWh) refers to any electrical power that is generated by the system and T refers
to the tariff rate of the electricity to be purchased.

Additionally, the increase to both capital and operating costs need to be accounted
for. The capital cost of each alternative design is calculated, while the extra capital cost
(relative to the base case) for the newly added equipment is annualized through the annual
worth method, based on an assumed minimum acceptable rate of return (MARR) and total
design life. Doing so identifies the annual amount of money that needs to be invested into
the plant on top of the annual operating cost for each design scenarios, AW. The sum of
both AW and OP is the annualized cost, C4, as shown in Equation (8), which can be used in
Equation (9) to determine the economic carbon intensity, CI:

C,y = OP+ AW ®)
CN
Ip = =N
Clg Ca )

Several design alternatives are being investigated, making process yield an important
factor in comparing the design scenarios. The process yield provides a better understanding
of the effect of the changes introduced in each design alternative compared to the base
case. The process yield can be derived through Equation (10) by evaluating the theoretical
amount of hydrogen recoverable, Pr (mol/h), and the actual production rate, P4 (mol/h).
Pr can be derived from the feed molar flowrate and reaction formulas, both of which are
pieces of information that can be acquired easily.

Yield(%) = %A x 100 (10)
T
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Product carbon intensity represents the performance of the design from a production
standpoint. A lower value is desirable to ensure low carbon emission per unit product
made by the corporation. On the other hand, economic carbon intensity refers to the
performance of the design from an economic perspective, where a lower value indicates
lower emissions (than other alternatives) with the same amount of monetary investment.
Alternatively, it also allows higher investment into other aspects of the process (such as
process efficiency) while achieving the same CO, emissions.

4. Case Study

A case study of hydrogen production is used for illustration, which is based on the
SMR process.

Figure 2 shows the simplified process flow diagram of the base case (see full PFD
in Figure S1 in the Supplementary File. The process feed is natural gas received from
the natural gas grid, whose composition was retrieved from published data, as shown in
Table 2. As natural gas is the only raw material utilized in this process, the feed cost (Cr,z)
in Equation (5) only accounts for the cost of the natural gas.

14,548 kg 23,390 kW

LEGEND 21.9kg CO, co, 2.23kg CO,
Main Reaction — @ KO | Comp _@_. £O Flue Gas
Fuel Line ’ - G o
Flue Gas — 0.4kg  0.65kW
CO
Steam Feed > -
Pump Liquid
Recycle . 1 4 Waste
1346 kg
1645 k;
CO, 2,164kW co, . 2646 kW
Natural KO | Comp H HDS H Turb l_’
Gas Drum 1 —p 1 SM
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Liquid 91,374 65,240 119,358
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Figure 2. Simplified PFD for the base case.

As shown in Figure 2, the natural gas feed is first passed through a hydrodesulphur-
ization (HDS) unit containing two packing materials, a hydrogenation catalyst and ZnO.
Hydrogen is introduced to convert heavy sulfur-containing compounds (represented by
mercaptan) to HpS, which is removed when it passes through the ZnO packing. The H,S
gas reacts with the ZnO packing material to form zinc sulfide, which is regularly removed
from the HDS unit and replaced with fresh ZnO.
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Table 2. Natural gas feed composition [43].

Component Molar Fraction
CHy 0.7500
C2+ 0.1500
CO, 0.0300
N, 0.0300
H,S 0.0007
Mercaptan 0.0193
H,O 0.0193

The resulted sulfur-free natural gas is sent to the SMR unit to undergo the reactions
represented in Equations (11) and (12), before being sent to the isothermal water gas shift
(WGS) reactors, The latter convert the CO formed by the SMR reaction to CO, and hydrogen;
this completes the conversion of methane to a hydrogen product. The stoichiometry of the
reaction is shown as Equations (11) and (12):

CHy + H,O — 3Hy 4+ CO (11)

CO + H,O — COy + Hp (12)

Upon completion of the WGS process, purification of the product is required to be
compliant with standards. As a global standard for hydrogen fuel is yet to be established,
its purity requirement varies accordingly. In this work, the targeted purity of hydrogen
fuel was assumed to be 99.97% [44]. This was achieved through the use of pressure swing
adsorption (PSA). The resultant tail gas, which is richer in CO,, may be sent to the CC unit
(see scenarios in latter section). To improve the final purity of the CO, product, unreacted
hydrocarbons must first be removed.

High temperature is required for the reaction; thus, combustion of gaseous fuel was
selected. Usage of tail gas as fuel gas is prioritized over recycling to reduce reliance on
fuel that would increase the carbon footprint. The unreacted hydrocarbons in the form
of methane and ethane, alongside unextracted hydrogen, provide some fuel value to the
tail gas. Note that the operating temperature of the SMR needs to be controlled at about
900°, so to avoid deactivation of the catalyst due to coking from excess heat. Excess tail
gas is recycled to the SMR, as the tail gas still contains unreacted methane which can help
to improve yield of the hydrogen product. For every mole of methane, four moles of
hydrogen can be recovered theoretically, as shown by Equations (11) and (12), respectively.
Taking the upcoming largest blue hydrogen production hub that has recently been green
lit as reference, the targeted production capacity is taken as 1 GWt [45]. To achieve the
target, the required natural gas feed rate is approximately 5.9 Mmol/h, which equates to
a theoretical yield of 24 Mmol H; /h. The base case design, however, can only achieve a
hydrogen production rate of 15 Mmol/h. Through Equation (10), the yield for the base case
design is calculated as 63% (=15/24%), which acts as the baseline for further comparison.

The base case model was constructed using Aspen HYSYS v14 (www.aspentech.com),
with simulation results given in Figure S2 in the Supplementary File. Upon completion of
process simulation, heat integration and economic analysis were carried out using Aspen
Energy Analyzer and Aspen Process Economic Analyzer (www.aspentech.com, accessed
on 16 November 2024). Through heat integration, the optimal utility and operating cost
can be determined for each design scenario.
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From the simulation model, scope 1 emissions can be easily calculated based on the
amount of CO, generated as a by-product (see reaction stoichiometry in Equation (12)) and
on steam consumption. In order to quantify scope 2 emissions, it is assumed that the plant
is located in Malaysia. Thus, its electric tariffs (in USD) and carbon intensity are used to
quantify scope 2 emissions, along with power consumption information identified from
the simulation model. These include the cooling water loop, cooling jackets of reactors,
and pressure adjustment equipment (e.g., compressors and pumps). The calculation of
the carbon intensity (Cr) of the Malaysian power mix is shown in Table 3. As shown, the
carbon intensity was calculated based on the mix contribution [46]. On the other hand,
the electric tariff of 0.072 USD for medium voltage general industrial use was assumed for
economic evaluation [47].

Table 3. Carbon intensity of Malaysia’s power mix.

Carbon Intensity Overall Carbon Intensity

Energy Source Mix Contribution (%) [48]

(kg CO,/kWh) [46] (kg CO,/kWh)
Coal 1.001 50.9 0.510
Natural Gas 0.469 30.8 0.144
Hydropower 0.004 159 0.001
Bioenergy 0.018 1.9 0.000
Diesel 0.84 0.4 0.003
Overall Mix - 100 0.658

The CO, emissions of each piece of equipment in the base case model were determined
and are documented in Tables S1 (Scope 1 emissions) and S2 (Scope 2 emissions). These
data were used to calculate the product carbon intensity (CIp) using Equations (1)—(4).
Equations (5)—(9) were then utilized to determine the economic carbon intensity (CIr)
of the base case model. For this base case model, the total Scope 1 and 2 emissions are
reported as 279,471 and 38,835 kg/h, respectively (see Tables S1 and S2). Its turbine
(power generation) and SMR process (consuming CO,) contribute to a carbon footprint
reduction of 5250 kg /h. Hence, its total carbon footprint is calculated using Equation (3) as
313,046 kg /h (=279,471 + 38,835 — 5250 kg/h), or 2479 kt/y, assuming an annual operating
time (AOT) of 7920 h.

Figure 3 shows the product and economic carbon intensity values for the base case.
The blue solid lines represent the total carbon emissions with respect to annual production
and annualized cost. The process consists of four individual sections. The cumulative
carbon emissions of these sections (dotted lines) were added to determine the total carbon
emissions of the overall process, as shown in Figure 3. Hence, the latter can be viewed
as the composite curve which represents the economic carbon intensity of the process
(represented by the gradient of the composite curve).

On the other hand, the second solid line in green in Figure 3 represents the relationship
between the process carbon emissions and hydrogen production. The gradient of the
segment represents the product carbon intensity of the hydrogen production process. As
the base case has an annual production of 238 kt of high purity hydrogen, its product
carbon intensity is hence calculated as 10.4 kg CO,/kg Hj (=2479 kt CO, /238 kt Hy), close
to a previously reported value [49]. The derived annual operating cost is approximately
32 million USD, and the final economic carbon intensity of the base case is calculated
as 77.30 kg CO, /USD (=2479 kt CO, /32 million USD). Note that the line representing
the economic carbon intensity of the HDS section is not visible in Figure 3 due to its low
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impact on the overall process. These products and economic carbon intensities will serve
as reference values where comparison can be made with other scenarios.
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Figure 3. Product carbon intensity and economic carbon intensity diagram for the base case.

Once the base case is established, three proposed scenarios were introduced; they
were simulated and analyzed for their economic and carbon footprint performances. In
Scenario 1, a CC unit was added where CO, from the flue gas is captured for storage; this
makes the blue hydrogen product. In scenario 2, a pre-reformation section was added,
where additional process units are introduced, hoping to reduce the carbon footprint of the
overall process. Adding the pre-reformation section was expected to improve the process
yield. In Scenario 3, methanation was introduced after the pre-reformation section, so that
the tail gas of the pressure swing absorber (PSA) could be recycled as both reactant and
fuel for the SMR reactor. Methanation of tail gas improves the methane concentration of the
SMR reactant feed, and hence was expected to enhance the yield of hydrogen in the SMR.
Similar to the base case model, all scenarios were simulated in Aspen HYSYS v14, followed
by heat integration and economic analysis with Aspen Energy Analyzer and Aspen Process
Economic Analyzer (www.aspentech.com, accessed on 16 November 2024). In all scenarios,
the capital cost (in USD) was annualized with MARR of 10% and 10 years of design life.

4.1. Scenario 1

Figure 4 shows the simplified PFD for scenario 1 (full PFD is found in Figure S3 in
Supplementary Information file). As shown, a CC system based on monoethanolamine
(MEA) absorber was utilized to capture CO; from the flue gas of reformer. The flue gas was
rich in CO,, water, and nitrogen and contained trace amounts of oxygen. By extracting CO,
from the flue gas for carbon sequestration purposes, it was expected that the overall process
carbon footprint would be reduced. Amine absorption was selected, as it is a matured
technology commonly used for gas sweetening and CO, removal. The solvent used was
a 20 wt% MEA in water mixture. MEA was selected among other amine options, as it is
relatively lower cost, with lower focus on HyS removal (sulfur removal is performed by the
HDS unit) [50]. As the newly added MEA absorber system only affects the flue gas, the
design alternative shown in scenario 1 possessed identical hydrogen production capacity
as the base case (i.e., 238 kt).
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Figure 4. Simplified PFD for scenario 1 (the dotted line indicates the newly added CC unit).

However, there were some drawbacks to Scenario 1. The proposed change in Scenario
1 led to significant increase in the process equipment needed. This results in extra capital
and operating costs, along with additional issues such as space constraints. Note that
macro-level effects of the increasing design complexity, such as space constraints, additional
workforce requirements, were not considered in this study. The effect of increased operating
and capital costs is further discussed in Section 5.

The simulation model for this scenario is shown in Figure S4. The CO, emissions
of all units are shown in Tables S1 (Scope 1) and S2 (Scope 2), while the carbon footprint
reduction initiative with CC is reported in Table S3. Hence, the net carbon emissions of this
design alternative were calculated using Equation (3) to be 93,286 kg/h, or 740 kt CO,/y
(with an AOT of 7920 h). This is a significant improvement, as it is a 70% reduction in
carbon emission compared to the base case (2479 kt CO,/y).

The annual operating cost for scenario 1 is 64.14 million USD and requires an additional
2.4 million USD in annual expenditures to install the new units. The product and economic
carbon intensity values were calculated as 3.11 kg CO, /kg H, (=740 kt CO, /238 kt H) and
11.13 kg CO, /USD (=740 kt CO;/66.5 million USD), respectively. The cumulative carbon
emission, hydrogen production, and annual cost information are plotted in Figure 5.
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Figure 5. Product carbon intensity and economic carbon intensity diagram for scenario 1.

4.2. Scenario 2

Scenario 2 was built on the basis of Scenario 1, where a pre-reformation unit added
between the HDS and SMR units, with simplified PFD in Figure 6 (see full PFD in Figure S5
in the Supplementary File). The newly added pre-reformation unit was operated adiabat-
ically at 500 °C and 20 bar (lower compared to the main reformer, at 700 °C and 30 bar).
Through the pre-reformation process, heavier hydrocarbons that are present within the
feed (mainly ethane) can be broken down into methane. The reactions involved are given
in Equations (13) and (14):

CyHoyi2 +2nHO — (37’[ + 1)H2 +nCO, (13)

CO, +4H, — CHy + 2H,0 (14)

This additional step allowed the ethane component that was previously unutilized to
be converted into the main reactant for the SMR process. In other words, pre-reformation
increases the concentration of methane fed to the SMR reactor without changing the initial
feed flowrate/composition. Hence, pre-reformation increases both the theoretical and
actual yield of the overall process; the latter was calculated using Equation (10). Scenario
2 would produce hydrogen at a rate of 18 Mmol/h, resulting in a 75% yield (=18/24%),
while the yields for the base case and scenario 1 are 63%. Similar to scenario 1, scenario
2 possesses similar limitations, such as increased costs, along with additional space and
workforce requirements. The effect of the trade-off on the cost of improved production is
further discussed in Section 5. The simulation model for scenario 2 is shown in Figure S6 in
the Supplementary File.
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Figure 6. Simplified PFD for scenario 2 (the dotted line indicates the newly added pre-reformation
unit).

With the addition of the pre-reformation process, the product carbon and economic
intensity values were both affected. Scope 1 (331,250 kg CO;/h; Table S1) and scope 2
(42,504 kg CO, /h; Table S2) emissions, as well as the carbon footprint reduction initiative
(286,908 kg CO, /h; Table S3), were then used to calculate the net carbon emissions of this
alternative using Equation (3) as 86,846 kg CO, /h (=331,250 + 42,504 — 286,908 kg CO;/h),
or 688 kt CO,/y with AOT of 7920 h. It is evidence that the scenario 2 carbon emissions
were 72% lower than those in the base case (2479 kt CO, /t), and this success is attributed
to both the enhancement of the process yield and the presence of the CC unit.

Scenario 2 would incur 59.35 million USD in operational costs and requires an
additional 3 million USD for the installation of the additional units (relative to the
base case). The product carbon intensity was hence calculated as 2.43 kg CO,/kg Hj
(=688 kt CO, /283 kt CO;y). On the other hand, the economic carbon intensity was deter-
mined to be 11.02 kg CO, /USD (=688 kt CO,/62.4 million USD). The relationship between
carbon emissions, hydrogen production, and the annualized cost of the process is shown
in Figure 7.
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Figure 7. Product carbon intensity and economic carbon intensity diagram for scenario 2.

4.3. Scenario 3

The simplified PFD for scenario 3, which was built on the basis of scenario 2, is shown
in Figure 8 (see full PFD in Figure S7 in the Supplementary File). The key highlight of
scenario 3 is the addition of the methanation unit. The methanation unit is located after the
PSA unit, before the tail gas (consists mainly CO;) is recycled to the SMR reactor. Note that
the presence of CO, does not degrade the performance of the various catalysts employed
within the system. Excessive concentrations of CO,, however, will have an adverse effect
on the reactions taking place within the reactors. As nearly all reactions are reversible, the
presence of CO, products (formed through the SMR and WGS reactions) results in the
promotion of a reverse reaction, which led to reduced hydrogen yield. This phenomenon
was observed in the simulation conducted for base case and scenario 1, where the side
reaction operated in reverse when CO; composition reached 10 mol%.

The methanation process converts the captured CO, into methane by reacting it with
hydrogen. Hence, methanation effectively turns the captured CO, into the main reactant.
As the methanation process requires hydrogen as feed stock, which is supplied from the
end product stream, this additional system acts as both a boost and limitation on the overall
process performance. The simulation model indicated an overall decrease in hydrogen
yield of 3% compared to that in scenario 2. As the pre-reformation process introduced in
scenario 2 was retained, hydrogen was produced in excess; this allowed for the targeted
production rate of hydrogen gas fuel to be achieved without any additional feed. The
simulation model of scenario 3 is shown in Figure S8.

As before, adding the carbon footprints from the scope 1 and 2 emissions (Tables S1
and S2) and subtracting it from the reduction initiative (Table S3), this design alternative
exhibited carbon emissions of 86,466 kg CO, /h (=358,963 + 42,393 — 315,890 kg CO, /h) or
677 kt CO, /y, resulting in a 73% reduction in carbon emissions (compared to the base case).

The annual operating cost for the design alternative in scenario 3 was determined
to be 58.16 million USD, while an additional 3.9 million USD was required annually
for all the new equipment relative to the base case. The product carbon intensity of
the new design was hence calculated as 2.50 kg CO,/kg Hy (=677 kt CO,/270 kt Hy).
On the other hand, the economic carbon intensity was calculated as 10.91 kg CO,/USD
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(=677 kt CO,/62.1 million USD). The carbon emissions, hydrogen production, and annual
costs are plotted in Figure 9.
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Figure 9. Product carbon intensity and economic carbon intensity diagram for scenario 3.
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5. Summary

The performance of each design alternative is shown in Table 4.

Table 4. Performance of each case from a production perspective.

Base Case Scenario 1 Scenario 2 Scenario 3
Product CI
10.41 3.11 243 2.50
(kg COy/kg Hy)
Yield 63% 63% 75% 72%
Capital cost
(million USD) 3019 3034 3038 3043
Operating cost (million USD/y) 32.07 64.14 59.35 58.16
Annualized cost (million USD/y) 32.07 * 66.50 62.39 62.07
Economic CI
(kg CO,/USD) 77.30 11.13 11.02 10.91
Net profit (million USD) (net profit after 1781 1694 3332 2890

accounting for feed cost and utility cost)

Payback period (Year) 1.69 1.79 0.91 1.05

* Based on Equation (8), the annualized cost (C4) is the sum of the operating costs and the annualized capital cost
difference between the design alternative and that of the base case. As no additional capital costs were incurred
for the base case, its operating costs were taken as its annualized costs.

As shown in Table 4, all scenarios achieved the primary objective of reducing the
overall carbon footprint of the process. Scenario 2 has the best performance, while scenario
3 is the close second.

The base case design does not feature any CC capabilities. The hydrogen produced
through such designs is classified as grey hydrogen, with a product carbon intensity of
10.41 kg CO, /kg Hy, which aligns with the results reported by Yan et al. [50]. Through the
introduction of amine absorption as the CC method, hydrogen produced in scenario 1 is
now categorized as blue hydrogen. As the CC unit is introduced at the end of base case
design, it does not affect the production rate. With the added facilities to capture CO; in
the flue gas, the product carbon intensity was reduced by 70% to 3.11 kg CO,/kg Hy. This
value is close to the value of 3.2 kg CO,/kg Hj reported by Yan et al. [49]. Through the
introduction of pre-reformation, scenario 2 was able to achieve the lowest product carbon
intensity, at 2.43 kg CO, /kg H,. The pre-reformation unit increases the production rate of
hydrogen fuel gas by 19% to 283 kt/y, while minimizing its carbon footprint. Scenario 3
achieved the second best results, with a product carbon intensity of 2.50 kg CO,/kg Hy.
The difference in performance between scenarios 3 and 2 was mainly due to the reduction
in yield caused by the need to feed part of the produced hydrogen into the methanation
unit. Even though methanization achieved a higher reduction in product carbon intensity
(73% compared to 72% in scenario 2), it was not significant enough to offset the negative
effects of the yield reduction.

With an increased yield, the changes introduced in scenarios 2 and 3 also influence the
total profits. The economic analysis for each design alternative is also included in Table 4,
with detailed capital cost break down found in Table 54 (in the Supporting Information).
As of 2023, the largest H, fuel supplier has set the price for H; fuel to 36 USD/kg [51]. The
same value was used as the selling price of H; fuel for the economic analysis. The feed cost
was instead set as 7.5 USD/mmBTU [52].

From an economic carbon intensity standpoint, the introduction of CC in scenario
1 had the largest impact. As economic carbon intensity is a function of process carbon
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emissions and annualized cost, scenario 3 exhibits better performance than scenario 2,
which was considered best from a production perspective. Reduction in yield is not taken
into account when considering economic carbon intensity, so the ability of methanation
to reduce carbon emissions through CO, utilization is highlighted. Both scenarios 2 and
3 require more equipment than scenario 1, which resulted in higher capital costs. Note,

however, that they have lower operating costs, due to their lower energy consumption; this
is shown in Figure 10.
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Figure 10. Energy consumption distribution of each design.

From the energy consumption distribution shown in Figure 10, only the compressors
and PSA unit have a significant effect on the energy consumption of the process. Note that
the energy consumption of the PSA unit is similar in all scenarios, while significant changes
were observed for that of the compressors. Scenario 1 is observed to have a much higher
energy consumption compared to the other scenarios. This is due to reduced flowrate of
the two-stage compression stream. In Scenario 2, more tail gas was recycled as burner fuel,
which does not require compression, whereas the methanation product stream in scenario
3 has a lower flowrate compared to tail gas feed.

6. Sensitivity Analysis

A sensitivity analysis was conducted with Scenario 3 as the basis to determine the
impact of variations in various inputs on product carbon intensity and economic carbon in-
tensity, with the results shown in Figures 11 and 12. For the former, the effect of fluctuations
in process yield and CC efficiency (MEA system and methanation unit) on product carbon
intensity was studied. From Figure 11, it is observed that the performance of the MEA
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systems had a significant effect on the overall product carbon intensity of Scenario 3, which
was then followed by process yield and efficiency of the methanation unit. This is because
the MEA system acts as the main CC technology responsible for bulk removal of CO, from
the process streams, while the methanation unit acts as a supplementary system to boost
the overall CC rate. The sensitivity analysis results suggest that the MEA system should
be maintained with high efficiency, so as to lower the carbon footprint of the hydrogen
product in the long term. Even though yield fluctuations had a less pronounced effect on
product carbon intensity, Figure 11 shows that the product carbon intensity exponentially
increased and decreased as the yield decreased and increased.
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Figure 11. Sensitivity analysis of process yield and CC efficiency on product carbon intensity.
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As shown in Equation (8), economic carbon intensity is a function of both annualized
capital costs and operating costs. A sensitivity analysis was carried out to determine the
effect of these costs on the economic carbon intensity of Scenario 3. Figure 12 shows that
increased operating costs resulted in an exponential decrease in economic carbon intensity,
while annualized capital costs had little influence. As the annualized capital costs are
based on the additional costs required compared to the base case, this amount (3.91 million
USD) was significantly lower than the operating costs (58.16 million USD). Even though
Scenario 3 had the highest capital costs due to the greatest number of pieces of equipment,
its operating costs were the lowest (see Table 4). The reason for this was deviation in
flowrates for the two-stage compressors used for recycling of the PSA tail gas.

It should be noted that the design alternatives with lower economic carbon intensity
required higher monetary investment to achieve the same rate of CO, emissions. However,
the increased investment may also result in improved economic performance (e.g., lower
operating costs) in the long run.

7. Conclusions

In this work, a graphical technique for rapid screening of conceptual design alterna-
tives based on carbon footprint is proposed. A case study consisting of a typical SMR-based
blue hydrogen production process was analyzed for its produced carbon and economic
carbon intensities. Three scenarios with different technologies (CC, pre-reformation, and
methanation) were considered. Heat integration was performed for all scenarios to ensure
the energy consumption of the designs was minimized before comparisons were made.
All scenarios achieved varying levels of improvement over the base case, while achieving
the production target. Scenarios 2 and 3 demonstrated better performance from product
carbon intensity and economic carbon intensity perspectives, respectively. The product
carbon intensity of Scenario 2 was reported as 2.43 kg CO,/kg H;, which was the lowest
among all scenarios. On the other hand, Scenario 3 exhibited the lowest economic carbon
intensity among all scenarios, i.e., 10.91 kg CO, /USD.

Product and economic carbon intensity values provide useful insights to the en-
vironmental impact of hydrogen production processes. The value of these insights is
approximately equivalent to that of a traditional LCA study, but our analysis can be con-
ducted during the conceptual design stage, when relevant data is scarce. Moreover, the
idea presented by this work is highly adaptable once the process carbon emissions are
determined. This methodology is readily applicable to a wide range of conceptual design
problems. A lack of concrete data is a common problem for all projects during the concep-
tual design phase. The many possible reaction pathways based on various feed tock types
also contribute to the large number of potential solutions that need to be vetted to identify
high potential design options. The newly proposed indices, i.e., product and economic
carbon intensity, only require the process emissions from a limited scope (feed stock to
product, excluding emission during feed stock acquisition and after product formation) as
input. Through simplification of carbon emission analysis, some leeway is made available
with regard to the quality of data required to conduct the relevant study. Both of these are
key factors that allow carbon footprint analysis to be conducted more efficiently. Future
work should focus on using the methodology to identify where data acquisition efforts
should focus to give better footprint estimates. Evaluating decarbonization efforts based
on the hybrid use of renewable energy, solar electrolyser, and /or combined heat and power
to reduce the carbon footprint of the power consumption is another promising direction.
Exploration into improving the economic analysis and factoring in the wider scale carbon
trading market and governmental subsidies are also valid avenues for improvement of
this work.
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Nomenclature

CAGR Compound annual growth rate

UNFCCC  United Nations Framework Convention on Climate Change
CCS Carbon capture and storage

LCA Life cycle analysis

I0A Input-output analysis

CEPA Carbon emission pinch analysis

EIA Environmental impact assessment

ISO International Organization for Standardization
SMR Steam methane reformation

GHG Greenhouse gas

Eq Scope 1 emission

E; Scope 2 emission

Cec CO; generated by process unit

P Total power consumption

Cg Carbon intensity of electricity purchased

Cn Net carbon footprint

Clp Product carbon intensity

Eccus CO, emissions captured, utilized, or reduced
H Hydrogen produced

OP Operating cost

Cuw Water cost

Cruel Fuel cost

Creed Feed cost

Cm Materials cost

Py Net power consumption

Pg Electrical power generated by the system

T Electric tariff rate
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MARR Minimum acceptable rate of return
AW Annual cost

Ca Annualized cost

CIg Economic carbon intensity

Pr Theoretical amount of hydrogen recoverable
Pa Actual production rate

HDS Hydrodesulfurization

WGS Water gas shift

PSA Pressure swing adsorption

CcC Carbon capture

AOT Annual operating time

MEA Monoethanolomine

References

1. Power Generation Market. Precedence Research. 2023. Available online: https://www.precedenceresearch.com/power-
generation-market#:~:text=The%20global %20power%?20generation %20market%20size%20was%20accounted %20at%20USD, 8.
04%25%20from%202023%20t0%202032 (accessed on 28 January 2023).

2. World Energy Balances: Overview. IEA. Paris. 2023. Available online: https://www.oecd.org/about/#:~:text=The%20
Organisation%?20for%20Economic%20Co,%20and %20well-being %20for%?20all (accessed on 5 November 2023).

3. Ritchie, H.; Roser, M. CO, Emissions. Our World in Data. 2020. Available online: https://ourworldindata.org/co2-emissions
(accessed on 28 January 2023).

4. United Nations. For a Liveable Climate: Net-Zero Commitments Must Be Backed by Credible Action, United Nations. 2023.
Available online: https:/ /www.un.org/en/climatechange/net-zero-coalition#:~:text=t0%202010%20levels.-, To%20keep%20global %
20warming%20to%20n0%20more%20than%?201.5%C2%B0, reach%20net%20zero%20by%202050 (accessed on 26 January 2024).

5. United Nations Framework Convention on Climate Change. COP 28: What Was Achieved and What Happens Next? United
Nations Framework Convention on Climate Change. 2024. Available online: https:/ /unfccc.int/cop28/5-key-takeaways#end-of-
fossil-fuels (accessed on 26 January 2024).

6.  United Nations Framework Convention on Climate Change. Record Number of National Adaptation Plans Submitted in 2023,
But More Are Needed. 2023. Available online: https://unfccc.int/news/record-number-of-national-adaptation-plans-submitted-
in-2023-but-more-are-needed (accessed on 26 January 2024).

7.  Energy Institute. Statistical Review of World Energy. Energy Institute: London, UK, 2023.

8. Ezhiljenekkha, G.B.; MarsalineBeno, M. Review of Power Quality Issues in Solar and Wind Energy. Mater. Today Proc. 2020, 24,
2137-2143. [CrossRef]

9.  Wang, Z. Identifying green hydrogen produced by grid electricity. Int. ]. Hydrogen Energy 2024, 81, 654—674. [CrossRef]

10. National Academies of Science Engineering and Medicine. New Directions for Chemical Engineering; National Academies Press:
Washington, DC, USA, 2022. [CrossRef]

11. IRENA. Hydrogen, Internaitonal Renewable Energy Agency. 2022. Available online: https:/ /www.irena.org/Energy-Transition/
Technology/Hydrogen (accessed on 4 December 2023).

12.  Park, C.; Koo, M.; Woo, J.; Hong, B.I,; Shin, ]J. Economic valuation of green hydrogen charging compared to gray hydrogen
charging: The case of South Korea. Int. . Hydrogen Energy 2022, 47, 14393-14403. [CrossRef]

13.  Noussan, M.; Raimondi, P.P; Scita, R.; Hafner, M. The role of green and blue hydrogen in the energy transition—A technological
and geopolitical perspective. Sustainability 2021, 13, 298. [CrossRef]

14. Kakoulaki, G.; Kougias, I.; Taylor, N.; Dolci, E; Moya, J.; Jager-Waldau, A. Green hydrogen in Europe—A regional assessment:
Substituting existing production with electrolysis powered by renewables. Energy Convers. Manag. 2021, 228, 113649. [CrossRef]

15.  Yue, M.; Lambert, H.; Pahon, E.; Roche, R.; Jemei, S.; Hissel, D. Hydrogen energy systems: A critical review of technologies,
applications, trends and challenges. Renew. Sustain. Energy Rev. 2021, 146, 111180. [CrossRef]

16. Lebrouhi, B.E.; Djoupo, ].J.; Lamrani, B.; Benabdelaziz, K.; Kousksou, T. Global hydrogen development—A technological and
geopolitical overview. Int. . Hydrogen Enerqy 2022, 47, 7016-7048. [CrossRef]

17.  Marocco, P; Gandiglio, M.; Audisio, D.; Santarelli, M. Assessment of the role of hydrogen to produce high-temperature heat in
the steel industry. J. Clean. Prod. 2023, 388, 135969. [CrossRef]

18. Falfari, S.; Cazzoli, G.; Mariani, V.; Bianchi, G.M. Hydrogen Application as a Fuel in Internal Combustion Engines. Energies 2023,

16, 2545. [CrossRef]

60



Processes 2025, 13, 1254

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zhang, Y.; Wang, Y.; Cui, H.; Wang, F,; Li, Z.; Sun, C,; Jia, Y.; Xie, Y.; Song, F.; Wang, J.; et al. Co-pyrolysis of biomass with Red
Mud: An efficient approach to improving bio-oil quality and resourceful utilization of the iron in Red Mud. Fuel 2023, 355, 129482.
[CrossRef]

Thomas, G.; Pidgeon, N.; Henwood, K. Hydrogen, a less disruptive pathway for domestic heat? Exploratory findings from public
perceptions research. Clean. Prod. Lett. 2023, 5, 100047. [CrossRef]

Martire, M.; Kaya, A.F.; Morselli, N.; Puglia, M.; Allesina, G.; Pedrazzi, S. Analysis and optimization of a hybrid system for the
production and use of green hydrogen as fuel for a commercial boiler. Int. ]. Hydrogen Energy 2024, 56, 769-779. [CrossRef]

Ali, A.; Houda, M.; Waqar, A.; Khan, M.B,; Deifalla, A.; Benjeddou, O. A review on application of hydrogen in gas turbines with
intercooler adjustments. Results Eng. 2024, 22, 101979. [CrossRef]

IRENA. Hydrogen: A Renewable Energy Perspective; International Renewable Energy Agency: Abu Dhabi, United Arab Emirates, 2019.
Voldsund, M.; Reyes-La, A.; Fu, C.; Ditaranto, M.; Neksd, P.; Mazzetti, M.].; Brekke, O.; Bindingsbe, A.U.; Grainger, D.; Pettersen,
J. Low carbon power generation for offshore oil and gas production. Energy Convers. Manag. X 2023, 17, 100347. [CrossRef]
Alghool, D.; Haouari, M.; Trucco, P. It is not the same blue: A comparative LCA study of blue hydrogen supply network pathways.
Int. J. Hydrogen Energy 2024, 81, 214-224. [CrossRef]

Bauer, C.; Treyer, K.; Antonini, C.; Bergerson, J.; Gazzani, M.; Gencer, E.; Gibbins, J.; Mazzotti, M.; McCoy, S.T.; McKenna, R ; et al.
On the climate impacts of blue hydrogen production. Sustain. Energy Fuels 2022, 6, 66-75. [CrossRef]

Hydrogen Council. Hydrogen Decarbonization Pathways; Hydrogen Council: Brussels, Belgium, 2021; p. 14. Available on-
line: https:/ /hydrogencouncil.com/wp-content/uploads/2021/01/Hydrogen-Council-Report_Decarbonization-Pathways_
Executive-Summary.pdf (accessed on 4 December 2023).

Incer-Valverde, J.; Korayem, A.; Tsatsaronis, G.; Morosuk, T. “Colors” of hydrogen: Definitions and carbon intensity. Energy
Convers. Manag. 2023, 291, 117294. [CrossRef]

Burchart, D.; Gazda-Grzywacz, M.; Grzywacz, P.; Burmistrz, P.; Zarebska, K. Life Cycle Assessment of Hydrogen Production
from Coal Gasification as an Alternative Transport Fuel. Energies 2022, 16, 383. [CrossRef]

Zang, G.; Graham, E.J.; Mallapragada, D. H, production through natural gas reforming and carbon capture: A techno-economic
and life cycle analysis comparison. Int. J. Hydrogen Energy 2023, 49, 1288-1303. [CrossRef]

Dong, Q.; Zhong, C.; Geng, Y.; Dong, E; Chen, W.; Zhang, Y. A bibliometric review of carbon footprint research. Carbon Footpr.
2024, 3, 3. [CrossRef]

Tan, R.R.; Foo, D.C. Pinch analysis approach to carbon-constrained energy sector planning. Energy 2007, 32, 1422-1429. [CrossRef]
Tjan, W.; Tan, R.R.; Foo, D.C. A graphical representation of carbon footprint reduction for chemical processes. J. Clean. Prod. 2010,
18, 848-856. [CrossRef]

Yap, J.Y.; Tan, J.; Foo, D.C.; Tan, R.R.; Papadokonstantakis, S.; Badr, S. A graphical method for carbon dioxide emissions reduction
in multi-product plants. Process Saf. Environ. Prot. 2020, 133, 51-63. [CrossRef]

Tan, R.R.; Aviso, K.B.; Foo, D.C. Carbon emissions pinch analysis of economic systems. . Clean. Prod. 2018, 182, 863-871.
[CrossRef]

Ramanath, T.; Foo, D.C; Tan, R.R,; Tan, J. Integrated enterprise input-output and carbon emission pinch analysis for carbon
intensity reduction in edible oil refinery. Chem. Eng. Res. Des. 2023, 193, 826-842. [CrossRef]

Nita, A.; Fineran, S.; Rozylowicz, L. Researchers’ perspective on the main strengths and weaknesses of Environmental Impact
Assessment (EIA) procedures. Environ. Impact Assess. Rev. 2022, 92, 106690. [CrossRef]

Mandelik, Y.; Dayan, T.; Feitelson, E. Issues and dilemmas in ecological scoping: Scientific, procedural and economic perspectives.
Impact Assess. Proj. Apprais. 2005, 23, 55-63. [CrossRef]

Morgan, R.K. Environmental impact assessment: The state of the art. Impact Assess. Proj. Apprais. 2012, 30, 5-14. [CrossRef]
Robin, S. Chemical Process Design and Integration, 2nd ed.; Wiley: Hoboken, NJ, USA, 2016.

National Grid. What Are Scope 1, 2 and 3 Carbon Emissions? 2023. Available online: https://www.nationalgrid.com/stories/
energy-explained /what-are-scope-1-2-3-carbon-emissions (accessed on 28 November 2023).

United States Environmental Protection Agency. Scopes 1, 2 and 3 Emissions Inventorying and Guidance. 2024. Available online:
https:/ /www.epa.gov/climateleadership /scopes-1-2-and-3-emissions-inventorying-and-guidance (accessed on 15 September 2024).
Gas Processors Suppliers Association. Engineering Data Book; Gas Processors Suppliers Association: Tulsa, OK, USA, 2004;
pp- 1-32.

Yang, Y.; Wang, G.; Zhang, L.; Zhang, S.; Lin, L. Comparison of Hydrogen Specification in National Standards for China.
In Proceedings of the 2019 4th International Conference on Advances in Energy and Environment Research (ICAEER 2019),
Shanghai, China, 16-18 August 2019; Volume 118, p. 03042. [CrossRef]

Energy Institute. UK’s Largest Blue Hydrogen Production Hub Given Initial Go Ahead. 2024. Available online: https://
knowledge.energyinst.org/new-energy-world/article?id=138543 (accessed on 29 August 2024).

Energy Commision. Malaysia Energy Statistics Handbook 2021. 2023. Available online: www.st.gov.my (accessed on 3 February 2023).

61



Processes 2025, 13, 1254

47.

48.

49.

50.

51.

52.

Pricing & Tariffs. Tenaga Nasional Berhad. 2014. Available online: https://www.tnb.com.my/commercial-industrial / pricing-
tariffs1/ (accessed on 19 April 2023).

Moonmaw, W.; Burgherr, P.; Heath, G.; Lenzen, M.; Nyboer, J.; Verbruggen, A. Annex II: Methodology. In Special Report on
Renewabe Energy Sources and Climate Change Mitigation; Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Seyboth, K., Matschoss, P.,
Kadner, S., Zwickel, T., Eickemeier, P., Hansen, G., Schlomer, S., et al., Eds.; Cambridge University Press: Cambridge, UK, 2011.
Yan, F; Simon, N.; McCurdy, M. Why Should We Care About Hydrogen Carbon Intensity? ICFE. 2022. Available online:
https:/ /www.icf.com/insights/energy/care-about-hydrogen-carbon-intensity (accessed on 28 January 2023).

Yusuf, M. Selection of Amine in Natural Gas Sweetening Process for Acid Gases Removal: A Review of Recent Studies. Pet.
Petrochem. Eng. . 2017, 1, 1-7. [CrossRef]

Collins, L. It Is Now Almost 14 Times More Expensive to Drive a Toyota Hydrogen Car in California Than a Comparable Tesla
EV. Hydrogeninsight. 2023. Available online: https://www.hydrogeninsight.com/transport/analysis-it-is-now-almost-14
-times-more-expensive-to-drive-a-toyota-hydrogen-car-in-california-than-a-comparable-tesla-ev /2-1-1519315 (accessed on 2
September 2024).

Suruhanjaya Tenaga Malaysia. Regulated Piped Gas Prices. 2021. Available online: https://www.st.gov.my/contents /2021
/Fuel%20Prices/11%20Nov /1-%20Regulated %20piped %20gas%20prices%20as%200f%20November?%202021.pdf (accessed on 3
February 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

62



processes

Article

Development of MEA-Based and AEP-Based CO; Phase
Change Absorbent

Yongyan Wang !, Fanghui Cheng 2, Jingsong Li 3, Yingshu Liu !, Haihong Wang #, Ziyi Li I"* and Xiong Yang -5*

College of Energy and Environmental Engineering, University of Science and Technology Beijing,
Beijing 100083, China; m202220258@xs.ustb.edu.cn (Y.W.); ysliu@ustb.edu.cn (Y.L.)

Shaanxi Blower (Group) Co., Ltd., Xi’an 710000, China; cfh442952210@163.com

Research Institute of Technology of Shougang Group, Beijing 100041, China; 18810634180@163.com
R&D Center Department, Beijing District Heating Group, Beijing 100026, China; ustbwhh@163.com
Key Laboratory of Plateau Oxygen and Living Environment of Xizang Autonomous Region,
College of Science, Xizang University, Lhasa 850000, China

*  Correspondence: ziyili@ustb.edu.cn (Z.L.); yangx@ustb.edu.cn (X.Y.)

[ B N

Abstract: In energy conservation and low-carbon environmental protection, separating and
capturing CO; from blast furnace gas is a crucial strategy for the steel industry to achieve
its dual carbon goals. This study conducts an experimental study on the phase change
absorption of carbon dioxide for the low-energy capture of carbon dioxide in blast furnace
gas in iron and steel enterprises. The experiment used 30%wt monoethanolamine (MEA)
and 30%wt 1-(2-aminoethyl)piperazine (AEP) as a reference to blend different absorbents,
and the CO, absorption effect of the absorbents was tested. The results indicated that
the MEA system phase change absorbents have the best absorption effect when the mass
ratio of additives to water is 5:5, and the AEP system has the best absorption effect at
7:3. The absorption effect of different phase separators is as follows: n-propanol > sul-
folane > isopropanol. AEP/n-propanol/H;O (7:3) has a maximum absorption load of
2.03 molCO,-mol~! amine, a relatively low rich phase ratio of 0.46, and low regeneration
energy consumption. The load capacity of different absorbents was calculated based on
the load experiment results, and it was found that the loading capacity of the MEA system
was greater than that of the AEP system, with the maximum load capacity of MEA /n-
propanol/H,0O (5:5) being 4.02 mol/L. Different types of absorbents exhibited an increase
in rich phase density with the increase in additive quality. The regeneration performance of
the absorbent indicated that at a temperature of 393.15 K, the desorption load of n-propanol
aqueous solution rich phase in the absorbent was high, and the desorption speed was
the fastest.

Keywords: phase change absorbent; CO, capture; MEA; AEP

1. Introduction

Countries worldwide are pursuing the goal of low-carbon emissions [1,2]. Vigorously
promoting CCUS (carbon capture, utilization, and storage) technology is an important
means of achieving the dual carbon goals of the steel industry. The steel production
process in China is mainly based on the blast furnace converter method [3]. About 89%
of energy input comes from coal, which has high carbon emissions. Steel enterprises’
energy-saving and consumption reduction starts with the “three gases” (blast furnace gas,
converter gas, and coke oven gas). Among them, blast furnace gas emissions are the highest.
Therefore, the effective utilization of blast furnace gas is the key to energy conservation
and consumption reduction in the steel industry [4].
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Considering factors such as one-time investment, operating costs and energy con-
sumption, and waste treatment, the chemical absorption method can fully leverage the
advantages of comprehensive waste heat utilization in steel enterprises, effectively uti-
lizing low-temperature heat. It is an ideal method for capturing carbon dioxide in blast
furnace gas. Chemical absorbents are the key to the chemical absorption method. The
traditional chemical absorbents mainly include ammonia absorbent [5], amino acid salt ab-
sorbent [6], potassium carbonate absorbent [7,8], and organic amine absorbent [9]. Among
them, organic amine absorbent is the most representative chemical absorbent. Amine
absorbent has the advantages of a fast reaction rate, high gas purification, good absorption
effect, and low cost [10]. Monoethanolamine (MEA) [11], diethanolamine (DEA), and
N-methyldiethanolamine (MDEA) [12] are commonly used. However, most traditional
absorbents have their limitations, such as the volatilization of ammonia, slow absorption
rate, low absorption capacity, and high energy consumption [8,13,14]. Han et al. [15] found
that the energy consumption of absorbent regeneration can be reduced to 2.5 GJ/t, and the
volume fraction of nitrogen in the tail gas leaving the absorption tower is as high as 0.02%.
Mao et al. [16] reported that the average energy consumption of using monoethanolamine to
capture CO, was 5.4 GJ /t. 30% MEA is one of the commonly used reference absorbents, but
its high regeneration energy consumption (about 3.7-4.0 GJ /tCO,) hinders its large-scale
application [17]. The energy consumption of absorbent regeneration comprises thermal des-
orption reaction heat, sensible heat of absorbent rising temperature, and latent heat of water
evaporation. PH.M. Feron et al. [18] studied the thermal desorption energy consumption
of 30% MEA absorbent. The results showed that the total energy consumption of 30% MEA
absorbent was about 135-205 KJ-mol ! CO,, and the heat of thermal desorption reaction
accounted for 40-60% of the total energy consumption, the latent heat of water evaporation
accounts for 30-40% of the total energy consumption. Although water is the most suitable
co-solvent from the cost and environmental impact perspective, the high water content
(>50%) in the absorbent and the strong interaction between MEA and CO, are the reasons
for the high desorption energy consumption. Therefore, researchers have developed new
mixed amine absorbents [19,20], such as MEA+MDEA [21], MDEA+piperazine(PZ) [22],
and Butyl ethanolamine (BAE)+2-Dimethylaminoethanol (DMAE) [23]. Although mixed
amine absorbents can improve the drawbacks of single absorbers, they cannot simultane-
ously have high absorption and desorption performance [24].

Phase change absorption is considered as a CO, capture technology with great poten-
tial because it can greatly reduce the amount of recycled liquid and thus reduce energy
consumption [25]. Phase change absorbent absorbs CO; and divides it into rich and lean
phases [26]. Only the rich phase is regenerated, while the lean phase is directly returned
to the absorption tower for reuse, greatly reducing the sensible heat and latent heat of
vaporization required for adsorption. At first, researchers mixed different types of amines
to develop phase separation absorbents. Wange et al. [27] adopted the mixed solution of
diethylenetriamine(DETA) and 2-(diethylamine)-ethanol (DEEA) as a new phase change
adsorbent to absorb CO,, and the rich phase accounted for 70% when the rich phase load
reached 2.23 mol/L. Liu et al. [28] mixed 50 wt% DEEA and 2-((2-aminoethyl) amino)
ethanol (AEEA, 25 wt%). When the rich phase load reached 2.95 mol/kg, the rich phase
accounted for 80%. The total amine concentration of mixed amine absorbents is relatively
high, usually exceeding 60%. High concentrations can cause amine volatilization and
degradation [29]. Excessive wealth ratio can also increase desorption energy consumption.

To address the drawbacks of mixed amine phase change absorbents. In recent years,
the research direction is to use organic solvents to replace water in phase change absorbents.
The most widely used organic solvents in phase separation are sulfoxide [30-33] and al-
cohol [34-37]. They promote the phase separation of the absorbent and the absorption
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of CO; [38]. Wang et al. [33] used DETA and sulfolane to make phase change absorbent
to simulate the absorption of CO,. During the CO, absorption process, sulfolane, as
an inert solvent, was separated from the absorption product instead of water, reducing
the total heat load by 19%. Zhang et al. [36] prepared a CO, phase change adsorbent
(CPCA) composed of MEA /alcohol/H,O, and studied the species distribution, physical
properties, circulation capacity, absorption, and regeneration capacity of CPCAs. Com-
pared with 30 wt% MEA /H;0, the CO, cycling capacity of CPCA increased by 62%. In
the MEA—propanol system, propanol can significantly promote CO, mass transfer [39].
Adding organic solvents to the alcohol amine phase change absorbent can reduce the
enrichment to 50%, and the desorption energy consumption is about 2.2-2.8 GJ /tCO; [29],
which is an ideal phase change absorbent. It is also reported that there are primary
amine/secondary amine + tertiary amine + organic physical solvent. In the mixed solution,
primary amine/secondary amine is used as the absorption enhancer, while tertiary amine
serves as the principal absorbents, and physical solvent act as phase separation agent.
For example, Wang et al. [30] proposed a two-phase absorbent that can adjust the phase
separation behavior of Triethylenetetramine (TETA)-DEEA through sulfolane without sacri-
ficing high CO, absorption capacity, while reducing the volume ratio of the rich phase and
increasing the CO, load. Wang et al. [40] proposed a tertiary amine-based biphasic solvent:
N,N-dimethylethanolamine (DMEA)-PZ-1-Butanol for efficient CO, capture. The addition
of 1-Butanol not only produced phase separation and reduced the activation energy of the
catalyst, but also synergistically with PZ to increase the inherent slow absorption rate of
DMEA to a level comparable to that of 5SM MEA. Although the regenerative energy con-
sumption can be greatly reduced in the circulation system, the phase change absorbent still
has problems such as high viscosity, large volatility, and unsatisfactory phase separation
ratio. Therefore, developing solutions with higher CO; load, smaller abundance ratio, and
lower viscosity is the future direction of phase change absorbent.

This study aims to develop a new phase change absorbent with good absorption
performance, low enrichment ratio, and suitable viscosity for carbon dioxide capture by the
chemical absorption method. MEA and AEP were used as the main absorption components
of the phase change absorbent, and n-propanol, isopropanol, and sulfolane were used as
phase separation agents. The absorbent’s absorption, desorption, and phase separation
effects were observed.

2. Materials and Methods
2.1. Materials

MEA and AEP were selected as the main absorption components of the phase sep-
aration absorbent; n-propanol, isopropanol, and sulfolane were selected as the phase
separation additives. Based on 30%wt MEA and 30%wt AEP, different kinds of absorbents
were prepared by changing the ratios of water and additives, and the mixed-phase system
of absorber components/additives/H,0O could be obtained.

MEA (AR) was obtained from InnoKai Technology Co., Ltd., Shenzhen, China; AEP
(AR) was acquired from Bohr Chemical Reagent Co., Ltd., Shanghai, China. N-propanol
(AR), Isopropanol (AR), and Sulfolane were purchased from Mindray Biochemical Tech-
nology Co., Ltd., Shenzhen, China. HCl (AR) was purchased from China National Phar-
maceutical Group Chemical Reagent Beijing Co., Ltd., Beijing, China. CO;, (>99.99%,
volume fraction) was purchased from Beijing Huanyu Jinghui Jingcheng Gas Technol-
ogy Co., Ltd., Beijing, China. Throughout the experiments, deionized water was used and
all the materials for this study were used without further purification.

65



Processes 2025, 13, 92

2.2. Experimental Methods
2.2.1. Absorption Experiment

The schematic diagram of the absorption experimental device is shown in Figure 1,
which is composed of a rotameter, a gas washing bottle, a constant temperature water
bath device, and a soap film flowmeter. CO; enters the gas washing bottle through the
flow rate controlled by the rotameter and reacts with the absorbent. After being absorbed
and saturated, it flows out from the outlet of the washing bottle. The soap film flowmeter
connected to the outlet records the CO, flow rate. The absorption device is in a constant
temperature water bath, ensuring an absorption temperature of 40 °C. Adjust the rotameter
to set the intake flow rate to 200 mL/min and introduce CO, into the prepared absorbent.
After the absorbent is introduced into the gas, CO; is gradually measured from the outlet,
and the gas flow rate is measured every 2 min using a soap film flowmeter. After the
outlet flow rate is equal to the inlet flow rate, it is considered close to absorption saturation.
Continue ventilation for 10 min and complete a set of experiments.

Gas washing bottle

"

Gasin —— Quue
Rotameter

Soap film
flowmeter

Water bath
(T=40°C)

Figure 1. Schematic of absorption apparatus.

Evaluate the absorption performance of the absorbent through absorption rate and ab-
sorption load. According to Xiao et al. [41], the CO, absorption rate was defined as follows:

Qin — Qout (PactTO)

npea X Vo \ PoTact

Yco2,ab = (1)
where 7.4 45 (molCO,-mol~'amine-min~!) is the absorption rate, Q;, (L-min~1) is the
intake flow rate, npyra (mol) is the molar amount in the washing gas cylinder, Vj
(22.4 L-mol~!) is the molar volume of gasat1l x 10° Pa and 273.15 K, P, (Pa) is the experi-
mental gas pressure, and T, (K) is the experimental gas temperature, Py (1 x 10° Pa), Ty
(273.15 K).

The absorption load can be calculated based on the absorption rate, and its formula is
as follows:

t
0‘:/0 rcoZ,abdt (2)

where & (molCO,-mol~'amine) is the absorption load, and ¢ (min) is the reaction time.
After the absorption experiment, if the phase is separated, a measuring cylinder will

be used to measure the volume of the lean phase and the rich phase to obtain the proportion

of the rich phase volume. The proportion of rich phase volume was defined as follows:

:31 = Vrich/(vrich =+ Vlean) (3)

where B is the proportion of rich phase volume, V,;; (mL) is the volume of rich phase,
and Vj,,;, (mL) is the volume of the lean phase.
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2.2.2. Desorption Experiment

The schematic diagram of the desorption experimental device is shown in Figure 2
and is composed of a condenser, a flask, a magnetic stirrer, and a soap film flowmeter.
The phase change absorbent after CO, absorption is divided into two phases, and the rich
phase is taken for desorption research. The high-temperature CO, produced after heating
the rich phase is cooled by the condenser tube and then enters the soap film flowmeter
connected to the air outlet to measure the flow rate at this time. Set up a heating magnetic
stirrer to heat to a desorption temperature of 120 °C, take 10 mL of saturated absorbent,
and put it into a constant temperature kerosene while ensuring the rotor is evenly stirred
in the solution. After cooling and drying in the condenser pipe, the released gas is passed
into the soap film flowmeter, and the outlet gas flow rate is measured every 2 min until it
cannot be measured from the outlet to the gas overflow.

Water «—
Condenser

Water —

Soap film
flowmeter

Saturated
absorbent

Oil bath
(T=120°C)

Figure 2. Schematic of desorption apparatus.

The desorption rate can be calculated by the gas outlet rate of the device, and is defined

Pt T,
7c02,des — Qout ( act 0) (4)

nypea X Vo \ PoTyet

as follows:

where ;2 ges (molCOp-mol~!amine-min 1) is the desorption rate.
The desorption load can be obtained by integrating the desorption rate with time, and
is defined as follows:

ot
o = /0 rcoZ,desdt (5)
where &’ (molCO,-mol~! amine) is the desorption load.

2.2.3. CO, Load Measurement Experiment

The CO, load measurement device is shown in Figure 3 and consists of a U-shaped
tube, burette, agitator, and conical bottle. After the absorption of CO; by the absorbent
is completed, let it stand for a while and observe stable phase separation. Separate the
upper and lower liquid phases. Excessive hydrochloric acid is dripped into the liquid to
be measured by a burette, and the CO, produced by the reaction enters the connected
U-shaped tube for quantitative measurement. Record the initial reading V; when the
U-tube is connected to the atmosphere, and record the amount of hydrochloric acid as V5.
Hydrochloric acid reacts with absorbent to release CO;, creating a pressure difference in
the U-shaped tube and a liquid level difference. After the reaction, adjust the position of
the U-tube, and record the reading V3 in the U-tube at this time.
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} \% Zf Vs
HCIl —p— ! e (Endpoint)
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____ Sample
Agitator Vo, Iml)
Figure 3. Schematic of CO, loading titration apparatus.
The load of CO; is defined as follows:
. Va-V -V
load /L) = ———
oading(mol/L) 214 %V, (6)

where Vj (mL) is the volume of the solution to be tested, and 24.4 refers to the volume of
1 mol gas at room temperature (298.15 K). V; (mL) is usually taken as the initial reading
before the reaction in the U-shaped tube; V; is the titration amount of dilute hydrochloric
acid, mL; V3 (mL) is the reading of the end point after the completion of the reaction in the
U-shaped tube.

3. Results
3.1. Phase Separation of Absorbent

A total weight of 100 g of absorbent was prepared by selecting n-propanol, isopropanol,
and sulfolane as phase separators when the concentration of MEA was 30 wt% and the
adsorption temperature was 313.15 K. That is, each absorbent includes 30 g of MEA. All
ratios mentioned below are the mass ratio of phase separation additives to water under the
premise of a total weight of 70 g. Table 1 shows the phase separation results at different
mass ratios. It can be seen that the MEA /propanol/H,0O absorbents absorb CO, in the
various phases until the mass ratio of 4:6, which is due to the large proportion of water in
the system, which can completely dissolve the additive and absorb the reaction products.

Table 1. Phase separation results of MEA /phase separation agent/H,O absorbent with different
mass ratios.

Additive-Water n-Propanol Isopropanol Sulfolane
1:9 X X X
2:8 X X X
3.7 X X 4
4:6 Vv v v
5:5 v v Vv
6:4 v Vv Vv
7:3 v Vv Vv
8:2 v v Vv
9:1 v v Vv

According to the results of the phase separation of the phase-change absorber in
the MEA system, when the weight ratio of phase separator—water reaches the extreme
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value, various absorption properties of phase-separated absorber are weak and the phase
separation effect is not obvious. Therefore, three ratios of 3:7, 5:5, and 7:3 were selected for
the absorption experiments with AEP as the main component of the phase change absorber,
and the absorbent was uniformly separated after the absorption was completed.

Observe the phase change absorbent with phase separation, as shown in Tables 2 and 3.
As the additive content increases, the volume of the rich phase gradually decreases, and
the rich phase ratio decreases. At the same mass ratio, sulfolane brings the greatest rich
phase ratio, and n-propanol and isopropanol are relatively small. The lower the proportion
of the rich phase of the adsorbent after phase separation, the less the solution flows into
the desorption tower for regeneration in the process, which is more conducive to reducing
the energy consumption of regeneration. The 7:3 group of the AEP system absorbent
added with n-propanol has an excellent absorption capacity and a relatively low phase-rich
volume ratio of 0.46, which is beneficial for reducing regeneration energy consumption.

Table 2. Rich phase volume ratio of MEA /additive/H,O absorbent.

Reagent Components n-Propanol Isopropanol Sulfolane
3:7 Unseparated phase  Unseparated phase 0.88
5:5 0.67 0.66 0.68
7:3 0.47 0.65 0.67

Table 3. Rich phase volume ratio of AEP/additive/H,O absorbent.

Reagent Components n-Propanol Isopropanol Sulfolane
3.7 0.81 0.85 0.94
5:5 0.63 0.60 0.74
7:3 0.46 0.44 0.69

3.2. Phase Separation Mechanism

MEA and AMP can undergo phase separation because the solubility of MEA-CO,
and AMP-CO; in water is higher than in alcohol after the reaction. CO; is introduced
into the MEA /additive/water system, and the reaction is shown in Equation (7) [42]. The
phase separation situation of MEA /n-propanol/H;O absorbent is shown in Figure 4. This
reaction is a salinization reaction, generating carbamate and protonated MEA, which were
formed and could be regarded as MEA salt. Water will first solvate these components.
With the addition of salt, phase separation would happen for a water-miscible organic
liquid from its aqueous solution. MEA salts cause water clusters to evolve around them,
forming alcohol clusters gradually. When the size of water and alcohol groups reaches
the macroscopic scale, two phases are formed. After phase separation, the upper liquid
phase mainly contains additives and related components and is a lean liquid phase. The
lower liquid phase mainly contains CO, absorption products and MEA, making it a rich
liquid phase.

CO;, +2MEA + MEAH' + MEACOO™ 7)

When the concentration of propanol in the absorbent increases, the CO; load in the
lower phase increases, and the concentration of propanol slightly decreases. The CO, load
in the upper phase remains unchanged. While the concentration of propanol increases,
water content decreases [43]. The concentration of salt can affect the solubility of organic
solvents, thereby affecting the phase separation of absorbents [44,45]. The increase in the
concentration of propanol also represents a decrease in the concentration of water. After
the absorption reaction is completed, the concentration of salt increases, but the amount
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of water that can interact with propanol decreases. As a result, more propanol rises to the
lean phase, leading to a change in concentration.

®ee CO,
T ) o

N &€ 1,0 %° “ MEA
g ) - ----------------

“%{‘ J.:%{“ ;:; x MEACOO-

Figure 4. Phase separation diagram of MEA /n-propanol/H,0O absorbent.

The phase change behavior of absorbents is also related to the hydrophobicity of
additives, and the higher the hydrophobicity, the more obvious the phase separation
phenomenon. Sulfolane is a highly hydrophobic solvent, while the alcohol amines and
reaction-related products used in the experiment are hydrophilic solutes. Therefore, as CO,
is introduced, the concentration of the products gradually increases. Sulfolane is gradually
discharged from the aqueous phase, and the solution is divided into two phases from a
homogeneous phase. After the absorbent of the AEP/additive/water system absorbs CO,,
a reaction occurs, as shown in Equation (8). The product (AEPH* and AEPCOO™ as shown
in Figure 5) and additive are immiscible and migrate to the upper liquid phase to form a
rich phase with amines, while the remaining additives and related components remain in
the lower liquid phase as a lean solution.

CO, +2AEP «+ AEPH' + AEPCOO™ (8)
ﬁ:' ®e¢ CO,
M C{X Sulfolane
C (&
C v
(\.(\ (/ — __________________ L (, AEPH
)0) % : © ;gt
( D)
é bEé oe % AEPCOO-

Figure 5. Diagram of the relationship between the phase separation phenomenon and the dipole
moment of AEP/sulfolane/H;,0O absorbent (Debye is the dipole moment).

The phase separation behavior of phase change absorbents may also be related to
the polarity of the components. Typically, the larger the dipole moment of a molecule,
the stronger its polarity [46]. The dipole moments of AEP and sulfolane are small, while
the reaction products with CO, have high polarity. It can be inferred from this that after
absorbing COy, the rich liquid phase contains highly polar products, which cannot be
miscible with sulfolane, resulting in a phase transition, as shown in Figure 5.

In summary, the essence of the phase change absorbent adding organic solvent as a
phase separation agent is to replace the water in the phase change absorbent with organic
solvent to achieve the phase separation effect while reducing the volume proportion of the
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Adsoprtion loading(mol COZ-mol'1 amine)

rich phase. The reaction of MEA and AEP in contact with COj is similar, and the difference
in phase separation ratio is mainly due to the characteristics of the added organic solvent.

3.3. Research on CO, Absorption by Phase Change Absorbent
3.3.1. Phase Change Absorbent with MEA as the Main Component

The mixed solvent absorption loads of MEA and different additives are shown in
Figure 6. The absorption load curves all showed that the rate of absorption load in-
creased rapidly in the early stage of adsorption, and the increased rate of absorption
load slowed down with the extension of time. Overall, the phase change absorbents
with MEA as the main absorption component have the highest absorption load when
the mass ratio of the phase separation agent to water is 5:5. Among them, MEA /n-
propanol (0.65 molCO,-mol~'amine) > MEA /sulfolane (0.61 molCO,-mol~'amine) >
MEA /isopropanol (0.45 molCO,-mol'amine). Liu et al. [28] mixed DEEA and MEA
aqueous solution as phase change absorbents, and the CO, absorption load at 40 °C was
0.49 molCO,-mol~'amine. Zhang et al. [47] studied the optimal ratio and performance of
MEA /n-propanol/H,0O and adjusted the mass ratio of n-propanol to water to maintain
the MEA with a mass fraction of 30%. The results showed that the optimal ratio of m
(MEA):m (n-propanol):m (HyO) = 3:3:4 system has a circulating CO; load of 1.70 mol/kg
(absorbent), which is 1.3 times that of 30% MEA. In this paper, the maximum absorption
load at m (MEA):m (n-propanol):m (HyO)= 3:3.5:3.5 was obtained, which is close to the
known results.
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Figure 6. Absorption loads of MEA-based absorbents with different additives at different concentra-
tions: (a) MEA /n-propanol; (b) MEA /isopropanol; (c) MEA /sulfolane.

The absorption rates of mixed solvents of MEA and different additives are shown in
Figure 7. As shown in the figure, the absorption rate of each group shows a similar trend. In
the initial stage of gas introduction, the absorption rate rapidly decreases. As the ventilation
time increases, the downward trend of the absorption rate slows down until it approaches
0. Overall, there is not much difference in the absorption rate of each group of absorbents
under different weight ratios. At the same 5:5 ratio, initial absorption rate was sulfolane
(0.020 molCO,-mol~'amine-min—1) > N-propanol (0.016 molCO,-mol~'amine-min—1) >
Isopropanol (0.014 molCO, -mol~'amine-min~!). The 5:5 group, which performed excel-
lently in absorbing load, was found to have a moderate absorption rate among different
mass ratio groups. Zhang et al. [47] found that in the MEA /n-propanol/H,O system, the
initial absorption rate of the system with the optimal ratio of m (MEA):m (n-propanol):m
(HyO) = 3:3:4 was 5 times that of the mass fraction of 30% MEA. The presence of propanol
will increase the diffusion coefficient of CO, and thus increase the absorption rate of the
absorbent, but the high concentration of propanol will inhibit the MEA and CO, reaction.

71



Processes 2025, 13, 92

The addition of sulfolane has a more significant effect on increasing the CO, absorption
rate, because sulfolane has a strong affinity with acidic gases.
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Figure 7. Absorption rate of MEA-based absorbents with different additives at different concentra-
tions: (a) MEA /n-propanol; (b) MEA /isopropanol; (c) MEA /sulfolane.

3.3.2. Phase Change Absorbent with AEP as the Main Component

The mixed solvent absorption loads of AEP and different additives are shown in
Figure 8. The absorption load of the 7:3 group in each absorbent was significantly
higher than the other two groups, with AEP/n-propanol (2.03 molCO,-mol~'amine) >
AEP /sulfolane (1.60 molCO,-mol~'amine) > AEP/ isopropanol (1.56 molCO, -mol~'amine).
The absorption rates of mixed solvents of AEP and different additives are shown in Figure 9.
The rate trend is the same as that of the MEA system absorbent. The 7:3 group performed
best in absorbing load but the slowest absorption rate. Li et al. [37] optimized the ratio of
AEP and 1-propanol, and the results showed that under the optimal ratio of m (AEP):m
(1-propanol):m (H,O) = 2:4:4, the CO, loading capacity was 2.3 times that of 30% MEA.

The absorption rates of AEP and different additives in mixed solvents are shown
in Figure 9. At the same 7:3 ratio, the initial absorption rates of different phase separa-
tion agents were as follows: isopropanol (0.016 molCO,-mol~'amine-min~!) > sulfolane
(0.015 molCO5-mol ~'amine-min~1) > n-propanol (0.014 molCO,-mol ~!amine-min~!). The
absorption saturation time of AEP-based absorbent is longer than that of MEA-based
absorbent, and it is generally completed 45 min after ventilation, but the absorption load

is greater.
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Figure 8. Absorption load of AEP-based absorbents with different additives at different concentra-
tions: (a) AEP/n-propanol; (b) AEP/isopropanol; (c) AEP/sulfolane.
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Figure 9. Absorption rate of AEP-based absorbents with different additives at different concentrations:
(a) AEP/n-propanol; (b) AEP/isopropanol; (c) AEP/sulfolane.

Table 4 shows the key performance parameters for MEA and AEP to obtain the optimal
absorption load. The phase change absorbent of the MEA system has the best absorption
effect when the mass ratio of the phase separation agent to water is 5:5. The phase change
absorbents of the AEP system have the best absorption effect when the mass ratio of the
phase separation agent to water is 7:3. The absorption load is higher than that of the
MEA system. Compared to MEA, the primary (secondary) amino group of AEP can add
a strong absorb effect. Its steric hindrance effect is also beneficial for the regeneration
cycle, and propanol plays a major role in phase separation in the system. The absorption
rate of the absorbents of the two systems decreased significantly within 15 min, and the
absorption rate curves were similar, which may be because the sample mass was small and
the difference was not obvious.

Table 4. Comparison of optimal absorption effect points for MEA-based and AEP-based absorbents.

MEA AEP
Phase separator n-propanol n-propanol
Mass ratio 5:5 7:3

Highest absorption load 0.65 molCO,-mol~'amine  2.03 molCO,-mol~'amine

In terms of CO, absorption performance, the experiments in this paper show that the
absorber with n-propanol added possesses the maximum absorption load. On the one
hand, the volatilization rate of n-propanol is smaller than that of isopropanol, and the high
volatility of the absorbent components is not favorable to the overall reaction balance of
the absorption process, and also leads to the loss of absorbent, which in turn affects the
absorption effect. On the other hand, MEA reacts with CO,; to produce salts with different
solubility in different solvents, and the polarity of organic solvents has a great influence
on the solubility of substances. Overall, the solubility and absorption rate of CO; when
propanol is used as a solvent is better than that of water [48]. Compared with alcohols,
sulfolane has a stronger affinity for CO;, so it can effectively improve the CO, absorption
performance, but the melting point of sulfolane is extremely low, and the density of the
phase change absorber of the sulfolane system is much larger, and the amine is required to
have a certain degree of hydrophilicity [49]; otherwise, it is possible to have solid-liquid
partitioning, which to a certain extent increases the uncontrollable factors and influences
the actual absorption effect.
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3.4. Research on CO; Desorption of Phase Change Absorbents
3.4.1. Phase Change Absorbent with MEA as the Main Component

The phase change absorber splits into two phases after absorbing carbon dioxide,
which has the advantage of reducing the consumption of renewable energy by simply
heating the rich phase for desorption. The rich phase of MEA /additive aqueous solution
with a mass ratio of 5:5 was investigated under the most suitable desorption conditions
(desorption temperature of 120 °C) and the desorption curves were tested, as shown in
Figure 10. It can be seen that with the increase in desorption time, the desorption rates of
the three adsorbents showed the change rule of increasing and then decreasing. At the
beginning of desorption, the temperature of the solution increased rapidly due to the effect
of 120 °C oil bath, and the desorption rate also increased, and reached the maximum value at
the measurement point of 2 min; thereafter, due to the gradual decrease in the concentration
of carbon dioxide in the product, the desorption rate began to decrease rapidly, but the three
kinds of solutions slowed down after 10 min, 14 min, and 12 min, and the gas could not be
detected from the outlet at 28 min, until it was almost 0. The desorption curve of the three
adsorbents showed a change rule of increasing and then decreasing. The desorption load
generally reached a high level at 10 min. At this point, the desorption of MEA /n-propanol
was 77% of the final desorption (0.44 mol molCO,-mol~!amine), MEA /isopropanol was
84% of the final desorption (0.30 molCO,-mol~'amine), and MEA /sulfolane was 93% of
the final desorption (0.40 molCO,-mol~'amine).

0.02

0.01 |

Figure 10. Desorption rate and desorption load of MEA-based absorbent with different additives
(mass ratio is 5:5): (a) MEA /n-propanol; (b) MEA /isopropanol; (¢) MEA /sulfolane.

The overall desorption efficiency of the MEA /sulfolane adsorbent was higher com-
pared to the MEA /n-propanol adsorbent, with a greater magnitude of desorption over
a short period of time, and a higher percentage of final desorption loading. The overall
desorption efficiency of the aqueous MEA /iso-propanol solution was intermediate be-
tween that of the MEA /sulfolane and the MEA /n-propanol. The desorption rate of the
aqueous MEA /iso-propanol solution was faster than that of the MEA /sulfolane and the
MEA /isopropanol adsorbent over the period of 2-10 min. MEA /n-propanol adsorbents,
but the final desorption was not as high as these two adsorbents because the absorption
load was smaller than them.

3.4.2. Phase Change Absorbent with AEP as the Main Component

AEP/additive aqueous solutions with a mass ratio of 7:3 were investigated under
optimum desorption conditions (desorption temperature of 120 °C), and its desorption
profile was tested as shown in Figure 11. The trends in desorption rate and desorp-
tion load profiles were similar to those of the MEA /additive aqueous solution adsor-
bent, but the desorption time was shorter. As the desorption time increased, the des-
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orption load increased and the rate of increase slowed down with time until saturation.
The desorption load generally reached basic saturation at 6 min and the final desorp-
tion load was reached at 12 min when the rate of resolution was almost zero. AEP/n-
propanol (1.00 molCO,-mol~tamine) > AEP/iso-propanol (0.73 molCO,-mol~'amine) >
AEP/sulfolane (0.66 molCO,-mol~'amine). The 30 wt% AEP/n-propanol aqueous so-
lutions of the three adsorbents with AEP as the main component had higher rich phase
desorption loadings and faster desorption rates at a desorption temperature of 393.15 K.
The results showed that the three adsorbents had higher rich phase desorption loadings
than those of the three adsorbents.
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Figure 11. Desorption rate and desorption load of AEP-based absorbent with different additives
(mass ratio is 7:3): (a) AEP/n-propanol; (b) AEP/isopropanol; (c) AEP/sulfolane.

Table 5 shows a comparison of the desorption loadings obtained for MEA-based and
AEP-based absorbent at mass ratios of 5:5 and 7:3, respectively. The aqueous solution of
n-propanol as the additive in both MEA-based and AEP-based absorbents had the highest
desorption load and the fastest desorption rate among the three additive solutions. Because
of the higher absorber load in the AEP-based absorbent, the desorption load is also higher
than in the MEA-based absorbent. However, the absorber desorption rate is slower in the
AEP-based absorbent. After absorption, the absorbent-rich phase is separated by static
separation. The rich absorber phase of the AEP-based absorbent has a higher viscosity than
the MEA-based absorbent. After placing the solution in the desorption unit, the rotor takes
some time to stir smoothly, which affects the initial desorption rate.

Table 5. Comparison of desorption loads of MEA and AEP systems with different additives.

n-Propanol Isopropanol Sulfolane
MEA desl;/{‘iisi;r?tll(())ads 15;)50 05 ;53 05:656
(molCO,-mol~'amine) ’ ’ '
AEP desl;/{‘;stsioritlls.ads ” ” ”
1.00 0.73 0.66

(molCO,-mol~'amine)

3.5. CO; Loading Experiment of Phase Change Absorbent

Absorption load is the total amount absorbed as the absorber reaches saturation
with increasing absorption time. All measurements in this section are rich phase loads,
indicating the amount of CO, absorption per liter of the rich phase of the absorbent, which
is an indicator to test the absorption performance. The homogeneous absorbent is left to
stand after absorbing CO, and is divided into liquid-liquid phases, i.e., the lean phase and
the rich phase.
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3.5.1. Phase Change Absorbent with MEA as the Main Component

The results of the loading size of rich phase CO, for MEA /additives and the relation-
ship between rich phase density and mass ratio are shown in Figure 12. The rich phase
density of different absorbents increased with additive quality.
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Figure 12. Density and load of MEA-based absorbent rich phase (mass ratio is 5:5): (a) MEA /n-
propanol; (b) MEA /isopropanol; (¢) MEA /sulfolane.

From the experimental results shown in Figure 12, it can be seen that different solvent
systems have a great influence on the CO, loading capacity. After the passage of sufficient
COy, the rich phase loading of MEA /iso-propanol ranges from 2.0 to 2.4 mol/L, while the
rich phase loading of MEA /sulfolane and MEA /n-propanol is above 2 mol/L. The rich
phase loading of MEA /sulfolane and MEA /n-propanol is above 2 mol/L. The rich phase
loading did not increase as the proportion of n-propanol increased, with the highest value
occurring around 5:5 at 4.02 mol/L. Although the adsorption loadings of the solutions did
not change much, the rich phase loading decreased due to the increase of CO; in the lean
phase. The MEA /iso-propanol system was similar to the MEA /n-propanol system; the rich
phase load decreases after the peak value (2.32 mol/L) when the mass ratio is 5:5, but the
reduction amplitude is smaller than that of MEA /n-propanol system. The rich phase CO,
loading reached a maximum value of 3.81 mol/L at a mass ratio of 6:4 and then decreased.
The mass ratio of sulfolane to water did not affect the loading capacity of the rich phase,
which may be because some of the CO, products went into the lean phase.

In the MEA /n-propanol system, although the fastest absorption rate was observed
at a mass ratio of 7:3, the highest rich phase loading was observed at 5:5, which had the
highest rich phase loading of the three solutions. The MEA /n-propanol solution with a
mass ratio of 7:3 had a relatively large phase-rich ratio, although the phase-rich loading was
also larger. In addition, the solidification temperature range of sulfolane between 21.8 °C
and 27.3 °C may affect the adsorption effect. Therefore, combining the above factors, the
MEA /n-propanol system with 5:5 had the best adsorption effect with a suitable rich phase
ratio and ideal loading capacity.

3.5.2. Phase Change Absorbent with AEP as the Main Component

The results of the magnitude of the phase-rich CO; loading of AEP/additives and
the phase-rich density versus mass ratio are shown in Figure 13. The rich phase densities
of the different absorbents all increased with the increase in additive mass. It was found
that the maximum rich phase CO, loading was achieved at a mass ratio of 5:5, and the
minimum loading of AEP /n-propanol was 0.71 mol/L. In contrast, the minimum loadings
of AEP /iso-propanol and AEP /sulfolane were 0.49 mol/L and 1.12 mol/L, respectively.
The maximum loading of AEP/sulfolane system at 7:3 was 1.56 mol/L, which was higher
than that of AEP/n-propanol at 0.99 mol/L. However, the rich phase ratio was too large,
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Density of rich phase (mleg™")

the viscosity was high, and the sulfolane, which was a solid at room temperature, had to be
melted before use, which consumed more energy and was unsuitable for recycling in the
actual process.

Figure 13. Density and load of AEP-based absorbent rich phase (mass ratio is 7:3): (a) AEP/n-
propanol; (b) AEP/isopropanol; (c) AEP/sulfolane.

Table 6 shows a comparison of the maximum points of the rich phase loading capacity
of the MEA and AEP systems with different additives. In general, the phase rich load of the
MEA system is larger than that of the AEP system. After phase separation, the rich phase
viscosity of the AEP system absorbent is obviously greater than that of the MEA system,
and the high viscosity is not conducive to material transfer in solution and also affects the
chemical reaction in the loading experiment. In practical application, when the rich phase
viscosity of the absorbent increases, the heat transfer area of the rich and lean liquid needs
to be changed, and the heat load of the reboiler increases, thus increasing the generation
energy consumption.

Table 6. Comparison of rich phase loads of MEA and AEP systems with different additives.

n-Propanol Isopropanol Sulfolane
MEA Mass ratio 5:5 5:5 6:4
Rich phase load (mol/L) 4.02 2.32 3.81
AED Mass ratio 7:3 7:3 7:3
Rich phase load (mol/L) 0.99 1.07 1.56

4. Discussion

The CO; adsorption performance of the MEA-based system had a maximum value of
0.65 molCO,-mol ~!amine with n-propanol as an additive and a phase separator to water ra-
tio of 5:5, while the CO; absorption performance of the AEP-based system had a maximum
value of 2.03 molCO,-mol~!amine with n-propanol as an additive and a phase separator
to water ratio of 7:3. Among the similar results reported so far, Zhang et al. [47] reported
that the cyclic capacity of the CPCA with 30% MEA + 30% 1-propanol + 40% H,O was
1.70 mol/kg, and Li et al. [37] proposed a novel biphasic solvent of AEP/1-propanol/H,O
solution (under the optimal ratio of m (AEP):m (1-propanol):m (H,O) = 2:4:4), and the ab-
sorption capacity was 1.26 molCO,-mol~'amine. The experiments in this paper contain
less water components in the dosage of the absorbent, which theoretically has a lower
energy consumption while maintaining the existing excellent CO, absorption performance
because the latent heat of vaporization of water is reduced.

The lower the rich phase of the absorber after phase separation, the lower the flow rate
of the solution into the desorber for regeneration in the process, and the more favorable to
reduce the regeneration energy consumption. In addition, the AEP/n-propanol solution
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has a relatively low rich phase ratio of 0.46 at a ratio of 7:3, which is a relatively excellent
performance in reducing energy consumption.

Phase change absorbers have higher viscosities compared to typical chemical absorbers.
Xu et al. [50] measured the viscosity of a formulated 4M DEEA /2M BDA absorber at an
absorption temperature of 40 °C, which was increased by a factor of 6 compared to the
commonly used 30% WMEA single-phase absorber. The viscosity of the phase-rich phase
of the AEP system absorber was significantly higher than that of the MEA system absorber
after phase separation. After phase separation, the viscosity of the rich phase of the AEP
system absorber is significantly higher than that of the MEA system absorber, which may
be inconvenient for the transfer of substances in solution and affect the chemical reactions
in the loading experiments. In practice, when the viscosity of the absorbent rich phase
increases, the rich-rich heat exchange area needs to be changed because the heat exchange
of the heat exchanger will be affected [51], and the above series of reactions increase the
heat load of the reboiler, which in turn increases the regeneration energy consumption.
However, high viscosity is beneficial for better phase stabilization of the absorber after
CO, absorption, so that a separation state can be maintained between the CO, absorbed
rich liquid and the unreacted absorber-lean liquid, which is helpful for the subsequent
separation operation. Moreover, a larger viscosity allows the absorbent to flow more slowly
during the reaction process, thereby prolonging the contact time between the CO; and the
absorbent and potentially improving the efficiency of CO, absorption.

Considering the one-time investment, operation cost, energy consumption, waste
disposal, and other factors, the chemical absorption method can effectively bring out the
advantages of comprehensive utilization of waste heat in iron and steel enterprises. It can
make good use of low-temperature thermal mass, minimize investment, and improve prof-
itability. Compared with the traditional absorption method, the phase change absorption
method can reduce the regeneration energy consumption of the system, which is consid-
ered a CO; capture technology with great development potential. However, problems such
as high enrichment ratio, high solution viscosity, and high volatility still exist. Currently,
research in this field focuses on screening better absorbers by changing the composition,
but systematic studies on the kinetics of phase separation time after absorption and how to
reduce volatility and viscosity are still lacking and need to be carried out in depth to ensure
the maximization of benefits and further industrialization and promotion.

5. Conclusions

In this work, based on 30%wt MEA and 30%wt AEP, different absorbents were pre-
pared to test the absorption effect of CO,, and the regeneration performance of absorbents
was tested using the thermal desorption method. The load test results calculated the load
capacity of different absorbents. In this paper, the phase separation mechanism of different
absorbent systems is also analyzed, and the changes in rich phase density and rich ratio
of each phase transition absorbent after phase separation are studied. Finally, the phase
change absorbent suitable for CO, absorption was selected based on the results. The main
conclusions are as follows:

1. Different absorbents were mixed based on 30%wt MEA and 30%wt AEP. The phase
separation mechanisms of the different absorbent systems were analyzed, and the
changes in physical properties, such as rich phase density and rich phase ratio of
each phase change absorbent after phase separation were investigated. It was found
that, with the increase in additive content, different types of absorbents showed the
law that the volume of the rich phase gradually decreased, the ratio of the rich phase
gradually decreased, and the density of the rich phase gradually increased.
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2. The CO; phase change absorption effect was experimentally tested. The results
showed that the MEA phase change absorbent had the best absorption effect when
the mass ratio of additive to water was 5:5. In contrast, the AEP system had the best
absorption effect at 7:3. The absorption effects of different phase separators were
as follows: n-propanol > sulfolane > iso-propanol, and AEP /n-propanol/H,O (7:3)
had a maximum absorption load of 2.03 molCO,-mol~!amine. The AEP/n-propanol
absorbent at 7:3 had excellent absorption load and a relatively low rich phase volume
ratio of 0.46.

3. The loading capacities of different absorbents were calculated based on the results of
the loading tests. It was concluded that the rich phase loading capacity of the MEA
system is greater than that of the AEP system, and the maximum loading capacity of
the MEA /n-propanol/H,O (5:5) system was 4.02 mol /L.

4. The regeneration performance of the absorbent was tested by the thermal desorption
method, and the results showed that the desorption load of the n-propanol aqueous-
rich phase in the absorbent was higher, and the desorption rate was fastest at the
temperature of 393.15 K. Compared with the MEA system absorbent, the AEP system
absorbent had a higher desorption load but a slower desorption rate.
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Abstract: Top seals and overburden above reservoirs at geological carbon capture and storage (CCS)
sites can be major concerns when they are at risk of being mineralogically and texturally unstable
in the presence of high-pressure CO,. Here we report on the pore systems, mineralogy, and surface
area attributes of the Palaeocene Lista Shale, the caprock to the Mey Sandstone at the UK’s planned
East Mey CCS site. The core was logged, and then mineral quantification was undertaken with X-ray
powder diffraction mineralogy, light optics and electron microscopy analyses. Laser particle size
analysis was used for grain size determination. Porosity, pore throat diameter, surface area and pore
body size were measured via mercury intrusion porosimetry and nitrogen adsorption analyses. The
mudstone facies from the Lista Shale are dominated by smectite-rich matrix and silt-grade quartz,
with small quantities of chlorite and sodic-plagioclase. Chlorite, sodic-plagioclase, and even smectite
are known to be capable of reacting with, and potentially leading to mineral sequestration of CO,.
The mean pore throat and pore body diameters are 17 and nearly 18 nm, respectively, showing that the
Lista is mesoporous; the similarity of pore body and pore throat dimensions reveals a predominance
of plate and slit pores. Gas adsorption analyses revealed that the overall pore structure is complex,
with a high tortuosity of fluid movement through a complex clay-rich matrix (this equates to a mean
fractal dimension D2 value of 2.67). Gas adsorption analyses have also shown that grain surfaces
are moderately complex (rough) due to the dominance of clay aggregates (this equates to a mean
fractal dimension D1 value of 2.56). D2 being higher than D1 suggests that there is a relatively low
potential to physically store CO, gas on grain surfaces. Conversely, the ability of the CO, to react
with minor quantities of chlorite and sodic plagioclase, or even with smectite, could lead to increasing
surface area of the remaining shale minerals with newly exposed reactive silicates leading to further
enhanced mineral trapping of the injected CO;. The restricted pore throat size linked to small grain
size and poor sorting, and reflected by the high fractal D2 value, plus limited grain surface complexity,
reflected by the low fractal D1 value, collectively suggest that mineral trapping of the injected CO,
would be relatively slow (on the order of 1000s of years) if CO, penetrated the top seal.

Keywords: caprock; top seal; carbon capture; smectite; surface area; pore throat diameter; pore body
size; porosity; permeability

1. Introduction

Mudstones represent a major control of fluid flow in sedimentary basins and in
near surface environments. Mudstones routinely function as aquicludes or aquitards
in sedimentary basins, restricting water movement patterns [1]. In petroleum systems,
mudstones act as top seals to many hydrocarbon reservoirs [1,2]. Mudstones are now
recognised as important controls on the vertical flow and trapping of CO; in carbon
capture and storage (CCS) sites [3].

The success of long-term carbon dioxide (CO,) storage in geological formations is
typically expected to require a strong containment system for the injected CO; [4]. An
important element of the containment system is the top seal stratigraphically above the
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storage formation [4]. Unlike during the appraisal of oil or gas discoveries, where a suc-
cessful top seal can be assumed, it is essential to characterise and understand the top seal
at any potential CO, storage site to minimise the risk of CO, leakage. Top seal characterisa-
tion involves the use of a range of methods to assess the petrophysical, geochemical and
geomechanical properties.

Petrophysical properties, including porosity, pore structure and permeability, are
potentially affected when, or if, mudstone interacts with CO, [5,6]. It has been suggested
that the storage capacity of CO, by mudstone can be reduced due to reaction with CO, [7].
Significant mineralogical alteration in mudstone has been reported in several studies of
CO; injection [6-9]. The reported alterations in mudstone structure were partly caused
by the dissolution of CO, in formation waters, that subsequently generates carbonic acid,
with the latter leading to induced mineral dissolution and precipitation processes [6,10].

One of the essential parameters that control interaction processes at an aqueous fluid-
solid interface is a specific surface area [11]. Clay minerals tend to have the highest specific
surface areas of any mineral group in sediments, sedimentary rocks and soils due to their
small grain size and complex crystal morphology [11]. Here we seek to characterise the
specific surface area, mineral composition, and both the primary (depositional) and
secondary (diagenetic) factors that influence essential properties such as pore structure,
pore throat diameter, and grain size distribution, in the top seal of a proposed CCS
project at the Palaeocene East Mey formation in the UK North Sea, as part of the larger
Acorn project.

The Acorn project, one of several CCS initiatives currently progressing in the
UK [12,13] aims to utilise the Palaeocene Mey Sandstone Member as a storage site within
an open saline aquifer located in the Moray Firth Basin in the North Sea, offshore UK
(Figure 1A) [14]. The Palaeocene Lista Shale serves as the top seal for the Mey Sandstone
Member. Risk assessment of the East Mey storage site was conducted by the Acorn research
and technical team to define leakage potential and threats of leakage from, for example, an
undetected open fault or a leaky abandoned well [13]. Notably, in the study area, leakage
via geological factors was perceived to be less likely to happen than leakage via old aban-
doned wells [13]. Nonetheless, to understand and minimise the risk of possible leakage
potential of CO, from the underlying reservoir via the top seal, we have undertaken a full
characterisation of the Lista Shale top seal.

A general question of relevance to all future CCS projects is what rock characteristics
and specific aspects of a seal’s geological history result in a good seal at a CCS site. This
question will be addressed here by reference to the Lista Shale. A synthesis is presented
at the end of the paper that draws on the Lista Shale results and interpretation as well as
the outcomes of several related studies. Characterising the top seal involves a combination
of core analysis, petrographic assessment, and mineral quantification with pore system
analysis. In this study, fractal dimension analysis has been applied to examine the pore
surface and pore structure of the Lista Shale. The specific research questions that we have
answered for the Lista Shale as a potential CCS top seal are as follows:

What are the characteristic pore sizes?

What are the genetic origins of the pore types present?

What is the best way to determine a specific surface area?

What controls reactive surface area?

Are there compositional controls on pore structure and surface area?
Is the Lista Shale likely to be a good seal for the injected CO,?

2. Geological Background

The turbidite-derived stratigraphic intervals of the Cenozoic Palaeogene cycles of
the Central North Sea became economically important in northwest Europe after the first
discovery of the hydrocarbon reservoirs at the Arbroath Field in 1969 and the Forties Field
in 1970 [15,16]. The collection of production and exploration datasets, and variable access
to the core, from the mature North Sea hydrocarbon province has afforded an opportunity
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to investigate regional scale deep water sedimentation and how it is related to tectonic
framework and sea level changes during the Palaeogene in the central North Sea [15]. In
this study, we will investigate the relationship between deep water sedimentation of the
turbidite system with the mineralogical composition in the Lista Shale CCS caprock.

The Chalk, underlying the Cenozoic clastic succession of interest here, was deposited
in the Upper Cretaceous and lowermost Palaeocene (Figure 1). The Ekofisk Formation of
the Chalk Group immediately underlies the mudstones of the Palaeocene Montrose Group,

which is subdivided between the Maureen and Lista Formations [15,17].

NN

Figure 1. (A) Location map of the East Mey storage site in the Outer Moray Firth, Central North Sea,
UK, adopted from the Millenium Atlas [18]. TheStudy area is within the Blair field, specifically at
well 16/21a-13. (B) Lithostratigraphy of the East Mey CO, storage site, with the storage interval
highlighted in red. The reservoir for CO, storage is the Mey Sandstone of the Palaeocene Lista
Formation within the Montrose Group. This study focuses on the Lista Shale as the top seal for the
Mey Sandstone Member.

The Montrose Group is composed of pelagic shales and turbidite sands [15,17]
(Figure 1). The Maureen Formation contains discrete turbidite sandstone horizons (mem-
bers) separated by pelagic shales. The Lista Formation sits above the Maureen Formation
and contains pelagic shales and turbiditic sands. The Mey Sandstone Member, a planned
CCS reservoir, sits within the Lista Formation [15,17]. The pelagic Lista Shale represents
the top seal of the Mey Sandstone Member reservoir [14,19]. To be clear, the Mey Sandstone
Member has also been locally named the Andrew Sandstone Member and the Balmoral
Sandstone Member [14,15].

The Moray Group lies above the Montrose Group (Figure 1), consisting of the Sele
Formation, associated with the Forties Member and the Balder Tuffaceous Member [15,17].
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The thick Quaternary Nordland Group, at the top of the succession, is undifferentiated and
dominated by mudstone, claystone and marls [14,19].

The burial and thermal histories of the East Mey site are relatively straightforward,
with no significant uplift or erosion events identified since deposition commenced in the
Palaeocene (66 to 56 Ma, Figure 2) [14]. The burial depth of the East Mey CCS site, which is
close to the Blair Field, is approximately 6000 to 6600 ft (1800-2000 m), with a present-day
temperature of about 60 to <70 °C [14]. Note that this relatively low maximum temperature,
for a relatively short period of time, implies that mineral diagenesis and fabric alteration
will not be highly advanced as it is only at the earliest stages of mesodiagenesis (burial
diagenesis) [20] (Figure 2).

2500+

5000+

Age

[ ] Early Miocene
__| Oligocene

| | Late Eocene
|| Mid Eocene
75001 [ Early Eocene
[ | Late Palaeocene (The Lista Formation)
[ | Mid Palaeocene

] Early Palaeocene

60 50 40 30 20
Age (Ma)

Figure 2. Burial history from the Early Palaeocene to Early Miocene Epochs of the Cenozoic Era in
the Outer Moray Firth Basin, North Sea, UK. The Hordaland Group extends from the Early Miocene
to Early Eocene age. The Rogaland Group, including the Balder and Sele Formation, are from the
Late Palaeocene age. The Montrose Group including the Lista, Andrew, and Maureen Formation
extends from the Late Palaeocene to Early Palaeocene age. The Ekofisk Formation from the Chalk
Group belongs to the Early Palaeocene age. Based on available evidence, the burial curve for the
Palaeocene is apparently straightforward, showing no significant uplift or erosion events [14]. Due to
limited stratigraphic data for the post-Palaeocene and Neogene sections, a uniform deposition rate

Burial Depth (md_ft)

has been assumed for this interval.

3. Methodology
3.1. Characterisation Workflow

The characterisation workflow used in this study has been adopted from the Armitage
workflow [21]. To start, the core was logged to investigate sedimentary features. Second,
representative core samples were collected from the Lista Formation. Polished thin-section
samples were used to carry out quantitative petrographic assessment via SEM/EDS and
optical microscopy. Mineralogy was determined using XRD analysis. To relate mineralogy
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with porosity, mercury intrusion porosimetry analyses (MICP) and nitrogen gas adsorption
experiments were undertaken to investigate the different pore types and mean pore size
diameters, along with surface area determination (Figure 3). These data were then used for
a risk assessment of the Lista Shale.
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Figure 3. Characterisation workflow chart of the Lista Shale top seal.

3.2. Samples and Data

The Blair Field, within the planned CCS site for the East Mey project, is currently
operated by Harbour Energy PLC (London, UK) [13,14,19]. Well 16/21a-13 has been
selected for this study because, perhaps unusually, the core was taken through sealing
lithologies during the assessment of local petroleum resources. Eleven representative
samples were collected, made into 30 um polished thin sections and were prepared for
backscattered electron microscopy using standard methods (Table 1).

Table 1. Sampling of the Lista Shale from well 16/21a-13 including all methods undertaken in this
study. The symbol (X) refers to samples taken from each technique and md refers to measured depth.

Depth (md-ft) BET MICP XRD Thin-Section  Optical Microscope SEM LPSA
6975 X X X X X X X
6981 X X X X X X X
6982 X X X
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Table 1. Cont.

Depth (md-ft) BET MICP XRD Thin-Section ~ Optical Microscope SEM LPSA
6987 X X X X X X
6989 X X X X X X
6990 X X X X
6992 X X X X X X

6995.5 X X X X X X
7001 X X X X X X X
7005 X X X X X X X
7008 X X X X X X X
7013 X X X
7015 X X X X X X X

7024.5 X X X X X X X

3.3. Lista Formation Core Logging

Approximately 62 feet of core was originally cut from well 16/21a-13. From this core,
approximately 60% was in fine-grained top seal facies of the Lista Formation. For lithology,
grain size, sedimentary structures, bioturbation index (BI), trace fossil and macrofossil
identification, the core was logged at high resolution (mm-scale). The bioturbation index
scale ranges from 0 to 6, where 0 is no trace of bioturbation and 6 represents total bioturba-
tion [22]. Wireline logs were recorded through the reservoir and top seal at the time the
well was drilled (by North Sea Sun Oil Company in 1984) but they proved to be of minimal
help for detailed analysis of the lithology and rock properties during this study as neutron
and shear compressional log data were not collected [14].

3.4. Microscopy

Optical microscopy was undertaken on polished thin sections using an Olympus BX51
microscope with an Olympus SC50 camera employing both plane polarised light (PPL)
and crossed polarised light (XPL) imaging [21,23]. The Olympus BX51 microscope with the
SC50 camera was manufactured by Olympus Corporation, Tokyo, Japan

Prior to electron microscopy, polished thin sections were carbon coated according
to the method used by AlNajdi, et al. [21] to quantify pore shapes. Quantification was
achieved using backscattered electron (BSE) and secondary electron (SE) microscopy on
a Zeiss Gemini 450 SEM System at the Shared Research Facility (SRF) at the University
of Liverpool.

Mineral proportions were determined and mineral maps were produced using sec-
ondary X-ray analysis in a dedicated scanning electron microscopy-energy dispersive
spectroscopy SEM-EDS [14]; in this case, we used the University of Liverpool’s FEI WellSite
QEMSCAN used by [14,24].

3.5. Mineralogy via X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analyses were undertaken to quantify the mineralogy of the
core. Sample preparation was performed according to the standard methods applied at
the University of Liverpool for mineral quantification and clay separation [14,21,25,26].
Mineral quantification was achieved using “HighScore Plus ®” software version 4.9A using
the relative intensity ratio (RIR) method [27], with reference data from the International
Centre for Diffraction Data’s Powder Diffraction File-4+ Release 2022.

3.6. Laser Particle Size Analysis (LPSA)

The value of particle size determination during the analysis of top seals at carbon
storage sites derives from its relation to pore volume and surface area [28]. Large particle
sizes in top seals lead to high pore volumes, which potentially facilitate fluid flow and
diffusion [28]. Linking laser particle size with N, adsorption (see Section 3.8) reveals the
effect of particle size distribution on the gas adsorption process and provides unique insight
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into the relationship between surface area and pore volume measurements. Therefore,
textural data from 14 core samples were acquired using a laser particle size analyser
(LPSA) at the University of Liverpool; see AlNajdi, et al. [21] for details about sample
preparation; the equipment used was a Beckman-Coulter L513-320, manufactured by
Danaher Corporation, California, USA. The data were processed using GRADISTAT version
9.1 to reveal particle size distributions [29,30].

3.7. Mercury Intrusion Capillary Pressure (MICP)

Mercury intrusion capillary pressure (MICP) analysis was used to characterise the
pore system and pore size distribution for the Palaeocene Lista Shale [14]. Eight selected
samples were analysed by MCA services (Cambridge, UK) [14]; see Peng, et al. [31] for
details of the methodology and sample preparation. The relationship between pore throat
diameter and applied pressure was defined by the Washburn equation [32].

Washburn equation : Dpt = (4y cos(0))/Pc 1)

where Dpt is the pore throat diameter, Pc is capillary entry pressure, -y is the surface tension
of the liquid, and 6 is the contact angle in Radians between the specimen surface and
mercury [14,32]. The contact angle varies as a function of fluid types and the specific
mineral; however, the mercury-air contact angle (0) is 141° and the surface tension of the
mercury (v) is 0.48 N/m [14,31,33,34].

3.8. N, Gas Adsorption via BET Analysis

Rock chips from the core were collected from the same depths as those used for LPSA
and MICP analyses; see AlNajdi, et al. [21] and Luffel and Guidry [35] for details of the
methods employed.

Gas adsorption measurements were performed using a Nova4200e surface area anal-
yser, configured according to the static volumetric method to quantify gas adsorption. Prior
to analysis, each sample underwent de-gassing in line with the ISO9277 [36].

The traditional pore diameter model was initially based on the Kelvin Equation (2),
which was subsequently refined by Barrett, et al. [37] to account for multilayer adsorption,
thus making it widely applicable for the calculation of pore diameter within the mesopore
range [37,38]. The Barrett, Joyner, and Halenda (BJH) model describes the phenomena of
capillary condensation within pores [37]:

In(P/(Py) = —(2yVm)/RT(rp — tc) ()

where In(P/P,) is the relative pressure of the nitrogen gas, v is the surface tension of the
bulk, V,, is the molar liquid nitrogen volume, R is the gas constant, T is the temperature at
which the isotherm is calculated (77K), r;, is the pore radius, and ¢ is the thickness of the
adsorbed multilayer film [38,39].

3.9. Fractal Dimension Analysis for Complex Pore Structure and Surface

In recent years, fractal theory has been applied to characterise the heterogeneity of
pore structures in rocks and various other materials [40-50]. AlNajdi, et al. [21] discussed
how to interpret the results of fractal calculations in terms of top seal properties; the same
approach will be employed in this study of the Lista Shale. The fractal dimension index
(D), derived from the N, adsorption isotherm, ranges between 2 (regular/smooth surfaces)
and 3 (irregular/rough surface) [6,51]. The Frenkel-Halsey-Hill (FHH) equation was used
to estimate the D value from Nj adsorption data [52]. Equation (3) presents the FHH
model [51],

InV = (D —3) In (InP,/P) +C 3)

where V is the N, volume adsorbed at equilibrium pressure (cm?), P, is the saturated
vapour pressure, P is the equilibrium pressure (MPa), C is a constant, and D is the fractal
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Core

dimension. D is calculated from the slope of the linear regression correlation between InV
and In(—In(P, / P)).

4. Results

In the following sections, the results from core logging, mineralogical assessment,
petrographic assessment, gas adsorption, mercury intrusion, and particle size analyses are
presented alongside the derived fractal dimensions. The results from each technique will
be interpreted and compared in the discussion section.

4.1. Core Logging

Core samples from the Lista Shale Formation are predominantly mudstone, exhibiting
fine lamination at scales of 1 to 5 mm, with localised turbidite sandstone beds that typically
range from millimetres to centimetres scale (Figure 4). The cores are grey to dark grey and
are locally bioturbated. The bioturbation index is approximately 3, dominated by trace
fossils such as Planolites and Zoophycos (Figures 4 and 5). Traces of slickensides are present
in the core and are associated with localised fractures (Figure 5). Centremetre-sized siderite
nodules are locally present in parts of the core (Figures 4 and 5).

Core 1

6975

Figure 4. Comprehensive core logging of the Lista Shale for well 16/21a-13. The logging scale is based
on 3 ft core sections. The core exhibits a colour range from dark grey to grey and is characterised
by thin laminations at the 1 to 5 mm scale, with significant bioturbation and trace fossils such as
Planolites and Zoophycos. At deeper depths, the grain size transitions to very fine sand. The core is
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interbedded with sandstone laminae and contains siderite and carbonate nodules. Slickensides are
visible within fractures. Three facies” associations were identified: facies association A, which is
dominated by hemipelagic mudstone with thin (5 mm) sandstone beds, representing the basinal
plain in a turbidite fan system; facies association B, characterised by mud-prone heterolithic facies
that are distal and common in the outer fan system; and facies association C, consisting of sand-prone
heterolithic facies, which is proximal and part of the middle fan in a turbidite fan system.

Figure 5. Core images with an indication of the Core sampling points are revealed by the blue circles.

The three facies associations are FA, which is hemipelagic mudstone facies, FB which is mud-prone
heterolithic facies, and FC which is sand-prone heterolithic facies. Each core box is 3 feet long.

4.2. Facies Associations

Six facies were identified in core: unbioturbated laminated mudstone; bioturbated
mudstone; unbioturbated laminated silty mudstone; bioturbated silty mudstone; thin-
bedded, very fine to fine, unbioturbated sandstones; and thicker bedded (10 cm), structure-
less unbioturbated sandstones (Figures 5-7).

Based on the facies classification for the Mey Sandstone Member of the Lista Formation
published by Kilhams, et al. [15], three facies associations, linked to different environments
in the turbidite fan system, are present in the Lista core (Figures 4 and 5).

Facies association A (hemipelagic mudstone) is from the basin plain beyond the
turbidite fan system, dominated by bioturbated mudstones (Figure 7A). Facies association
B (mud-prone heterolithic) is from the outer fan and is dominated by mudstone and silty
mudstone with local thin-bedded sandstones. Facies association B is characterised by
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bioturbation, with traces of Planolites and Zoophycos (Figure 6A—C). Facies association C
(sand-prone heterolithic) is from the mid-fan and is dominated by bioturbated mudstone
with localised 10 cm-thick sandstone beds.

AR — o Fe-Mn-CaCO,
Fibrous aragonite 2

Fe-Mn-CaCO, [
: of

6992 ft

: Zoophycos
Top view lcm Side view lcm

Figure 6. (A) is a core image from mud-prone heterolithic facies association at 6992 ft-md, with
Planolites trace fossil. Images 1, 2 and 3 are optical thin sections of Image (A). In (A1), Radiolaria
microfossils are observed. In (A2), radiolaria are localised around fibrous aragonite cement. In (A3),
chalk is observed which is the milky white round clast shown in image (A). Images (A4-A6) are
high-resolution BSE-EDX images of the chalk in image (A3) showing area of carbonate and iron-
manganese-rich carbonate. (B,C) are core images of Zoophycos trace fossil at 7001 ft-md. (B) is a top
view image of the trace fossil. (C) is a side view image of the Zoophycos.

4.3. Mineralogy and Petrography

Whole rock XRD analysis reveals that smectite is the dominant clay, comprising 20 to
47%, with minor amounts of mica and kaolinite, and trace amounts of chlorite (Figure 8 and
Table 2). The Lista samples are silt-rich, containing between 18% and 53% quartz. Feldspar
silt grains make up 8 to 10% of the samples, with plagioclase (specifically albite) slightly
more prevalent than K-feldspar. Trace amounts of pyrite and calcite were also identified
(Figure 8; Table 2).

Conventional light microscopy revealed the presence of detrital silt-grade quartz and
trace fossils (Figure 9). Light microscopy also showed that radiolaria microfossils are
localised around fibrous aragonite cement (Figure 6(A1,A2)).

Electron microscopy proved to be valuable for characterising the Lista Shale samples.
SEM-EDS images confirmed that the shale is primarily composed of smectite, illite and
quartz, aligning with the XRD results (Table 2). High-resolution backscattered electron
microscopy (BSEM) images identified detrital quartz, K-feldspar and micas (Figure 10A-D).
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Additionally, BSEM revealed the presence of pyrite framboids, which are common in the
Lista Shale (Figure 10A,E), further validating the XRD findings (Table 2).
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Figure 7. (A) is the core image of the hemipelagic mudstone facies at 6987 ft md, showing closed
sutured fracture propagation. Image (A1) is an optical thin section of the fracture area. Images
(A2,A3) are BSE-EDX images of the fracture indicating that the fractures are filled with Fe-Mg-rich
carbonate solution between the original smectite matrix. (B) is the core image of the mud-prone
heterolithic facies at 6995.5 ft-md. BSE images from (B1-B3) show the difference between the silt bed
and coarse silt bed. BSE images (B3) show that there is localised carbonate cement around quartz
grains in the coarse silt bed.

Illite is present (Figure 10F), confirming the XRD results (Table 2). The milky white
sub-rounded clast in the BSEM image in Figure 6A is a fragment of chalk (Figure 6(A3)).
BSEM images in Figure 6(A4-A6) show the composition of the chalk and the Fe-Mn-rich
carbonate around the chalk. In Figure 7, core image A shows closed but sutured fractures
filled with Fe-Mg-rich carbonate solution (Figure 7(A1-A3)). Core image B in Figure 7 is
from mud-prone heterolithic facies association B and is laminated with coarse silt. However,
the laminae are not only different in grain size but also in composition (Figure 7B). The rare
coarse silt laminae are carbonate cemented, with cement localised around detrital quartz
and K-feldspar (Figure 7(B1,B3)).
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Table 2. Mineral analysis through X-ray diffraction (XRD) for well 16/21a-13.

Depth (ft) Quartz K-Feldspar Plagioclase Illite/Muscovite Smectite Chlorite Kaolinite Pyrite Calcite
6975 18 8 6 30 31 3 4 0.5 0
6981 39 6 10 14 24 2 3 0 0
6982 28 9 5 24 27 3 4 0 0
6987 34 6 6 23 22 3 5 0 0.5
6989 33 7 7 21 22 4 5 1 0
6990 36 7 11 14 22 3 6 0 0
6992 22 7 6 23 36 3 3 0 0.5

6995.5 53 10 7 9 9 4 8 0.5 0
7001 27 6 9 16 35 2 5 0 0
7005.9 25 6 5 21 38 2 3 0.5 0
7008 52 5 9 9 20 2 2 0 0
7013 20 7 5 23 35 3 7 0 0
7015 30 7 6 11 36 3 6 0.5 0
7024.5 26 6 5 10 47 2 4 0.5 0
2 —— 6975 ft_Ag_Gly
Z 25,0000 _ _ ggg@g%i'fg\y o —_'
2 Smectite-Gly 701311 fAg_Gly
= 16.9A
V0
20,0000 - 6290 M awre
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Figure 8. (A) XRD glycolated clay fraction pattern of the Lista Shale. (B) Mineral quantification of
the Lista Shale from X-ray diffraction (XRD). Smectite and quartz are the dominant minerals in the
Lista Shale.

4.4. Pore Types

Based on the classification for CCS top seals proposed by AlNajdi and Worden [23],
two distinct pore types were observed (Figure 11). Interparticle pores are common between
clay minerals (smectite) and silt grains composed of mica, quartz and feldspar (Figure 10A).
Other types of interparticle pores are slit pores between the stack of clay aggregates
(Figure 10B,D), or plate pores between clay platelets (Figure 11C,E). The intraparticle pores
are primarily located within pyrite framboids (Figure 11F).

A schematic illustration is shown in Figure 11, linking the pore types to the adsorption
process of liquid nitrogen and their ability to adsorb and store gases; this will be further
addressed in the discussion section.

4.5. Particle Size Analysis (LPSA)

Particle size analysis reveals a range of unimodal, bimodal and polymodal distri-
butions, with unimodal being dominant. Samples tend to be poorly sorted (Figure 12A;
Table 3). The particle size varies from very fine medium silt to medium silt. The distribution
of grain sizes ranges from sandy silt to silt. The mean grain size, also determined using
the Folk and Ward method in GRADISTAT, is 7.08 um (Figure 12B), representing very
fine silt-grade material given that the boundary between clay and silt is 4 um. The mean
sorting, calculated using the Folk and Ward method, is 1.45 ¢, indicating very poorly sorted
primary sediment [24].
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Figure 9. Optical and SEM-EDS images of the Palaecocene Lista Shale samples. The mineralogy
quantification from SEM-EDS images at 2 um resolution indicates that smectite and illite are the
dominant minerals in the Lista Shale. However, at certain depths of the core such as 6981 ft, 6991 ft and
7005 ft (all measured depths), the quartz is notably dominant along with K-feldspar and plagioclase.
Optical images of the Lista Shale in plain polarised light (ppl) and cross polarised light (xpl) show
the distribution of detrital quartz grains within the fine grain matrix (smectite).

Figure 10. Backscattered electron images for well 16/21a-13. SEM-BSE Images: (A) polished section
showing detrital quartz grains and pyrite framboids; (B,C) showing the presence of detrital quartz

grain in the smectite matrix; (D,E) showing the compaction of the detrital quartz grain and micas
within smectite matrix; (F) showing the presence of illite within the smectite matrix.
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Figure 11. SEM images revealing pore type: (A) interparticle pores between grains; (B) interparticle
slit pores in clay matrix; (C) interparticle plate pores between clay platelets; (D,E) SEM-BSE images of
interparticle slit- and plate-pores; (F) intraparticle pores between pyrite framboids. The third column
of the figure (G,H) represents a schematic illustration of the adsorption processes.
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Figure 12. Grain size distribution from laser particle analysis (LPSA) for well 16/21A-13. (A) Data
from LPSA show unimodal to bimodal type of the sediment, and the maximum grain size is medium
sand (500 pum). (B) Display of proportions of sand, clay and silt from LPSA: interestingly for a unit
formally named a shale, most samples fall in the silt category with some in the sandy silt category.
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Table 3. Summary of results from nitrogen adsorption-desorption isotherms, MICP and LPSA, along
with sorting and mean grain size (MGS) data. The surface area, pore volume and pore diameter
measurements are obtained using the BET and BJH models for the Lista Shale from well 16/21a-13.
Sorting and grain size data were analysed using GRADISTAT version 9.1, based on the Folk and
Ward method [29]. ND: not determined for this sample.

BET Measurements MICP Measurements LPSA Measurements
Multi . Average
Depth (ft) BET S:rl f]:ce BJH Pore BJH Pore A\;’e‘)r;ge MICP M;:::n Pore Total Pore MGN
Surface Volume Diameter . . . Throat Area Sorting ®
Area Arzea (cclg) (am) Diameter Porosity Diameter Diameter (m?/g) (um)
2 (m?/g) (nm) (MICP)
(m?/g) (nm)

6975 13.32 13.35 0.066 3.16 17.55 15.00 0.014 15.1 21.24 1.22 4.64
6981 11.41 17.21 0.071 3.16 18.68 15.71 0.013 14.07 23.99 1.19 4.22
6982 11.56 16.26 0.062 3.16 17.3 ND ND ND ND 12 3.65
6987 7.06 10.93 0.048 3.14 18.49 ND ND ND ND 1.33 4.12
6989 7.35 11.00 0.045 3.12 17.47 ND ND ND ND 2.13 8.87
6990 4.11 7.34 0.031 3.40 17.84 14.15 0.018 23.53 12.56 2.51 19.46
6992 12.10 15.71 0.067 3.16 16.89 ND ND ND ND 1.19 4.86
6995.5 4.56 7.66 0.029 3.16 17.68 ND ND ND ND 2.17 23.63
7001 10.87 16.28 0.061 3.12 18.13 15.74 0.013 14.64 23.07 121 5.05
7005.9 11.05 16.32 0.062 3.16 18.23 16.33 0.014 14.74 24.12 1.37 4.47
7008 11.61 17.07 0.061 3.14 18.3 17.02 0.016 17.46 21.2 12 3.84
7013 11.22 16.17 0.058 3.12 18.19 ND ND ND ND 131 5.06
7015 11.81 16.90 0.065 3.16 17.58 16.25 0.013 13.68 25.52 1.18 3.54
7024.5 9.87 15.00 0.064 3.14 17.53 15.45 0.012 13.78 23.96 116 3.76

4.6. Mercury Intrusion Porosimetry (MICP)

Mercury intrusion porosimetry (MICP) analysis was performed on eight samples
(Figure 13B). The results, presented in terms of pore throat diameter and listed in Table 3,
also include the derived mercury intrusion-derived shale porosity values.
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Figure 13. Part (A) shows the BJH pore size distribution for well 16/21a-13. The Lista Shale is
primarily dominated by mesopores as indicated by the increase in partial pore volume, with minimal
micropores and no evidence of macropores. Part (B) displays the pore throat distribution from
mercury intrusion porosimetry (MICP) analysis for eight samples. The pore throat size distribution is
unimodal, with an average size of 17 nm.

The average pore throat diameter of the Lista Shale is 17 nm. The porosity values
determined by MICP range from 14% to 17% (Table 3), with the average porosity being
approximately 16% (Table 3).
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volume(STP)

4.7. Pore Structure

Adsorption involves holding the gas molecules on a thin layer on the solid surfaces,
while desorption is the process whereby adsorbed gas molecules are released from the
surface [36]. According to the International Union of Pure and Applied Chemistry (IU-
PAC), the nitrogen gas adsorption isotherms observed in Figure 14 are classified as type IV,
typical of mesopore adsorbents [39,53]. As the relative nitrogen pressure increases, multi-
layer adsorption occurs, resulting in a characteristic “knee-bend” shape on the adsorption
isotherm. In Figure 14, this knee-bend shape indicates the transition from monolayer to
multilayer adsorption. Gas in the mesopores and macropores begins to condense at higher
relative pressures. As the relative pressure decreases, desorption occurs, and the amount
of adsorbed gas reduces. Following desorption, the desorption curve coincides with the
adsorption curve on the declining pressure path, forming a hysteresis loop. The shape
of the hysteresis loop is type H3, which suggests the presence of open-type pores (e.g.,
between plate-like particles) or wedge-shaped slit pores [54,55] as shown in Figure 11B,C.
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Figure 14. The N, adsorption-desorption isotherms at liquid nitrogen temperature (—197.3 °C) for
gently crushed and sieved samples of the Lista Shale from well 16/21a-13 exhibits a type IV isotherm.
This shape suggests that the pores span across micropores, mesopores and macropores.

Surface area and pore volume analyses, presented in Table 3, were calculated using
the BET and BJH models. The bulk surface area ranges from 4.1 to 13.3 m?2/ g, while the
pore volume derived from nitrogen adsorption ranges from 0.029 to 0.071 cm®/g (Table 3).
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The pore body size diameters reported here are derived from the BJH model and
based on the pore diameter classifications defined by IUPAC [53]. The partial volume of
each pore diameter (dV/d(logD)) is plotted, and the area under the curve between two
pore diameters can be used to assess the partial porosity for each pore size range [34]. The
classification includes macropores, mesopores and micropores [35,56]. The results show
that the dominant pore size falls within the mesopore range (Figure 13A), with an average
overall pore body diameter of 17.84 nm (Figure 13A), which is similar to the pore throat
diameter obtained from MICP analysis (Table 3).

4.8. Fractal Dimension Analysis Using Gas Adsorption Data

The adsorption isotherms were used to perform fractal dimension analysis using the
Frenkel-Halsey-Hill (FHH) fractal model [6,21,51]. The standard adsorption and desorption
isotherms typically merge in the relative pressure range of 0.40 to 0.45 (P/P,) [6]. Conse-
quently, the fractal dimension is derived from two distinct regions of the adsorption relative
pressure (Figure 15) [6,21,51]. The first fractal region, referred to as D1 (Table 4), represents
the pore surface and occurs at relative pressures below 0.45 [6,21,51]. The second fractal
region, D2 (Table 4), represents the pore structure and is observed at relative pressures
above 0.45 [6,21,51]. The fractal dimensions (D1 and D2) were calculated from the BET
data, with R? (correlation coefficient) values for the fitted lines exceeding 0.9, confirming
that the pores and surfaces possess fractal characteristics. The fractal dimension of the pore
surface (D1) ranges from 2.4 to 2.6, indicating that some pore surfaces are smooth while
others are irregular [21,51,56] (Table 4). The fractal dimension of the pore structure (D2)
is around 2.7, suggesting rougher pore structures [21,51,56] (Table 4). Notably, the fractal
dimension D2 is higher than D1 (Table 4).

Table 4. A summary of the FHH fractal model-fitted lines derived from the adsorption isotherms
of representative samples, chosen based on their relative surface areas. The fractal dimension D1
characterises the pore surfaces for relative pressures (P/P,) less than 0.45, while D2 characterises the
pore structures for relative pressures greater than 0.45. All depths are measured as opposed to true
vertical depths.

S ) Fractal Dimension of Pore Surfaces (P,/P < 0.45) Fractal Dimension of Pore Structure (P,/P > 0.45)
ampe D1 Fitted Equation R2 (1) D2 Fitted Equation R? (2)
6975 ft 2.60 y = —0.2723x + 2.7876 0.999 2.72 y = —0.3924x + 2.7611 0.999
6981 ft 2.55 y = —0.3372x + 2.4631 0.998 2.66 y = —0.4469x + 2.4355 0.999
6982 ft 2.59 y = —0.3199x + 2.4856 0.999 2.68 y = —0.4052x + 2.4646 0.999
6987ft 2.48 y = —0.3777x + 1.8578 0.999 2.62 y = —0.5120x + 1.823 0.999
6989 ft 2.52 y = —0.3389x + 1.9949 0.998 2.66 y = —0.4703x + 1.9612 0.999
6990 ft 2.59 y = —0.3199x + 2.4856 0.999 2.68 y = —0.4052x + 2.4646 0.999
6992 ft 2.62 y = —0.3038x + 2.5429 0.996 2.69 y = —0.3701x + 2.5377 1.000
6995 ft 2.45 y = —0.3531x + 1.495 0.998 2.64 y = —0.5482x + 1.4054 0.999
7001 ft 2.57 y = —0.3095x + 2.4844 0.999 2.69 y = —0.4290x + 2.4449 0.999
7005 ft 2.56 y = —0.3221x + 2.4587 0.999 2.67 y = —0.4386x + 2.4218 0.999
7008 ft 2.57 y = —0.3120x + 2.5444 0.998 2.68 y = —0.4294x + 2.5148 0.999
7013 ft 2.60 y = —0.2955x + 2.5525 0.998 2.70 y = —0.3945x + 2.5204 0.999
7015 ft 2.57 y = —0.3285x + 2.4903 0.999 2.67 y = —0.4281x + 2.4619 0.999
7024 ft 243 y = —0.4500x + 1.9379 0.999 2.55 y = —0.5688x + 1.8917 0.999
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Figure 15. The FHH fractal [6,51] fitted curves for InV vs. In (—In (P, /P)) for the Lista Shale from well
16/21a-13. At relative pressures below 0.45 (highlighted in blue), a monolayer adsorption process
occurs, dominated by Van der Waals forces. At relative pressures (highlighted in orange) above 0.45,
the adsorption shifts to a capillary condensation process governed by surface tension, which reflects
the pore structure. The highlighted green relative pressure points confirms that D1 and D2 have
fractal dimensions with a correlation of 0.8. All depths are reported as measured depths.

5. Discussion
5.1. Mineralogy and Depositional Environment of the Lista Shale CCS Top Seal

The Lista Shale is finely laminated at the millimetre scale, suggesting fluctuating water
flow velocities during its deposition (Figure 4). The presence of microfossils such as rare
foraminifera (Figure 9), and radiolaria (Figure 6(A1)) and trace fossils such as Planolites
(Figure 6A) and Zoophycos (Figure 6B,C) show that the Lista sediments were deposited in
deep marine environmental settings [57,58]. Zoophycos is a trace fossil, feeding burrow with
a worm-like shape commonly found in turbidite deep marine rock strata [59].

The core samples are dominated by smectite and quartz (Figure 8; Table 2). The
quartz percentage varies throughout the core which relates to the shale interbedded with
sandstone deposited as stacked lobes of middle and outer fan sediments (Figure 4). The
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variation in the thickness of sand input throughout is a characteristic of the Palaeocene
turbidite system in the North Sea (Figure 4) [15,17,60]. Mudge and Bujak [60] indicated that
the majority of sands associated with the Lista Formation are more widespread than the
overlying Sele Formation, even though they are present in a similar area, suggesting a link
to the original Mesozoic graben structure rather than the Cenozoic tectonic regime [15,61].

Three facies” associations were identified: (A) hemipelagic mudstone; (B) mud-prone
heterolithic; and (C) sand-prone heterolithic (Figures 4 and 5). The term heterolithic partic-
ularly means alternating lithotype of layers, usually sand and mud [62]. The hemipelagic
mudstone facies association is interpreted as basin floor deposits (Figure 4) without signifi-
cant sand influx and the average grain size is clay (Figure 12) [15]. The term hemipelagic
refers to a combination of gradual gravity sinking of very fine sediment, in this case with
a mean grain size of 7 um, and fine sediment delivered at the tail end of a flow event
of material from a shelf towards an abyssal plain. Chalk debris flow occurs regularly as
sub-rounded clasts within the mudstones (Figure 6A). The mud-prone heterolithic facies
association is dominated by pelagic mudstone; the sandstone beds are usually thin (cm
scale), and the average grain size is silt (Figure 12) [15]. The sand-prone heterolithic facies
association is a mixture of sandstone and pelagic mud.

Mudstone and the grain size varies from clay to very fine sand (Figure 12) [15]. The
sand-prone heterolithic facies are here interpreted as being marginal to the main sand
channel in the turbidite fan system (Figure 4) [15].

In well 16/21a-13, core depths from 6974 ft to 6988 ft-md (measured depth) are part of
a hemipelagic mudstone facies association and the core is dark grey, finely laminated, and
contains trace fossils (Figures 4 and 5) along with traces of siderite nodules identified in
thin sections and SEM-EDS (Figure 8). At core depth 6987 ft-md, a complex sutured fracture
was observed (Figure 7A) suggesting that this part of the core is a damage zone related to
an ancient and natural fault [63]. In general, a fracture damage zone is defined as a zone
surrounded by fractures, showing grain breakage, concomitant reduction of grain size,
change in clay mineral orientation, and increase in crack density [63]. The main fractures
in the core are branching and localised in the clay-rich layers and are developed around
more competent detrital quartz grains and pyrite (Figure 7(A1)) [63]. The fractures were
initially open, possibly due to early tectonic activity linked to rifting and extension [15];
the fractures were then diagenetically filled with Fe-Mg-rich carbonate pieces of cement
(Table 2) (Figure 7(A1-A3)). There are traces of slickensides associated with the damage
zone suggesting some degree of shear as well as extension. Fractures cannot be ignored
when it comes to assessing the integrity of the caprock for CCS projects, as fractures can play
a major role in being conduits to flow movements and permeability pathways. Although
the fractures evident in Figures 5 and 6A seem to be tightly cemented, they will have
different geomechanical properties to the more clay-rich sections of the core and might
be more susceptible to brittle failure under the new stress regime imposed when CO,
is injected.

Core depths from 6991 to 6996 ft-md are part of the mud-prone heterolithic facies
association, which is here attributed to outer fan deposits (Figure 5). At core depth 6995.5 ft-
md, XRD data (Table 2) and BSE images show localised carbonate cement in the coarse
silt beds, whereas the finer silt beds do not have calcite cement (Figure 7(B1-B3)). Calcite
cementation of coarse silt is a common part of the diagenetic process in the Lista Formation;
the origin of the calcite is unclear but it may be related to dissolved and reprecipitated
calcite bioclasts or local redistribution favoured by the coarser grain of the cemented
intervals [15]. The calcite in the coarse siltstone makes up 0.6 to 7.2% of the interval [15],
which makes it potentially concerning when it comes to the integrity of the caprocks as
part of COp-mineral interaction could lead to calcite dissolution [21].

5.2. The Genesis and Evolution of Pore Types in the Lista Shale CCS Caprock

A combination of primary sedimentary and secondary diagenetic processes leads
to various pore types in mudstones [64]. Diagenetic processes during compaction and
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cementation influence the presence of both primary and secondary pores in these rocks.
Clay-rich sediments like mudstones and shales are known to exhibit high porosity (e.g.,
up to 60 to 80%) at the time of deposition [2,23,65,66]. Currently, the porosity of the Lista
Shale is approximately 16%, as indicated by MICP data (Table 3) and porosity data derived
from density logs [14]. When compared to typical mudstone compaction curves, a porosity
of 16% is common for rocks buried at around 6600 ft-true vertical depth.

Pores in the Lista Shale, after burial and diagenesis, include interparticle pores
(Figure 11A-E), which are primary pores located between grains [23,64,67]. Interparti-
cle pores between smectite platelets and between smectite and silt-grade materials are
visible in SE images (Figure 11A,B,E). Intraparticle pores are observable in high-resolution
images within pyrite framboids (Figure 11F). Primary interparticle porosity is the dominant

pore type (Figure 11).
5.3. Pore Size Distribution in the Lista Shale CCS Caprock

Different aspects of pore size and structure are recorded by different analytical tech-
niques. Different uses of the terms pore radius and pore diameter following mercury
intrusion (MICP) and gas adsorption techniques in the literature tend to cause confu-
sion [68,69]. For clarity, we will designate measurements from mercury intrusion as “pore
throat diameter” and pore size measurements from N, adsorption as “pore body diame-
ter” [21].

N, adsorption and MICP have different detection limits; MICP measurements can
detect pore throats as small as 3.56 nm [68,70] (Figure 13B). At high mercury pressure,
the rock fabric may be altered, potentially causing particle breakage and the opening of
previously sealed pores [68,69]. The smallest pore body diameter detected by N, adsorption
is 3.1 nm, while the largest detectable pore size using N adsorption is 106.5 nm (Figure 13A).
Despite the limitations of MICP and N, adsorption measurements, it has been suggested to
combine both fluid invasion methods to characterise the full range of pore size distributions
(Figure 16) [21,68,69,71].
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Figure 16. A combination of MICP and N, adsorption pore size distribution curves for well 16/21a-13
has been used to determine the point of connection (POC) between the two datasets. All depths listed
are reported as measured depths.

From the overlapping porosity curves (Figure 16), there is a shared pore size range
covered by the data from both MICP and BJH N, adsorption. This overlap enables the iden-
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tification of the point of connection (POC) between the mercury intrusion and BJH N ad-
sorption curves, providing a complete representation of the pore size scale [21,38,69,70,72].
The overlap physically represents the filling mesopores (body and throats) leading to the
formation of the N, monolayer.

The close correlation between the nitrogen adsorption-derived pore body diameter
and mercury intrusion-derived pore throat diameter (Table 3) suggests that the pores
predominantly resemble slits between grains, rather than narrow pores opening into larger
pore bodies (Figure 11B). This is not surprising, given the H3 shape of the hysteresis
loop which is characteristic of plate-like particles (Figure 14) [54] and considering that the
Lista Shales are composed of plate-like sheet silicates such as smectite, kaolinite and mica
(Figure 11D,E).

The average pore body diameter derived from gas adsorption is 17.84 nm (Figure 13A;
Table 3). According to the IUPAC classification adopted by Rouquerol, et al. [71], the Lista
Shale is predominantly composed of mesopores (2 to 50 nm) compared to micropores
(<2 nm), with few pore bodies falling within the macropore classification (Figure 13A).
Ding, et al. [55] concluded that micropores and mesopores provide the majority of surface
area, facilitating gas adsorption on pore surfaces, while mesopores and macropores ac-
count for most of the pore volume, enabling gas storage as a discrete phase in shale [55].
Therefore, the dominance of mesopore bodies reflects the balance between free gas in
macropore bodies and adsorbed gas in micropore bodies [21,55,73]. Schematic illustrations
in Figure 11G,H show the occupation of free and adsorbed gas in slit pores and plate-like
pores. Adsorption on pore surfaces is crucial for shale gas reservoir quality [74], although
it may have a similarly significant impact on CO; adsorption on the pore surfaces of the
Lista Shale.

The average pore throat diameter measured from MICP is about 17 nm (Figure 13B;
Table 3). According to the classification scheme of pores proposed by [75] and adopted by
Zhang, et al. [69] and AINajdi and Worden [23], the Lista Shale pore throats (Figure 13B;
Table 3) are classified as having a “transitional pore throat diameter” that ranges from 10
to 100 nm. Knowledge of the pore throat diameter, derived from MICP, is crucial for CCS
projects, as it affects capillary entry pressure and the potential escape of CO, [23,76].

5.4. Compositional Influences on the Pore Structure, Surface Area and Fractal Dimensions of the
Lista Shale

Correlation analysis with all the quantitative measurements has been undertaken,
distinguishing negative and positive correlations (Figure 17). We have also derived p-value
significance to identify meaningful correlations. Established statistical methods show that if
the p-value is >0.05, the hypothesis (correlation) is insignificant, and if the p-value is <0.05,
the hypothesis is significant [77]; increasingly low p-values are increasingly significant.
In this research, adopting conventional statistical techniques, we have set the maximum
p-value significance to equal 0.05.

There is a positive correlation between surface area (Table 3 and BJSA and MBSA in
Figure 17) and pore volume (BJPV), which can be explained by the convoluted outlines of
clusters of clay minerals leaving substantial aggregate-marginal, microporosity (that may be
primary or secondary in origin) as well as elevated surface area (Figure 11). Xiong, et al. [78]
reported a similar relationship.

The relationships between fractal dimensions and pore structure parameters are pre-
sented in Figure 17. The correlation matrix shows that fractal dimension D1 (pore surface)
has a positive correlation with fractal dimension D2 (pore structure), which indicates that
the Lista Shale has fractal attributes and that the fractal dimensions, D1 and D2, are not
totally independent; a similar conclusion was reached by Chen, et al. [73]. As expected,
there is a strong positive correlation between D1 and surface area (BJSA), reflecting the
surface roughness (Figures 7B and 17) [51,73].

Clay mineral proportions have been reported to influence mudstone pore volume,
pore structure and surface area [78-81]. There is a positive relationship between the
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dominant clay mineral, smectite and surface area (Figure 17), possibly due to a greater
contribution of interparticle pores in smectite-rich, silt-poor, samples (Figure 10). According
to Saidian, et al. [82], smectite and illite clays usually contribute the highest surface area in
clay-rich rocks due to their sheet-like morphology (Table 2).

Complex clay morphology leads to challenging diffusion and gas flow in the pore
network [83]. The correlation between the pore structure and fractal dimension indicates
that the Lista Shale has a low potential for CO, flow and diffusion due to the complex and
heterogeneous pore structure.
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Figure 17. Correlogram plot for p-value significance tests from XRD, LPSA, fractals, MICP and BET
data. p-values < 0.05 are considered to be significant. p-values > 0.05 are considered to be insignificant
and are marked with a cross () in the figure. Positive correlations are displayed in blue and negative
correlations in red. Colour intensity is proportional to the specific correlation coefficient. Multi
Bet Surface area (MBSA), BJH surface area (BJSA), BJH pore volume (BJPV), average pore diameter
(AVPD), MICP porosity (MICP), median pore diameter (MICPD), average pore throat (AVPT), total
pore area (TPA), smectite content (Smect), chlorite content (Chlr), muscovite/illite content (illite),
kaolinite content (Kaol), quartz content (Qrtz), sorting (Sort) and mean grain size (MGS).

5.5. The Impact of Reactive Surface Area on the Lista Shale Top Seal

The reactive surface area of minerals is a dynamic property that is expected to evolve
over time as geochemical reactions develop; surface area varies from mineral to min-
eral [84,85]. The distribution of reactive surface area of minerals within a rock can signifi-
cantly influence the progress of geochemical reactions during CO; injection [86], which in
turn affects the integrity of the caprock.
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Some minerals in shales, such as quartz or feldspars, can be compact (low surface
area) silt- or even sand-grade grains. Some clay minerals, especially detrital smectite, can
form irregular aggregates or pseudo-grain, which lead to high D1 fractal dimensions and
commensurately high surface area (Figure 17). Other clay minerals, such as chlorite or
kaolinite, can occur as detrital flakes or recrystallised or neomorphic version of detrital
minerals; these tend to have relatively low surface area compared to smectite (Figure 17).
Carbonate minerals [21], albeit not common in the Lista Shale, tend to occur as cement in
pores and probably have fairly low surface area.

Aluminosilicate minerals, such as clay minerals, plus carbonate minerals and quartz
(both detrital and biogenic), can act as pore-filling, or grain-coating agents, and in some
cases, a cementing framework of grains [86-89].

Clay mineral- and feldspar-rich rocks have been reported to exhibit more complex
relationship between CO; /brine and porosity than carbonate rich rocks [86]. For example,
Espinoza and Santamarina [90] described a decrease in total porosity after submerging
kaolinite and montmorillonite in supercritical CO, (ScCOy,). In contrast, Smith, et al. [91]
and Miller, et al. [92] reported an increase in caprock porosity upon exposure to CO, /brine.
Both Miller, et al. [92] and Smith, et al. [91] unexpectedly found that silicate minerals were
more susceptible to reaction in the presence of CO, than carbonate minerals, possibly due
to their relatively larger reactive surface areas. These reactions, in turn, resulted in the
creation of new pores larger than 1 um with notable increase in pore connectivity [86,91,92].
The inverse relationship between pore connectivity and porosity has been attributed to the
roles of clay hydration or preferred mineral reprecipitation in pore throats following disso-
lution [86]. This is analogous to the phenomenon of redistributional secondary porosity
in sandstones leading to reduced permeability [93]. XRD mineralogy data (Table 2) reveal
chlorite and plagioclase, as wells as smectite, that may be reactive to CO; [94], exposing
newly fresh pores which contribute to increased surface area changing the physical and
chemical properties of the caprock.

6. Risk Assessment of the Lista Shale Top Seal
6.1. Seal Capacity and Its Relation to Depositional Environment

Worden, et al. [14] reported the CO; column height for the Rodby Shale top seal to
the Captain Sandstone reservoir at the Acorn injection site, as well as the Lista Shale top
seal based on MICP data. Gibson-Poole, et al. [95] also provided CO; column heights
for localised intraformational seals within the Gippsland Basin in Australia using MICP
data. According to Gibson-Poole, et al. [95], intraformational seals can span a range of
depositional environments from deep marine to fluvial, with CO; column heights varying
from 53 to 1191 m. Figure 18 combines the average CO, column heights published by
Gibson-Poole, et al. [95] for different depositional environments, along with integrated
Lista data from Worden, et al. [14]. Figure 18 demonstrates that the Lista Shale is classified
as intermediate in terms of CO, column height that can be supported before capillary entry
pressure is exceeded.

6.2. Lista Shale Seal Evaluation-Caprock Integrity and Risk of CO; Leaks

In this section, we examine the integrity of the Lista Shale and assess the leakage
risks of CO, from the East Mey sandstone reservoir. The methods applied here have
been adapted from those reported by Espinoza and Santamarina [96] and modified by
AlNajdi, et al. [21] for evaluating the seals of target caprocks at various CCS sites, based on
the petrophysical and mineralogical properties of the caprock, reservoir, and the anticipated
CO; plume. The original approach by Espinoza and Santamarina [96] looked at bulk
properties and so did not consider caprock depositional or diagenetic heterogeneity or
structural discontinuities.

The escape of CO, from reservoir to the top seal plausibly might occur by either
diffusion or advection of CO, [96,97]. Diffusion of CO, is a mechanism controlled by the
difference in CO, concentration (or more accurately its fugacity) between the base and
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the top of a top seal [21]. A maximum permitted or acceptable leak rate was proposed

by Espinoza and Santamarina [96] to be 3 kg/m?3/yr. The rate of diffusion (q%;) can be
modelled by Fick’s Law [98]:

Al = —nD(sxcon) /t @
where n represents fractional porosity (in the Lista, n = 0.16), D is the CO, diffusion
coefficient (here assumed to be D = 1072 m?/s [99]), xcop denotes difference in CO,
concentration driving diffusion, with the maximum assumed value being ~0.044 kg/m?,
and t;, is the thickness of the caprock, which is measured as 15 m for single caprock unit and
100 m for the whole core section based on published wireline logs from the Lista Shale [14].
Given these assumptions and the data for the Lista Shale, the modelled CO; diffusion rate
is about 1.5 x 107> kg/m?/yr, which is considerably lower than the reference leak rate.
Thus, diffusive loss of CO; seems to be unlikely to pose a concern for this top seal.
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Figure 18. A histogram of the average CO; column height for intraformational seals from var-
ious formations across different depositional environments, adapted from data published by
Gibson-Poole, et al. [95] and modified after [21]. According to Gibson-Poole, et al. [95], CO, col-
umn heights were categorised based on their ability to impede CO; flux. The most significant barriers
to CO; flux are fine-grained mudstones from fluvial overbank and back-barrier lagoon deposits.
Intermediate barriers are matrix-rich siltstones and fine-grained sandstones or mudstones from the
lower shoreface to inner shelf depositional environments. The weakest barriers to CO, flux appear to
be interbedded siltstones and fine-grained sandstones from tidal and nearshore marine settings. The
Lista Shale, derived from deep marine fans, is similar to the calcareous Rodby Shale [21], and can be
classified as an intermediate-strength barrier to CO, flux.

Advection of CO, through top seals takes place only if the capillary entry pressure
adv

of the caprock is surpassed [21,96]. The rate of CO, via advection (q¢g;) is affected by
factors such as the pressure difference between the reservoir and the top of the top seal, the
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relative and absolute permeability, the density of CO;, top seal thickness, and the viscosity
of CO;, as determined by Darcy’s Law [100]:

ad p
qCT)‘; = (kk{op Pcon)/ teop (AP — peop-g-tn)) /th 5)

where k represents the absolute vertical permeability (in the Lista, this is 2.59 x 10720 m?,
derived from MICP data and an assumption that ky /ky = 0.01). pcop denotes the mass
density of CO; (assumed here to be 650 kg/ m?3 [101]). Ucoz is the viscosity of CO; (assumed
here to be 0.05 mPa-s). t;, is the thickness of the caprock, which is assumed to be 15 m [14].
(AP — pcop-g-t,) represent the total pressure head, assumed to be up to 10 MPa. The
relative permeability of CO,, k’CO2 is assumed to be 0.64, 0.16 and 0.01, corresponding to
near wellbore conditions (CO,-saturation [S¢,] of 0.8), mid plume (CO;-saturation of 0.4),
and far-field (CO,-saturation of 0.1) assuming that (k{-,) is equal to (S5,)? [96].

The modelled rate of advective flux of COj is illustrated in Figure 19, in the event of
capillary pressure of CO, exceeding the Lista Shale. The rate of advective CO, flux varies
due to different CO; saturations and corresponding relative permeability scaling factors,
which are influenced by distance from the injection well [21]. Near the injection well,
with a 10 MPa CO; pressure difference, the post-breakthrough CO, flux could reach up to
4.2 kg/m?/yr which exceeds the reference leak rate. At several hundred meters from the
injection well, with a 5 MPa pressure difference, the flux may be as high as 0.55 kg/m? /yr.
Further away at many hundreds of meters from the injection well, with 1 MPa pressure
difference, the flux rate could be up to 0.01 kg/m?/yr. The highest risk is clearly in the
wellbore region at 10 MPa pressure and the lowest which are below the reference leak rate
are at 5 and 1 MPa. The greatest is clearly associated with high-pressure CO, injection in
near-wellbore locations, but only if capillary entry pressure is exceeded.
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Figure 19. Analysis of the magnitude of advective flux rate if CO, capillary entry pressure has been
exceeded, adapted from Espinoza and Santamarina [96] and modified after AlNajdi, et al. [21]. The
calculation is based on equations 4 and 5 (refer to text). Here, n represents the fraction porosity (in
the Lista, n is 0.16). D denotes the CO, diffusion coefficient (following convention, we assume D" is
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102 m2 /s [99], xcop is the difference in CO, concentration driving diffusion, with a maximum
assumed value of approximately 0.044 kg/ m3 (representing the difference between maximum and
minimum CO, concentration in water). k refers to the vertical permeability, which in the Lista is
2.59 x 10729 m? (derived from MICP data, with an assumption that kv/kh = 0.01). pcop is the mass
density of CO,, here assumed to be 650 kg/ m?3 [101]. 1oy is the viscosity of CO,, which is taken
to be 0.05 mPa-s. t;, is the thickness of the caprock, assumed here to be 15 m [14]. (AP — pcoz < t,)
is the total pressure head, here set between 1 MPa and 10 MPa. ki, is CO, relative permeability;
calculated for CO; saturations of 0.8, 0.4 and 0.1, representing near-wellbore (meters), mid-plume
(100 s of meters) and far-field (1000 s of meters) conditions, and based on the assumption that (krcoz)
is equal to (S;q,)? [96]. The calculated CO, flux rate in the near-wellbore region, if capillary entry
pressure is exceeded, approaches the maximum reference leak rate of 3 kg/m? /yr, given a pressure
difference (driving force) of 10 MPa. This rate is at the reference leak rate, indicating that advective
loss of CO, through the top seal may be a concern in the near-wellbore region at the highest CO,
saturations and pressures. In general, the risk of leakage diminishes with increasing distance from
the near-wellbore region, as CO, saturation, and presumably pressure difference, decreases.

6.3. Seal Capacity

The effectiveness of geological formations for potential CO, storage can be assessed
by using dimensionless sealing and stability numbers [96]. The sealing number represents
the ratio of the capillary breakthrough pressure, Pc, to the buoyant pressure, AP, which is
determined by the thickness of the continuous CO; plume, & [96],

Sealing number = m; = (PZ) /AP = (PTs cosO Sg pp, )/ (2e hg (pyw — Pco2)) (6)

where 1 is the pore shape factor that ranges from 2 to 4; in the Lista case, it is assumed tobe
3 for slit pores. Ts denotes the interfacial tension between water and CO; (assumed to be
0.03 N/m after Bachu and Brant [102]). 0 is the contact angle formed by the CO,-water
interface on the mineral surface (assumed to be 0.9185 Radians). Ss is the surface area,
(assumed average surface area of the Lista is 9854.5 m? /kg based on BET data, Table 3). The
mineral bulk density p, is assumed to be 2300 kg/m?. ¢ is the void ratio at breakthrough,
here assumed to be 0.6. & is the thickness of the continuous CO, plume (assumed to be
15 m based on wireline log data). g is acceleration of gravity. p, is the mass density of
water assumed to be 1050 kg/m? based on regional formation water data in Warren and
Smalley [103]. pco2 is the density of CO; assumed to be 650 kg/ m? [101].

A sensitivity test was conducted on the range of inputs to the calculated sealing
number of Lista Shale, the dominant parameters as reported by AlNajdi, et al. [21] are
shape factor, surface area and the thickness of CO; plume. The average sealing number
of the Lista Shale is 39 (Figure 20). In comparison to other CCS case studies shown in
Figure 20, the Lista Shale is similar to the Rodby Shale [21] and seems to offer a more
effective seal than for example the Utsira Formation at Sleipner [104] and the regional seal
at Rousse CCS pilot located in France [105]. The Lista Shale is slightly less effective than
the In Salah (Krechba) seal [106].

6.4. Mechanical Stability of the Top Seal

Assessment of the relationship between vertical effective stress, U’ZO, at the reservoir
depth, z, and the buoyant pressure, AP, initiated by CO, plume of thickness h can be
measured via stability number (Equation (7)) [96]. Variation in pore pressure can lead to
changes in vertical effective stress, which can later trigger fault reactivation and generate
new fractures [96].

/ .
stability number = 7> = %20 _ (Zw 8Pw + Z8Poui) — Po 7)

AP hg(p, — Pco2)

where Z;, is the height of the water column above the seafloor (equal to 100 m, based on well
reports). pp,x is the bulk mass density (assumed to be 2300 kg/m?). The sediment column
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Site

Lista, UK

Rodby, UK

SACROC, USA

Frio, USA

Ketzin, Germany

In Salah, Algeria

Rousse, France

Sleipner, Norway

height, Z, is assumed to be 1900 m. P, is the initial fluid pressure at the reservoir-seal
interface (assumed to be hydrostatic pressure at 20.6 MPa).
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Figure 20. Analysis of the mechanical stability and sealing capacity of current and proposed CCS
storage sites, including the Lista Shale [21,104-109] adapted from Espinoza and Santamarina [96] and
modified after AINajdi, et al. [21]. (A) The results from the dimensionless sealing number calculation,
7!, are plotted according to Equation (6). The sealing number for the Lista Shale has been calculated
assuming a pore shape factor () of 3, representing slit-shaped pores. The interfacial tension (T%)
between water and CO is taken to be 0.03 N/m [102]. The contact angle () is 1.00 (Radians). Surface
area (Ss) based on BET data is 9854.5 m?2/ kg (Table 3), while mineral density (p;;) is assumed to be
that of quartz, 2400 kg/ m?3. The void ratio (¢) at breakthrough is assumed to be 0.6. The thickness (/)
of the continuous CO; plume is taken as 15 m based on wireline log data and the approach suggested
by Espinoza and Santamarina [96]. ¢ is acceleration of gravity. py is the mass density of water
assumed to be 1050 kg/m3 based on regional formation water data in [103]. pcop is the density of
CO, assumed to be 650 kg/m3 [101]. In terms of sealing number, the Lista Shale is comparable to
the Rodby Shale [21], has a better sealing capacity than the Utsira Formation at Sleipner [104] and
the Rousse CCS pilot site in France [105] but is slightly less effective than the seal at the In Salah
(Krechba) former CCS site in Algeria [106]. (B) The dimensionless stability number calculation, 7,
is based on Equation (7). Z; represents the water column height above the seafloor, assumed to be
approximately 100 m for this part of the Moray Firth. Bulk density (0,¢) is taken to be 2300 kg/m?.
The sediment column height (Z) is taken as 1900 m, based on wireline logs, and the initial fluid
pressure (P,) at the reservoir-seal interface is assumed to be hydrostatic, 20.6 MPa. For the stability
number, the Lista Shale top seal performs comparably to the Rodby Shale [21], better than the Utsira
Formation at Sleipner [104] and similarly to the seals at In Salah (Krechba) [106] and Frio [107]. These
sealing and stability calculations seem to suggest that the Lista Shale has a high likelihood of serving
as an effective seal. Note that the dots in the plot are outliners.

A sensitivity test was applied to the range of input parameters for the calculation
of the stability number (Figure 20). The stability number is primarily controlled by three
parameters: the bulk density of the sediment column, the height of the sediment column,
and, most significantly, the maximum thickness of the CO, plume [21]. The average stability
number of the Lista Shale is 361. When compared to other CCS field cases, the Lista Shale is
similar to the Rodby Shale [21], In Salah (Krechba) [106] and Frio [107] in terms of stability
and better than the Utsira Formation at Sleipner [104].

Drawing together the work published here (Figures 1-19) and other examples referred
to in Figure 20A,B, we have produced a summary table that lists attributes of clastic top
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seal (Table 5). We have here specifically listed helpful and detrimental characteristics of
each attribute. This table could serve as a checklist that could be used during the appraisal
of any potential top seal to a CO, storage site.

7. Conclusions

1.

The Palaeocene Lista Shale is smectite-rich and quartz silt-bearing. It was deposited
on top of the Mey Sandstone as part of a linked turbidite fan-abyssal plain system in
a deep marine environment.

The pores have been affected by both depositional and diagenetic processes; pore
types include interparticle pores such as slit-shaped and plate-like pores, as well as
intraparticle pores found within pyrite framboids.

The pore bodies are primarily mesopores, with small proportions of micropores and
macropores also present. The prevalence of mesopores aligns with the observed
pattern in which free gas predominantly occupies macropore bodies, while adsorbed
gas is mainly found within micropore bodjies.

The mean pore throat diameter measured by mercury intrusion is 17.00 nm, with a
minimum of 3.56 nm and a maximum of 10,000 nm. For pore body diameters, BJH
N, adsorption detected a minimum of 3.10 nm and a maximum of 106.5 nm. By
combining two fluid invasion techniques, mercury intrusion and gas adsorption,
the entire spectrum of pore body and pore throat sizes can be accurately represented.
The connection at the inflection point, where mesopores begin to fill, marks the
junction at which mercury intrusion pore throat measurements align with gas
adsorption measurements.

The close similarity between the N, adsorption pore body diameter (average 17.84 nm)
and the mercury intrusion pore throat diameter (average 17.0 nm) indicates that the
pores in the Lista Shale are likely to be slit-shaped.

The complex heterogeneity of Lista Shale pore structure and mineral composition
has strongly influenced the surface area. Greater quantities of smectite lead to higher
surface area and pore volume, possibly due to a greater contribution of interparticle
pores in the platy clay minerals that dominate in smectite-rich, silt-poor samples.

If smectite or other aluminosilicate minerals such as chlorite or plagioclase reacted
with CO,, newly exposed minerals would potentially lead to increased reactive surface
area, possibly feeding back to increased reaction rates.

According to assessments of the diffusive flux, advection rate if capillary entry pres-
sure is exceeded, and its overall stability and sealing characteristics, the Lista Shale
shows strong potential to serve as an effective barrier against CO, leakage.

Table 5. Summary list of attributes for clastic top seal with listed beneficial and detrimental character-

istics of each attribute for a potential CCS top seal.

Attribute

Helpful for a Good Top  Detrimental to Being a

Seal Good Top Seal Example

References

Pore body size

Preferably in the
micro-pore range

When in meso- to
macro-pore range

Lista Shale, Rodby Shale,
Sichuan Basin

AlNajdi et al. [21],
Chen et al. [51]

Pore throat size

Preferably in the
micro-pore range

When in meso- to
macro-pore range

Lista Shale, Rodby Shale,
Mercia Mudstone

AlNajdi et al. [21],
Armitage et al. [26]

Lista Shale, Rodby Shale,

AlNajdi et al. [21],

Pore type Slit pores preferred Round pores Sichuan Basin Chen et al. [51]
. Lista Shale, Rodby Shale, AlNajdi et al. [21],

Pore volume Low High Sichuan Basin Chen et al. [51]
Specific surface area Low (to Hieh Lista Shale, Rodby Shale, AlNajdi et al. [21],

P minimise reactivity) & Sichuan Basin Chen et al. [51]
Particle size Low High Lista Shale, Rodby Shale AlNajdi etal. [21],

Pandey et al. [28]
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Table 5. Cont.

. Helpful fora Good Top  Detrimental to Being a
Attribute Seal Good Top Seal Example References
Sorting Poorly sorted sediment .Well sorted Lista Shale, Rodby Shale AlNajdi et al. [21]
preferred sediment preferred
. Reactive clay minerals . Worden et al. [14],
Mineralogy—clay Inert clay minerals (e.g., (e.g., chlorite, some Lista Shale, Rodby Shale, AlNajdi et al. [21],

illite, kaolinite)

smectites)

Mercia Mudstone

Armitage et al. [26]

Mineralogy—carbonate  Zero carbonate preferred

Calcite-rich (most
reactive carbonate)

Lista Shale, Rodby Shale

Worden et al. [14],
AlNajdi et al. [21]

Mineralogy—silt
minerals

Quartz preferred
(least reactive)

Reactive feldspar
(Ca-rich are worst of all)

Lista Shale, Rodby Shale,
Mercia Mudstone

Worden et al. [14],
AlNajdi et al. [21],
AlNajdi and
Worden [23],
Armitage et al. [26]

Worden et al. [14],
AlNajdi et al. [21],

Mineralogy—silt Low (minimum High (increasing Lista Shale, Rodby Shale, 1
proportions brittleness) brittleness) Mercia Mudstone AlNajdi and
Worden [23],
Armitage et al. [26]
Worden et al. [14],
Mineralogy—Ca- Low (minimum risk of High (elevated risk of Mercia Mudstone AlNajdi and
sulphates volume change) fractures and veins) Worden [23],
Armitage et al. [26]
. . . Worden et al. [14],
Brittleness Low High Lista Shale, Rodby Shale fngram and Urai [110]
Unconfined compressive . . Worden et al. [14],
strength Low High Lista Shale, Rodby Shale Fngram and Urai [110]
Thicker seals better to Thin seals potentially Lista Shale, Rodby Shale, AlNajdi et al. [21],

. minimise transport out
Thickness of top seal P

poor as they would lead

Sleipner, Rousse, In

Espinoza and

of the storage site and . Salah, Ketzin, .
risk of fault leakage to risk of leakage Frio, SACROC Santamarina [96]
Xe\]fliiégtféarln?ﬁitf;ge Limited lateral extent
Lateral extent of top seal P would lead to risk of Otway Basin Kaldi et al. [4]

spillage and upward
CO, migration

upwards leakage

Low fluid pressures

Fluid pressure relative to preferred to minimise

High fluid pressures may
lead to capillary entry

Lista Shale, Rodby Shale

Kaldi et al. [4], AINajdi
and Worden [23],
Espinoza and

hydrostatic ;Ssl;zfecsgilag(fg;}e] q ressure being exceeded Santamarina [96],
P & Ingram and Urai [110]
Effective stress history Sufficient to compact the  Negligible compactionis  Lista Shale, Rodby Shale, AlNajdi and
. mudstone, but low not helpful; excess Rousse, Mercia
(maximum . Worden [23], Ingram and
alaco-depth) enough to prevent compaction may not be Mudstone, In Salah, Urai [110]
P elevated brittleness helpful either Nordland Shale
Maximum Maximum
Thermal history palaoeotemperature palae;)temperatgre Lista Shale, Rodby Shale,
. < 80 °C preferred to > 120 °C as chemical Rousse, Mercia 1
(maximum T . . . AlNajdi and Worden [23]
laeo-temperature) minimise mineral compaction and mineral Mudstone, In Salah,
pa diagenesis and diagenesis lead to Nordland Shale
increasing brittleness elevated brittleness
Younger rocks (e.g., Old rocks (e.g.,
Cenozoic) preferred to ~ Palaeozoic) have greatest  Lista Shale, Rodby Shale,
Geological age of minimise diagenesis, but chance of becoming Rousse, Mercia .
top seal not too young to prevent  brittle and strong (but Mudstone, In Salah, AlNajdi and Worden [23]
sufficient compactional ~ will have lowest porosity Nordland Shale

porosity-loss

and permeability)
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Abstract: The present study investigates the real-time estimation of CO, absorption capacity (CAC)
based on the electrical conductivity (EC) of low-concentration di-methyl-ethanolamine (DMEA)
solutions (0.1-0.5 M). CO, absorption experiments are conducted to measure the variation in CAC
and EC during CO; absorption, revealing a strong correlation between the two properties. The ionic
conductivity of DMEAH™" formed during absorption is calculated to be 53.1 S-cm?2/(mol-z), which is
found to be larger than that of TEAH* and MDEAH™. This can be attributed to the smaller molar
mass and higher ionic mobility of DMEAH*. A significant finding is that the measured EC (ECy)
of the DMEA solutions consistently demonstrates a lower value than the theoretically predicted
value. This discrepancy is due to the larger ionic size of DMEAH®, which results in a reduction
in the real mean ionic activity coefficient. This effect becomes more pronounced with increasing
DMEA concentration. Consequently, a higher CAC is required to produce the same change in EC at
higher amine concentrations. Based on these findings, an empirical equation is devised to estimate
CAC from EC); in solutions of constant DMEA concentration. This equation will be employed as a
practical approach for the in situ monitoring of CO, absorption using DMEA aqueous solution.

Keywords: carbon capture and storage; di-methyl-ethanolamine; CO, absorption; ionic conductivity;
electrical conductivity; correlation

1. Introduction

Carbon dioxide (CO,)—which is emitted from a variety of industrial processes, includ-
ing fossil fuel combustion, cement production, and steel and chemical plants—constitutes
a significant contributor to global warming. CO, constitutes approximately 76% of global
greenhouse gas emissions, with annual emissions reaching 37.15 billion metric tons [1,2]. In
July 2023, the UN Secretary-General underscored the urgency of the current climate change
crisis, asserting that the era of global warming has concluded and that we have entered
the period of “global boiling” [3]. To address climate change, ongoing research over the
past 30 years has focused on the development of carbon dioxide capture and storage (CCS)
technologies, which are characterized by high economic viability and performance. Various
CCS methods, including bioconversion [4-7] and adsorption using novel materials [8-12],
have been investigated; however, these approaches frequently fail to achieve the desired
impact at a large scale. Among the various CCS technologies, chemical absorption using
alkanolamine has been extensively studied over an extended period, and it is currently the
only technology that has been successfully commercialized with the objective of addressing
the urgent climate crisis [13-17].

Alkanolamines are a class of substances that contain both amino (-NH,, -NHR, and
-NR;) and hydroxyl (-OH) functional groups. They are highly and selectively reactive with
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COy, and they can be classified as primary, secondary, and tertiary amines based on the
number of R groups they contain. An absorption process using mono-ethanolamine (MEA),
a member of the primary amine group, has been commercialized due to its rapid reaction
rate and low cost [18-22]. However, the reaction of MEA with CO, limits the theoretical
maximum amine utilization to 0.5 mol CO, /mol amine in high amine-concentrated solu-
tions. Moreover, MEA is highly corrosive to equipment, requiring a significant amount
of energy to strip the CO, from the absorbent (or to regenerate the solutions). An alter-
native approach is being investigated in which tertiary amines are utilized as absorbents.
Although these amines, such as tri-ethanolamine (TEA), methyl-di-ethanolamine (MDEA),
and di-methyl-ethanolamine (DMEA), have been reported to have relatively low reaction
rates, they achieve a maximum amine utilization of 1.0 mol CO,/mol amine, are relatively
less corrosive, and require minimal energy for CO, stripping. Most studies using tertiary
amines as the absorbent have concentrated on their blending effect with primary or sec-
ondary amines to enhance the performance of the absorbents [23-27]. However, there has
been a relative lack of research into the specific absorption performance and properties
of tertiary amine solutions, which would be expected to furnish crucial insights for the
continued advancement of absorbents.

Recent advances in sensor technology have demonstrated the potential of low-cost,
real-time monitoring systems to enhance data collection for environmental and industrial
processes. For example, low-cost sensors have been employed to monitor spatial and
temporal pollution in urban areas, providing a practical solution for large-scale exposure
assessments [28]. One study highlighted that the use of a dispersion model enabled the
testing of dust pollution distribution in a seaside town, thereby significantly enhancing
pollution monitoring [29]. In water quality monitoring, electrochemical sensors have
emerged as a crucial tool due to their capacity to transduce chemical interactions into
electrical signals, thereby enabling real-time, multi-parameter monitoring, which is feasible
even in resource-limited settings [30,31]. Similarly, electrolytic conductivity sensors, which
are widely used in diverse industries, offer reliable and precise monitoring of electrolytes
in various applications [32,33]. Given these advantages, we opted to employ electrical
conductivity (EC) measurements as an effective and economical method for the real-time
estimation of CO, absorption capacity in aqueous DMEA solutions. In this way, we utilize
the advantages of EC sensors to provide a practical solution for the continuous monitoring
of CO, absorption processes in industrial settings.

In this context, the present study investigated the CO, absorption performance and
electrical characteristics of the CO; absorption system using DMEA aqueous solution with
a relatively low concentration of DMEA (0.1-0.5 M). First, the ionic conductivity (IC) value
of protonated DMEA (DMEAH™) generated from the chemical absorption reaction between
CO, and DMEA—which was achieved through a series of absorption experiments—was
presented. The relationship between the CO, absorption capacity (CAC) (or the amount
of CO, absorbed) and the EC of the solution at the arbitrary absorption time was also
established for each solution, which finally resulted in the derivation of a general empirical
equation for predicting the amount of CO, absorbed based on EC measurements of the
solutions.

2. CO; Absorption Mechanism Using DMEA Aqueous Solutions

In the DMEA solutions prepared for the CO, absorption, a small amount of the DMEA
molecule first receives H from the water to become DMEAH*' and OH ™ in the solution, as
expressed in Equation (1) [34,35].

DMEA + H,O <> DMEAH" + OH™ (1)
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The two ionic concentrations are determined from DMEA'’s base dissociation constant
(pKp) of 4.78 [36]. If COy is then added to the DMEA solution to be absorbed, two reactions
occur, as summarized in Equations (2) and (3) [34,35,37].

OH™ + CO, — HCO3~ @)

DMEA + H,O + CO, — DMEAH" + HCO;~ (3)

When CO; is injected into the DMEA solution, OH ™, which is generated via Equation (1),
reacts with CO, according to Equation (2), thereby resulting in the formation of HCO3 ™. Sub-
sequently, CO, is absorbed by reacting with OH™ in the H,O activated by DMEA molecules to
produce DMEAH* and HCOj3~, as expressed in Equation (3). The CO, absorption mechanism
in tertiary amine aqueous solution is designated as the “base-catalyzed reaction” for CO,
hydration [38]. This is illustrated in Figure 1.

+ -

HO 6] CY— o CH 0
0-H bond HO 3 >
_\_N/ ....... H*O |(|: —_— _\_ | /l
L N—H + |HO—C
\CH \H I | N
° S CHs 0

Figure 1. Reaction mechanism for CO, absorption in di-methyl-ethanolamine (DMEA) aqueous
solutions.

In the absorption process, the DMEA molecule does not directly react with CO,;
instead, a lone pair of electrons on the nitrogen atom of DMEA forms hydrogen bonds with
water molecules (illustrated by the dotted line in Figure 1), which activates the hydroxide
ion (OH™) on the opposite side of the water molecule. This enhances its reactivity with
the injected CO, molecule. Consequently, the formation of DMEAH* and HCO; ™, as
well as their zwitterion (DMEAH*-HCO; ™), occurs in the solution during CO, absorption.
Additionally, CO, can be physically absorbed into the water component, as described in
Equation (4), which is referred to as the amount of physical absorption of CO,; this is also
included in the total CAC of the solutions [39,40].

H;0(1) + CO,(g) — H2CO3(aq) 4)

The amount of CO, physical absorption under experimental conditions (25 °C, 1 atm,
and a CO, partial pressure of 0.33 atm) is 0.023 mol CO, /L of pure distilled water [41]. The
H,CO;3 produced by physical absorption increases the concentration of either HCO3;~ or
CO3%~ according to the pH of the solution. However, both concentrations are very small
compared to those of the ions produced by the chemical absorption reaction (Equations (2)
and (3)), so they are not included in the calculation of the EC of the solutions.

3. Experimental Methodology and Calculations
3.1. Experimental Setup for CO, Absorption

Figure 2 shows a schematic diagram of the absorption experiment with DMEA solution.

The experimental setup, including the equipment and methods used in this study,
was established identically to that used in our previous work on other amine-based solu-
tions [41-43]. The details of the setup are described below.

A cylindrical semi-batch reactor (D: 110 mm; h: 80 mm; total volume: 0.76 L) main-
tained at 25 °C by a jacket connected to a water circulator was filled with 0.5 L of 0.1-0.5 M
DMEA (99.5%, Sigma-Aldrich, St. Louis, MO, USA) aqueous solution. Next, the empty
space in the reactor was filled with Nj gas (99.9%) and completely sealed to confirm tight-
ness. For CO, absorption, N, and CO, gasses (99.99%) were passed through a gas mixture
(D: 90 mm; h: 400 mm; total volume: 2.55 L) at respective flow rates of 2.0 and 1.0 L/min
using a mass flow controller (MFC; TSC-200, MKPrecision, Siheung-si, Republic of Korea).
This resulted in a gas mixture with a CO; concentration of 33.3 vol%. Prior to absorption,
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this gas mixture was bypassed from the reactor through a three-way valve installed at the
top of the reactor, after which its CO, concentration was checked using a CO; analyzer
(maMos-200, Madur Electronics, madur Polska Sp. z o. 0., Zgierz, Poland). The gas mixture
was then used as the absorption gas.

4 bypass

drain
— (H20)

t to)

(11)

DMEA
solution

(1) (2)

Figure 2. The experimental apparatus for CO, absorption using DMEA aqueous solutions. (1) N
cylinder, (2) CO, cylinder, (3) mass flow controller (MFC), (4) gas mixture, (5) bubbler, (6) magnetic
stirrer, (7) pH/EC sensor, (8) water circulator, (9) pH/EC meter, (10) humidifier, (11) CO, gas analyzer.

When the gas mixture was injected into the reactor, a glass fiber bubbler with a pore
size of 1 um was fixed at the end of the inlet gas line. This was carried out to ensure
uniform contact between the solution and the gas. The solution was stirred at 380 rpm
using a magnetic stirrer while absorbing. A pH/EC meter (Orion 4 Star, Thermo Scientific,
Waltham, MA, USA) was also used to measure the variations in the pH and the EC of the
solution caused by CO; absorption in real time at 5 s intervals. The CO, concentration
in the outlet gas from the reactor was measured using a CO, analyzer. The absorption
completion point was determined as the point at which the CO, concentration in the outlet
gas was equal to the initial CO, concentration of the inlet gas.

3.2. Calculation of Electrical Conductivity (EC) of the CO;-Absorbed DMEA Solutions

The EC of a CO,-absorbed solution was calculated using Equations (5)—(10) be-
low [44-48].

EC(S/m) = ko2, 6)
ko =) ziAici, (6)
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IS = 500) c;z/?, 7)
log v = —Az z VIS (IS < 0.01), (8)

VIS
1++IS

VIS
log 7y Aziz_ (1 ;s 0.215) (01 <IS<0.5), (10)

The EC of a CO,-absorbed solution is the product of the EC of an infinitely diluted
solution (k,: (S/m)) and the square of the mean ionic activity coefficient (7y), as described in
Equation (5) [44,45]. First, the value of k, is calculated via Equation (6), using the absolute
charge (z), ionic conductivity (A: S-m?/mol-z), and concentration (c: mol/m?) of ion i in
solution. Secondly, the value of 7 can be calculated selecting one of Equations (8)—(10)
depending on the ionic strength (IS: mol/L) value of the solution, which can be calculated
from Equation (7) [46-48]. Here, A is a Debye-Huckel constant—0.509 (kg/ mol)?? at 25 °C.
Therefore, three factors are required to calculate the EC of a CO;-absorbed solution—the
concentration, charge value, and IC of the ions in the solution.

log v=—Az z_ (0.01 <IS<0.1), 9)

3.3. Calculation of Ionic Conductivity of DMEAH*

As CO, is absorbed into the DMEA solution, the ions produced or consumed are OH™,
HCO;3™~, and DMEAH?, and the charge value of these ions is 1. Of these, the ICs of OH™ and
HCO3~ have previously been reported in the literature as 198.6 and 44.50 S-cm? / (mol-z),
respectively [49,50]. However, the IC value of DMEAH" is not yet known; therefore, it
is essential to know in order to calculate the EC value of the solution in accordance with
the absorption reaction. The variation in the concentration of ions present in the solution
is also necessary to calculate the EC value of the solution during the absorption reaction.
Since the concentration of ions in the solution can be estimated based on the amount
of CO, chemical absorption measured in real time using Equations (2) and (3), the EC
variation in the solution during the absorption can be calculated after determining the
IC of DMEAH™. To find the IC of DMEAHT, the initial guess value was assumed to be
1, and it was increased by increments of 0.01 until reaching the IC of H*, which is the
largest value (349.8 S-cm?/(mol-z)) among all the ions [51]. Then, the EC was repeatedly
calculated via Equation (5) (referred to as ECc). Finally, the EC¢ value was determined as
the value entered at the time when the mean absolute percentage error (MAPE) between
the EC¢ value and the measured EC (ECyf) was minimized. The MAPE between the ECy;
and the EC¢ value during the absorption in 0.1-0.5 M DMEA solution was calculated using
Equation (11) [52].

100 |[ECym — ECc|

MAPE(O/O) = " Z:l:l T/ (11)

The calculation was performed using MATLAB 2024a.

4. Results and Discussion
4.1. CO, Absorption Performance of 0.1-0.5 M DMEA Aqueous Solutions

The CAC and ECy; of the 0.1-0.5 M DMEA solutions according to time are shown in
Figure 3a and Figure 3b, respectively.

The CAC of the solution varied with the shape of the square root function; the slope
here refers to the CO, absorption rate. The initial absorption rates of all solutions were
steep. However, as time progressed, the slope gradually decreased until absorption was
completed. This is because the amine concentration in the solution is high at the beginning
of absorption, but as the absorption progresses, the concentration decreases as the amine
is consumed, as expressed in Equation (4). The trend of ECy variation according to time,
shown in Figure 3b, is also similar to that of CAC, which indicates that the ECy; value
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of the solution is directly affected by the concentration of ions generated by the CO,
absorption reaction.

0.6
 (a) R
0.5 e
2 i e
o = -7
c £ [ e ————1
a 9 _. .-/, /////,
8 E 0.4 | '4/__/ //// \
e 9 I _,—-//////,—% CO, absorption
:g < 03 { ./*////;/ completion point
2o [ s
s O -
g (&) | /_.// - - —1
= 02- a
< 2 0.2 1 e —— 01M
o= N — —— 02M
o 01 4 77 ———— 03M
O 0.4 M
¥4 e 0.5M
0-0 -““|...‘I.‘A.|..|.I‘Al.I...‘II‘A.I..lllli‘ll‘...llil‘

25 -E (b)

>
>
whd
S
3 20
S _
SE 15
A7)
Q
£

=
(]
oo 10
_ov
o
| ..
2
o 5
(]
=

0 lllllll.l ‘llll. II...I ll““ll...ll“I

0 5 10 15 20 25 30 35 40 45 50 55
CO, Absorption Time (min)

Figure 3. (a) CO, absorption capacity (CAC) and (b) measured electrical conductivity (ECy) as a
function of CO; absorption time in 0.1-0.5 M DMEA solutions.

Table 1 summarizes the total CAC of 0.1-0.5 M DMEA solutions at the absorption
completion point, the amount of chemical and physical absorption, the total absorption
time, and the average slope of Figure 3a, i.e., the overall CO, absorption rate of the solutions.

Here, the total CAC is the sum of the CO, chemical absorption, which is stoichio-
metrically calculated based on the DMEA concentration using Equations (2) and (3), and
the CO, physical absorption given in Equation (4), which is calculated by subtracting the
amount of chemical absorption from the total CAC. The amount of CO, physical absorption
was at its lowest at 0.032 mol CO,/L in a 0.1 M solution, whereas it was at its highest
at 0.050 mol CO, /L at 0.5 M. This amount is slightly higher than that of pure distilled
water (0.023 mol/L), as referenced in Section 2, and it increases proportionally to the amine
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concentration. This is because the HCO3 ™~ produced by the chemical absorption of CO;
with DMEA in the solution shifts the equilibrium point of the carbonate ions in the solution,
which can produce more HyCO;3 or CO3%~ in the solution than in pure distilled water;
consequently, additional trace amounts of CO; are absorbed.

Table 1. Total, chemical, and physical CO, absorption capacities (CACs), total absorption time, and
overall CO, absorption rate in 0.1-0.5 M DMEA solutions.

Initial Amine Concentration of DMEA Solution (mol/L)

0.1 0.2 0.3 0.4 0.5
Total CAC (mol CO,/L) 0.135 0.238 0.345 0.448 0.550
Chemical CAC (mol CO,/L) 0.100 0.200 0.300 0.400 0.500
Physical CAC (mol CO,/L) 0.035 0.038 0.045 0.048 0.050
CO, absorption time (min) 15.0 23.8 35.0 449 52.8
Overall CO, absorption rate 9.0 10.0 99 10.0 104

(mmol CO, /(L-min))
The average standard deviation of CAC and CO, absorption time is £0.012 and 0.5, respectively.

Although the overall CO, absorption rate was slightly lower at 9.0 mmol CO,/(L-min)
in the 0.1 M solution, the overall absorption rate converged to about 10.0 mmol CO, /(L-min),
regardless of the initial amine concentration in the solution. This is consistent with previ-
ous studies on the kinetics of tertiary amines, which have shown similar behavior [53-56].
For example, W. Jiang et al. reported a pseudo-first-order rate constant of 1.5-3.0 s~!
in 0.075-0.175 M DMEA solutions, corresponding to a second-order rate constant of
22.19 m3/(kmol-s) [53]. This indicates that the reaction is more dependent on CO, concen-
tration than on DMEA concentration. This is attributed to the fact that DMEA, as a tertiary
amine, follows a base-catalyzed reaction mechanism that facilitates the reaction of H,O
with CO,. Therefore, the absorption rate is more dominated by the CO, concentration than
the DMEA concentration in the solution. Thus, at relatively low concentrations of 0.5 M or
less, the absorption rate was not found to be insensitive to the concentration of DMEA.

4.2. Tonic Conductivity of Protonated DMEA (DMEAH™)

The IC and charge values of the ions produced from the CO, absorption reaction
(Equations (2) and (3)), including the dissociation reaction (Equation (1)) of the DMEA
solution, are presented in Table 2.

Table 2. Ionic conductivity, absolute value of electric charge, and molar mass of ions generated from
chemical CO, absorption in DMEA solutions with other tertiary amine solutions.

IOI‘llC' . Absolute Value of Molar Mass
Ions Conductivity Electric Charge (z) (e/mol) Reference
(S-cm?/(mol z)) 8 &
OH™ 198.6 1 17.0 [49]
HCO;~ 445 1 61.0 [50]
DMEAH* 53.1 1 90.1 This work
MDEAH" 46.5 1 120.1 [41]
TEAH* 37.6 1 150.1 [41]

As mentioned in Section 3.3, the IC of the OH™ and HCO3~ ions have previously
been shown to be 198.6 and 44.5 S-cm? /(mol-z), respectively [49,50]. However, the IC of
DMEAH* was not identified in the published literature. Consequently, in this study, the
IC of DMEAH™ was calculated using the trial-and-error method described in Section 3.3.
This calculation was based on the ionic concentrations calculated from the amount of
CO; chemical absorption (as determined using Equations (2) and (3)), as well as the ECyy;.
The calculated IC of DMEAH", as determined in this study, is 53.1 S-cm?/ (mol-z) with
an MAPE of 13.06%. The IC of DMEAHY, as determined by the present study, is larger
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than the values that have been reported for the other two of the three kinds of tertiary
amines, namely TEAH" (37.6 S-cm?/mol-z) and MDEAH™* (46.5 S-cm?/mol-z), in prior
studies [41]. These values are inversely proportional to the molar masses of the three ions,
which is likely attributable to the observation that the smaller and lighter ion with the same
charge generally exhibits increased mobility in solution. This is consistent with the results
of previous research, which has indicated that an increase in ionic mobility leads to an
increase in ionic conductivity [57]. Moreover, as the range of absolute values obtained for
IC in the case of DMEAH" is similar to that of the other two tertiary protonated amines,
the result of the IC of DMEAH™* obtained herein may be considered to be reliable.

4.3. ECc and ECy Variation According to CO, Absorption in 0.1-0.5 M DMEA Solutions

When using the IC of DMEAH?* (53.1 S:cm?/mol-z), the theoretical EC values of
0.1-0.5 M DMEA solutions, as calculated using Equation (5), are shown in Figure 4, along
with the variation in ECy; (Figure 3b).
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Figure 4. Comparison of measured electrical conductivity (ECys) and calculated electrical conductivity
(ECc) during CO, absorption in 0.1-0.5 M DMEA solutions.

As can be seen in Figure 4, the variations in ECy; and EC¢ were similar for all solutions.
However, as CO; absorption neared completion, the discrepancy between the two EC
values increased with the initial amine concentration. For example, at the absorption
completion point of 0.1 M solution, the ECys and EC¢ values were 6.00 and 5.88 mS/cm,
respectively, with an MAPE of 2.1%. In contrast, for a 0.5 M solution, the ECy; and EC¢
values were 22.07 and 24.70 mS/cm, respectively, with an associated MAPE of 11.9%. These
results are attributed to the tertiary amine nature of the DMEAH™, the molecular structure
of which is large and complex, resulting in a reduced mean ionic activity coefficient in the
solution compared to that predicted using Equation (10). Sami-ullah et al. investigated the
relationship between molecular weight and the activity coefficient in ionic liquid systems,
revealing an inverse proportionality between the two [58]. H.-N Jeon et al. developed an
artificial neural network-based model to predict the infinite dilution activity coefficients
of organic molecules, utilizing parameters such as molecular structure, polarizability, and
hydrogen bonding [59]. The results of our research also exhibited a similar trend to those
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of previous studies. Thus, as the concentration of amines increased, the mean ionic activity
coefficient decreased, and this was accompanied by an increase in the difference between
the ECy; and ECc¢ values, with the ECy being measured at a lower value than the ECc.
However, in contrast to the other solutions, the ECy; was slightly higher than the EC¢ in
the 0.1 M solution, and it also had the smallest MAPE. This is due to the relatively very low
concentration, as well as the fact that ECy is augmented by the EC derived from the trace
amount of CO3%~ or HCO;~ generated through the physical absorption process.

4.4. Correlation Between CO, Absorption Capacity and Electrical Conductivity

The trend in variations in CAC and ECy; according to absorption time was highly
similar for the 0.1-0.5 M DMEA solutions, as illustrated in Figure 3a,b. The correlation
between the CAC and the ECy; of the solution measured at the same time is depicted in
Figure 5a, while the results of their regression analysis are presented in Figure 5b.
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Figure 5. (a) Relationship between CO, absorption capacity (CAC) and measured electrical conduc-
tivity (ECyp) during CO, absorption and (b) linear regression analysis for 0.1-0.5 M DMEA solutions.

The correlation between CAC and ECy; in all solutions was linear, which indicates
that ECy; was linearly proportional to CAC, and that both were directly related to the
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ionic (or molecular) concentration in the solution. This is valid for all CO;-absorbed
DMEA solutions with concentrations of 0.1-0.5 M, which showed linearity in the CAC
and ECy of the solution. As a result, the correlation equation between the two variables
was derived through regression analysis (Figure 5b), and can be expressed as shown in
Equation (12) below.

COzabsorption capacity (CAC; molCO, /L) = a-ECy + b, (12)

The slope (a) and y-intercept (b) of Equation (12) were calculated for all solutions and
summarized according to the initial amine concentration (Cpyga) of the solution; these
values are presented in Figure 6a,b.
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Figure 6. (a) Slope and (b) y-intercept values from the linear regression analysis between measured
electrical conductivity (ECy;) and CO, absorption capacity (CAC) in 0.1—0.5 M DMEA solutions.
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The slope (2) and y-intercept (b) exhibited linear proportionality to the initial amine
concentration in solution. Here, the slope represents the requisite CO, absorption capacity
(mol CO, /L) in solution to achieve a 1 mS/cm increase in the EC of the solution, which
exhibits a proportionality to the initial amine concentration of solutions (Figure 6a), as
evidenced by the relation expressed in Equation (13).

slope(a; (molCO, /L) /(mS/ cm)) = 0.0181-Cpyga + 0.0155, (13)

The y-intercept (b) value of Equation (12) shown in Figure 6b decreased proportionally
to the initial amine concentration, and the correlation coefficient was found to be 0.998 as a
result of a linear regression, thus indicating a highly linear relationship with respect to the
initial amine concentration. The correlation between the two variables was expressed as
shown in Equation (14).

y — intercept(b; molCO, /L) = —0.1193-Cpympa + 6.0-1073, (14)

The y-intercept value represents the amount of CO, absorbed when the EC of the
solution is zero. However, even before CO, absorption, a constant EC value for the DMEA
solutions could be observed due to the presence of DMEAH" and OH™ ions in the solution,
with a certain concentration, as described in Equation (1). Consequently, the y-intercept
value is merely a mathematical representation of the correlation between EC and CAC.

Therefore, the slope and y-intercept of Equation (12) could, respectively, be general-
ized from Equations (13) and (14) for 0.1-0.5 M DMEA solutions to derive an empirical
equation that estimates the CAC of each solution as a function of the ECy; and initial amine
concentration, as shown in Equation (15).

CO; absorption capacity(mol CO, /L) = 0.0181-Cppga -ECy + 0.0155- (15)
ECy — 0.1193-Cpvga + 6.0-1073,

Shown above, Equation (15) may be used for the estimation of CAC in real time based
on the variations in the EC of DMEA solutions of the given initial amine concentration.
Finally, Figure 7 illustrates the relative behavior of the CAC (y-axis) of DMEA solutions
in terms of the Cpypa ranging from 0.1 to 0.5 M (z-axis), as well as the ECy; value of the
solution (x-axis). Moreover, this Figure presents variations in the amount of saturated CO,
absorbed and the maximum ECy value of each solution (parameters), and the data pre-
sented in Figure 7 provide information in relation to the relative behavior and interactions
of the three variables in this system.

The correlation equation among CAC, ECyj, and DMEA concentration demonstrates
that ECy; can serve as a reliable indicator for estimating CAC in real systems in real
time, providing practical insights for CCS technologies. Recent studies emphasize the
significance of such empirical models in enhancing the efficiency of CO, capture systems
through real-time monitoring and control capabilities [13,60,61]. This approach has been
confirmed to be applicable to other amine systems, including MEA, AMP, and TEA [41,42].
Consequently, this research offers a methodology for optimizing CCS processes by utilizing
the variation in ECy; of DMEA solutions, establishing a reliable empirical model, and
investigating their electrical properties.

However, the results are limited in two main respects. First, the research focused
on low-concentration (0.1-0.5 M) DMEA solutions, which are considerably lower than
those typically employed in industrial contexts. Second, the research was conducted
under a restricted range of conditions, considering a single pressure and temperature to
determine the ionic conductivity of DMEAH*, which limits the scope for providing more
detailed data on CO, absorption. Therefore, future research focuses on extending the
experimental conditions to cover a broader range of amine concentrations, temperatures,
and pressures. Furthermore, it is essential to incorporate a numerical model based on
vapor-liquid equilibrium (VLE) simulations for the amine-CO,-H;O system to enhance the
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predictive capabilities of the electrical conductivity in the electrolyte model. Additionally,
future research should focus on the application of more comprehensive models, such as
the extended Non-Random Two-Liquid (NRTL) or Universal Quasi-Chemical (UNIQUAC)

models that consider both long- and short-range interactions, and the traditional Debye—
Huckel model that mainly considers long-range interactions.
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Figure 7. Variation in CO, absorption capacity (CAC; y-axis) as a function of initial DMEA concentra-

tion (Cpprea; z-axis, ranging from 0.1 to 0.5 M) and measured electrical conductivity (ECyy; X-axis) in
CO,-absorbed DMEA solutions.

5. Conclusions

The present study investigated the CO, absorption characteristics of low-concentration
(0.1-0.5 M) DMEA solutions, aiming to develop an empirical equation for the real-time
estimation of CO, absorption capacity (CAC) based on the electrical conductivity (EC)
of these solutions. A laboratory-scale semi-batch reactor was employed to evaluate the
CO, absorption performance and the variation in EC of DMEA solutions during CO,
absorption.

As CO, was absorbed into the DMEA solution, the measured electrical conductivity
(ECw) of the solution and CAC varied similarly over time, providing a basis for predicting
CAC through changes in the ECy;. The overall CO; absorption rate for 0.1-0.5 M DMEA
solutions was approximately 10.0 mmol CO;/(L-min), independent of DMEA concen-
tration. This consistency arises because the amine concentration is very low, while the

absorption reaction follows a base-catalyzed mechanism predominantly influenced by CO,
concentration. Moreover, the ionic conductivity (IC) of protonated DMEA (DMEAH") was
determined to be 53.1 S-cm?/ (mol-z), which was larger than that of other tertiary amines
such as TEAH™" (37.6) and MDEAH™ (46.5). This outcome can be attributed to DMEAH™*
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having the smallest molar mass among them. In the case of the 0.1 M DMEA solution
saturated with CO,, the ECy; was greater than the theoretically calculated EC (EC¢). This
discrepancy is due to the low amine concentration and the presence of trace amount of
HCO;~ and CO32~ ions formed from physically absorbed CO,. However, for 0.2-0.5 M
DMEA solutions, the ECy; is lower than the ECc. This discrepancy increased with higher
DMEA concentrations. This can be explained by the larger ionic size of DMEAH", resulting
in the actual mean ionic activity coefficient being smaller than the theoretical value as the
concentration increases. Furthermore, the CAC required to increase the ECy; of the DMEA
solution by 1 mS/cm increases proportionally with the initial amine concentration. This is
due to the decreased activity of ions at higher concentrations, necessitating the production
of a larger amount (concentration) of ions through absorption for a given change in EC.

Finally, the empirical equation derived from this study offers a practical approach for
estimating CAC from EC measurements in DMEA solutions, enhancing the efficiency of
CO; absorption processes through the real-time monitoring of CAC. However, limitations
include the low concentrations of DMEA used in experiments and a restricted range of
operational conditions such as temperatures and pressures. Further research is required
to extend the study to higher DMEA concentrations and varied conditions to enhance the
model’s applicability and consider a more advanced activity coefficient model.
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Abstract: The rising levels of atmospheric carbon dioxide (CO,) necessitate urgent and
effective strategies for its capture and utilization. Among the various CO, valorization
pathways, the conversion of CO, into methanol has gained considerable attention due
to its dual role in reducing greenhouse gas emissions and serving as a renewable fuel
and chemical feedstock. This review uniquely combines bibliometric analysis of 13,289
peer-reviewed publications (2012-2023) with an evaluation of Cu-based catalyst advance-
ments, addressing critical gaps in the literature. A bibliometric analysis highlights the
key trends, collaborations, and research gaps in the field. Among the catalytic systems,
noble metals, though highly active, are uneconomical for large-scale applications, while
non-noble metals, such as nickel, exhibit limited activity due to undesired reaction path-
ways. In comparison, Cu-based catalysts overcome these challenges by offering a balance
of activity, selectivity, and cost-effectiveness. Special emphasis is placed on the CO, to
methanol conversion pathways, with insights into thermodynamic constraints, emerging
solutions, and potential directions for future research. By consolidating the current state of
knowledge, this review identifies significant opportunities for advancing CO, conversion
technologies, particularly in methanol synthesis, positioning it as a promising strategy for
sustainable carbon management and energy production.

Keywords: global warming; carbon dioxide; CO, conversion; methanol; catalysis

1. Introduction

Climate change poses a formidable environmental challenge, principally driven by
increased atmospheric concentrations of carbon dioxide (CO;). This elevation in CO,,
primarily resulting from the combustion of fossil fuels, has seen levels rise from 381 ppm in
2006 to 423 ppm by 2024, with annual increases ranging from 1.5 to 3 ppm [1]. Addressing
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this issue demands sustainable approaches to mitigating CO, emissions while also ad-
vancing renewable fuel production. Among the strategies employed, Carbon Capture and
Storage (CCS) offers a pathway by collecting and sequestering CO, through methods like
direct air capture, saline aquifers, and depleted oil reservoirs. However, the scalability of
CCS is limited by substantial spatial and financial demands. Alternatively, Carbon Capture
and Utilization (CCU) proposes a solution by converting captured CO, into less harmful,
value-added products [2,3].

In the quest for sustainable industrial solutions, the thermo-catalytic conversion of CO,
has shown considerable promise. Specifically, CO, hydrogenation is a critical process where
hydrogen (Hj), produced sustainably via the electrolysis of water using renewable energy
sources such as wind and solar power, serves as a vital reagent [4,5]. This process can yield
several crucial chemical products, including methane [2,6], alkanes [7], carbon monoxide [8],
olefins [9], and alcohols [10]. Among these, methanol is particularly significant due to its
extensive industrial demand exceeding 110 million tons annually. Methanol is utilized as a
precursor in the production of formaldehyde, acetic acid, methyl tert-butyl ether (MTBE),
and gasoline [11,12]. It also offers potential as a fuel alternative in modified diesel engines
due to its high-octane number and is utilized in direct methanol fuel cells (DMFC) to
generate electricity [13]. The conversion of CO; to methanol not only has environmental
benefits but also presents economic advantages. This process is highly selective, generating
fewer byproducts and operating under milder reaction conditions compared to traditional
methods. It offers a sustainable solution for CO, recycling, supporting global efforts to
reduce greenhouse gas emissions and address climate change. Methanol synthesized from
COy is a clean fuel and a versatile raw material for producing various chemicals, benefiting
from an ideal stoichiometric ratio that enhances conversion efficiency. Furthermore, it
requires less energy, avoids the need for high-pressure storage like hydrogen, and can be
safely utilized as a fuel without requiring modifications to engines.

The transformation of CO, into methanol necessitates catalysts due to the molecule’s
stability. Advances in catalyst development have significantly enhanced the efficiency
of this conversion process. Various metal-based catalytic systems have been explored,
including noble metals (e.g., Pd, Pt) and transition metals (e.g., Fe, Ni, Co). While noble
metals demonstrate excellent catalytic activity and selectivity, their high cost and limited
availability hinder widespread application [14]. Transition metal catalysts, on the other
hand, are more abundant and cost-effective but often favor competing reactions such as
methane or carbon monoxide formation, reducing methanol selectivity [1,15]. Additionally,
these systems tend to lack the thermal stability and tunable active sites necessary for
efficient CO, hydrogenation under industrially relevant conditions [16]. In contrast, Cu-
based catalysts provide an optimal balance of cost, availability, and catalytic efficiency [17].
Their ability to generate and stabilize active Cu’/Cu* sites facilitates the activation of CO,
and selective methanol synthesis under milder conditions [18,19].

The scholarly work surrounding CO, hydrogenation to methanol has been growing
annually, indicating an active field of research with substantial progress [17,19,20]. Al-
though several reviews have explored the catalytic conversion of CO; to methanol, most
focus on general overviews of catalytic systems, reaction mechanisms, and thermodynamic
aspects [21-24]. However, they often lack detailed bibliometric analyses along with high-
lighting the emerging role of Cu-based catalysts in this field. Additionally, many existing
studies do not comprehensively examine the recent technological advancements and trends
driving progress in CO, to-methanol conversion. This review addresses these gaps by
combining a bibliometric analysis of publication trends with an in-depth evaluation of ther-
modynamic and reaction pathways, with a particular focus on the recent developments in
Cu-based catalysts. By doing so, this manuscript provides insights into both academic and
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industrial advancements in CO, conversion technologies. This assessment will critically
explore these advancements and propose directions for future research. By consolidating
existing knowledge, this review aims to illuminate pathways for future enhancements in
CO; conversion technologies, positioning methanol synthesis as an effective strategy for
sustainable carbon management and energy production.

2. Search Strategy and Bibliometric Evaluation Technique

The bibliometric analysis of CO, conversion to methanol was conducted using a
robust search strategy to capture the breadth of relevant research publications. Data for
this analysis was extracted from the Scopus database, a widely recognized platform for
high-quality, peer-reviewed academic publications (See Figure 1). The initial data set
comprised 14,517 documents, spanning multiple disciplines and types of publications. To
ensure a focused and high-quality analysis, a systematic filtering process was employed,
narrowing the data set to 13,289 relevant publications. This filtering excluded non-peer-
reviewed content and other less relevant document types, ensuring the data set consisted
of high-impact research outputs.

(2) (b)

Top ﬁ i
\ ople ‘methanol
J { Bibliometric Analysis
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Top Countries

T.S=
“CO, methanol” OR “carbon
dioxide to methanol” OR “CO,
hydrogenation to methanol” OR
“CO, conversion to methanol” OR
“carbon dioxide hydrogenation to
methanol”

VE—=

Figure 1. (a) Search Strategy Technique, (b) Bibliometric Evaluation Trends.

The search string used for data retrieval included combinations of key terms relevant
to CO, conversion to methanol, such as “CO, methanol”, “carbon dioxide to methanol”,
“CO; hydrogenation to methanol”, “CO, conversion to methanol”, and “carbon dioxide
hydrogenation to methanol”. The search was limited to documents published between
2012 and 2023, ensuring that only the most recent research on CO, methanol conversion
was included. Furthermore, the search was restricted to English language publications,
although a few significant contributions in Chinese, Polish, Portuguese, and Russian were
also considered to reflect the global nature of research in this field.

To further understand the thematic focus within the CO, to-methanol research commu-
nity, a keyword analysis was conducted. A total of 9363 distinct keywords were identified
across the selected articles, providing insights into the prevalent themes and areas of focus
within the literature. To process and visualize the collected data, VOSviewer (version 1.6.20)
was employed to construct co-authorship networks, co-citation analyses, and keyword
co-occurrence maps. This software allowed for the identification of collaborative networks
among researchers, institutions, and countries, while also illuminating the key research
topics that have emerged over the past decade. Microsoft Excel was used for supplementary
data management and statistical analysis, particularly in generating publication trends and
other performance indicators.
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This comprehensive bibliometric approach provides a detailed view of the global
research landscape surrounding CO, conversion to methanol. The findings not only
highlight the rapid growth of research activity in this field but also reveal key collaborations,
influential contributors, and emerging research themes. These insights are invaluable for
identifying research gaps, fostering collaboration, and guiding future research efforts in
the pursuit of efficient and scalable CO, methanol conversion technologies.

2.1. Publication Trends and Top Research Fields

A comprehensive analysis of the research landscape on CO, conversion to methanol
revealed a total of 14,517 documents indexed in the Scopus database. After applying
filters to ensure data quality, a final selection of 13,289 documents was made for further
analysis. These filtered results comprised 11,058 original research articles, 2584 review
articles, 200 conference proceedings, and 803 books, indicating a robust and diverse body
of work addressing various aspects of CO; to methanol conversion.

Most of the publications were in English, accounting for 14,135 documents, underscor-
ing the dominance of English as the primary language for academic discourse in this field.
There was also a notable, albeit smaller, contribution from non-English languages, with
59 publications in Chinese, seven each in Polish and Portuguese, and five in Russian. This
diversity in language reflects the global interest in research on CO, conversion, though
English language publications dominate the field.

Additionally, the publication was analyzed with the inclusion of the query term “Cu-
Based Catalyst”. A total of 9361 papers were identified that featured Cu-based catalysts,
representing a subset of the initial 13,283 publications. These included 2063 review articles
and 7298 research articles.

2.1.1. Publication Trend Analysis

The trend of publications over time indicates a consistent and significant rise in re-
search output, particularly in recent years. From 2013 to 2023, the number of published
works has increased dramatically (Figure 2a). In 2013, the field saw only 219 publica-
tions, while in 2023, this number surged to 2833, a more than tenfold increase over a
decade. This upward trend underscores the growing importance of CO, conversion to
methanol in the context of global efforts to mitigate climate change and develop sustainable
energy solutions.
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Figure 2. (a) Publication per Anum from 2013 to 2023, (b) Publication per Anum from 2013 to 2023
for Cu-based catalyst.

There was a marked acceleration in research output after 2016, with the number of
publications rising from 567 in 2016 to 2462 in 2022. Several factors likely contributed to this
surge, including heightened global awareness of the need for carbon capture technologies
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and sustainable fuel-production methods. Moreover, the year 2020 saw 1623 publications,
reflecting a continued growth in research activity despite global disruptions caused by
the COVID-19 pandemic. The largest yearly increase in research output occurred between
2019 and 2020, where the number of publications rose from 1129 to 1623, an increase
of approximately 44%. This spike is possibly attributable to increased investments in
sustainable energy research and the ongoing development of catalytic processes and new
technologies for CO, to methanol conversion. The upward trend continued post-pandemic,
with 2078 articles published in 2021 and 2462 in 2022, reflecting a sustained interest in this
research area.

Interestingly, a similar publication trend is observed specifically for Cu-based cata-
lysts, as shown in Figure 2b. From 2013 to 2023, research activity in this area increased
substantially, rising from 113 publications in 2013 to 2182 in 2023. This exponential growth
demonstrates the intensifying global focus on Cu-based catalysts, particularly after 2020,
likely due to their crucial role in advancing catalytic efficiency.

2.1.2. Research Areas

The field of CO, conversion to methanol spans a broad range of scientific disciplines,
reflecting its inherently interdisciplinary nature. The distribution of research areas demon-
strates the multifaceted approach required to address the technical and scientific challenges
associated with converting CO, into value-added products like methanol.

Figure 3 exhibits that the most prominent research domain is Chemistry, with
7722 publications, representing the central role that chemical processes, catalysis, and
reaction mechanisms play in CO, methanol conversion. Chemistry is essential for develop-
ing and optimizing catalytic systems, understanding reaction pathways, and improving
efficiency in the conversion process. Closely following is Chemical Engineering, with
7073 publications. Chemical engineering research contributes significantly to the practical
implementation and scaling of CO, to methanol conversion technologies. This includes
the design of reactors, process intensification, and the integration of CO; conversion sys-
tems into existing industrial frameworks. The near parity in the number of publications
between chemistry and chemical engineering highlights the close collaboration between
these disciplines in tackling CO, conversion challenges.

The Energy sector, with 3258 publications, underscores the importance of this research
in the broader context of renewable energy and sustainable fuel production. Research
in this area focuses on developing energy-efficient processes, integrating renewable H;
sources, and scaling up methanol production for use as an alternative fuel. Materials
Science contributes 3102 publications, reflecting its critical role in the development of
advanced catalysts and novel materials that enhance CO, conversion efficiency. The de-
sign and synthesis of materials with high surface area, stability, and catalytic activity are
key to improving the conversion rates of CO, to methanol. Environmental Science, with
3013 publications, represents the growing recognition of CO, conversion as a crucial strat-
egy for reducing greenhouse gas emissions and mitigating climate change. Research in
this area focuses on the environmental impact of CO, utilization technologies and their
potential role in circular carbon economies. Engineering more broadly, excluding chemical
engineering, also contributes significantly, with 1913 publications. This research area in-
cludes mechanical and industrial engineering approaches to process optimization, system
integration, and the practical deployment of CO, conversion technologies on a commercial
scale. Physics and Astronomy contribute 1565 publications, primarily in theoretical studies,
modeling, and simulations of reaction mechanisms at the atomic and molecular levels.
Understanding the fundamental physical principles of CO, conversion is essential for
improving reaction efficiency and developing new catalytic processes. The field of Bio-
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chemistry, Genetics, and Molecular Biology has 876 publications, highlighting the potential
for biological approaches to CO, conversion, such as using enzymes or microorganisms
for methanol production. These studies often explore the intersection of biocatalysis and
chemical processes for CO, utilization. Other contributing fields include Multidisciplinary
research (317 publications), which brings together insights from various scientific and
engineering domains to address the complex challenges of CO, methanol conversion.
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Figure 3. Leading research areas for CO, methanol conversion.

This diverse distribution of research areas demonstrates that the successful conversion
of CO, to methanol requires collaboration across multiple scientific disciplines. Chemistry,
chemical engineering, and energy research form the core of this effort, while contribu-
tions from materials science, environmental science, and engineering ensure that these
technologies can be effectively scaled and integrated into broader energy systems.

2.2. Top Countries

A country-wise analysis of the research output in the field of CO, conversion to
methanol provides insights into the global distribution of expertise and contributions
(Figure 4a). The analysis reveals that research in this domain is concentrated in a few key
regions, with several countries emerging as global leaders in the field.

China leads the world by a significant margin, with 6247 publications, making it the
dominant force in CO, conversion to methanol research. This prominence reflects China’s
significant investment in sustainable energy technologies and its emphasis on reducing
greenhouse gas emissions through innovative chemical conversion processes. China’s
research output in this area accounts for a substantial portion of the global literature,
underscoring its pivotal role in advancing CO, utilization technologies.
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Figure 4. (a) Top countries for CO,-to-methanol conversion, (b) Top countries for CO,-to-methanol
conversion for Cu-based catalyst.

The United States follows with 1657 publications, maintaining its position as a key
player in this domain. The U.S. has a well-established research infrastructure and a history
of innovation in chemical engineering and catalysis, which are critical to the development
of CO, to methanol technologies. While the number of publications is considerably lower
than China’s, the U.S. remains a major contributor to both fundamental and applied
research in this field. India ranks third with 878 publications, highlighting the country’s
growing focus on sustainable energy and CO,-reduction technologies. India’s increasing
research output is indicative of its rising prominence in global efforts to address climate
change and develop alternative energy sources. Germany and Japan are also significant
contributors, with 797 and 645 publications, respectively. Both countries are known for their
advancements in chemical engineering, catalysis, and sustainable technologies, making
them key players in the CO; conversion research landscape. Germany’s strong research
focus on catalysis and renewable energy aligns well with the goals of CO, to methanol
conversion, while Japan’s contributions reflect its innovation in material sciences and
energy conversion processes. The United Kingdom follows closely with 624 publications,
showecasing its contributions to both fundamental research and industrial applications of
CO; conversion. South Korea (611 publications) and Spain (549 publications) have also
established themselves as important contributors to this field, with research focusing on

137



Processes 2025, 13, 314

catalysis, renewable energy integration, and innovative conversion technologies. Rounding
out the top 10 are Australia, with 426 publications, and Italy, with 423 publications. Both
countries have increasingly invested in renewable energy research, with a particular focus
on CO, utilization and the development of sustainable chemical processes.

Upon comparing the country-wise research outputs in CO, conversion to methanol
and CO, conversion to methanol specified with Cu-based catalysts, a notable correlation
emerges (see Figure 4b). China leads both, with 6247 publications in CO, to methanol
research and 4774 in Cu-based catalyst studies, underscoring its significant advancements
in CO, conversion as sustainable energy technologies. Similarly, the United States and
India maintain prominent positions in both fields, reflecting their commitment to advancing
catalytic processes for CO, utilization. This parallel trend suggests that nations prioritizing
CO; conversion research also focus on developing Cu-based catalysts, highlighting the
integral role of such catalysts in efficient CO,-to-methanol conversion processes.

In total, these top 10 countries account for a significant majority of the global research
output in CO, conversion to methanol, reflecting the strategic importance of this field in
the context of global efforts to mitigate climate change. This analysis underscores the col-
laborative nature of this research, with multiple countries contributing to the development
of scalable and efficient CO, utilization technologies.

2.3. Top Journals

To assess the influence and contribution of various journals to the field of CO, con-
version to methanol, an in-depth journal analysis was conducted. A total of 10 prominent
journals emerged as key platforms for publishing research in this area, as shown in Figure 5.
The data reflects a broad distribution across multidisciplinary and specialized journals,
highlighting the interdisciplinary nature of this research, which spans catalysis, energy
technologies, and material sciences. The most prolific journals, ranked by the number of
articles published, are presented below.

ACS Catalysis I Journal of CO, Utilization

[ Applied Catalysis B Environmental [ Chemical Engineering Journal
Catalysts I Catalysis Science and Technology
International Journal of Hydrogen Energy Fuel

I Angewandte Chemie International Edition [l Journal of Materials Chemistry A

Figure 5. Leading journals for CO;-to-methanol conversion.

ACS Catalysis leads with 509 publications, positioning itself as the most significant
contributor to research on CO;-to-methanol conversion. As one of the premier journals in
the field of catalysis, its focus on both theoretical and applied research makes it a preferred
outlet for cutting-edge studies in this domain. Following closely is the Journal of CO;
Utilization, with 469 publications, underscoring its pivotal role in disseminating research
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specifically targeting CO, conversion and valorization technologies. These journals col-
lectively represent the forefront of innovation in catalysis and CO; utilization. Applied
Catalysis B: Environmental ranks third, with 420 publications, highlighting its contribution
to sustainable catalysis and environmental applications of CO, conversion. Chemical Engi-
neering Journal and Catalysts follow, with 321 and 290 articles, respectively, reflecting their
importance in both theoretical advancements and practical implementations of catalytic
processes. Other notable contributors include Catalysis Science and Technology and the Inter-
national Journal of Hydrogen Energy, each publishing 284 articles. Their focus spans across
catalysis, energy conversion, and H; production, reflecting the growing interconnection
between CO;-reduction technologies and the H, economy. Fuel contributed 253 articles,
reinforcing its relevance in the study of alternative fuels and energy systems. Meanwhile,
Angewandte Chemie International Edition, a prestigious journal known for publishing pio-
neering chemical research, produced 235 publications on CO,-to-methanol conversion,
reflecting its influence in high-impact, foundational research. Finally, Journal of Materials
Chemistry A contributed 225 articles, indicating the significant role of advanced materials in
catalysis and CO, utilization.

This analysis demonstrates that CO, conversion to methanol research is disseminated
through a variety of high-impact journals, spanning catalysis, chemical engineering, en-
ergy systems, and materials science. These journals not only shape the current research
landscape but also drive the future directions of CO, conversion technologies.

2.4. Top Keywords

The analysis of top keywords in the field of CO;, conversion to methanol high-
lights the prominent research areas and emerging trends in this domain. From a total of
9363 keywords identified across the selected publications, 102 keywords were chosen
for detailed analysis based on their frequency of occurrence (Figure 6). These keywords
were further divided into five distinct clusters, each representing key themes within the
research landscape.

The most frequently used keyword, CO, hydrogenation, appeared 460 times and falls
under Cluster 1, indicating its central role in research focusing on the catalytic conversion
processes necessary for producing methanol from CO;. This keyword also reflects the high
level of interest in using hydrogenation as a method to convert CO; into valuable chemicals.
The total link strength of this term, 481, highlights its significance in the ongoing discussions
surrounding CO,-reduction technologies and efficient methanol synthesis. Another critical
term, CO; reduction, appeared 339 times and is part of Cluster 3, emphasizing the growing
attention toward reducing CO; emissions through chemical and catalytic processes. This
keyword is closely linked with the study of advanced catalysts and reaction mechanisms,
particularly in the context of sustainable and energy-efficient solutions. As CO, reduction
plays a pivotal role in mitigating climate change, its frequent occurrence underscores its
relevance to carbon capture and utilization strategies.

The keyword methanol was cited 290 times, positioning it within Cluster 5. Its high
frequency reflects the emphasis on methanol as the primary product of interest in CO,
conversion research. Methanol synthesis, a key component of carbon utilization efforts,
has been the focus of extensive research aiming to optimize production processes and
improve catalyst efficiency. Similarly, carbon dioxide, mentioned 244 times in the same
cluster, illustrates the ongoing research efforts to utilize CO, as a feedstock, highlighting
the environmental focus of this field. In addition to these dominant keywords, terms such
as photocatalysis (226 occurrences in Cluster 3) and electrocatalysis (146 occurrences in
Cluster 2) demonstrate the importance of exploring alternative, renewable energy-driven
methods for CO, conversion. Photocatalysis represents a promising approach using light to
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drive CO,-reduction reactions, while electrocatalysis focuses on electrochemical methods
powered by sustainable energy sources. These areas represent innovative pathways for
improving the sustainability of methanol production.
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Figure 6. The network visualization of the most frequent keywords.

Other noteworthy keywords include methanol synthesis (135 occurrences in Cluster
1), reflecting the focus on improving the efficiency of converting CO, into methanol, and
CO; conversion (154 occurrences in Cluster 1), which encompasses a broad spectrum of
research dedicated to the transformation of CO, into value-added products. Together,
these terms illustrate a diverse and multifaceted research landscape, with efforts ranging
from fundamental catalytic studies to applied engineering solutions. The keyword clusters
reveal the diversity of research approaches: Cluster 1 emphasizes hydrogenation and
catalytic conversion, Cluster 2 focuses on electrocatalysis and sustainable energy, Cluster 3
delves into photocatalysis, Cluster 4 explores chemical engineering aspects, and Cluster 5
involves materials science and catalytic system advancements. This comprehensive key-
word analysis offers a clear understanding of the primary research directions, showcasing
the field’s focus on catalysis, sustainable processes, and innovative chemical engineering
solutions in CO;-to-methanol conversion.

3. CO, Conversion to Methanol

The transformation of CO; into alcohols, particularly methanol, is a topic of significant
interest both in the chemical industry and the scientific community. As a vital C1 alcohol,
methanol serves as a precursor to a diverse array of chemical compounds. The concept
of a “methanol economy”, introduced by Nobel Laureate George Olah, centers around
the hydrogenation of CO, into methanol and its derivatives. This approach encompasses
the capture of CO, from various sources, including natural, human-made, or industrial,
followed by its effective catalytic conversion into methanol, illustrated in Figure 7.
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Figure 7. Schematic illustration for CO, conversion to methanol [25].

In recent developments, research and development (R&D) in methanol synthesis
have been increasingly geared towards more sustainable methodologies. This includes the
reduction of CO; using Hj derived from technologies that utilize natural and renewable
energy sources. Prominent companies in this field, such as Mitsui Chemicals and Carbon
Recycling International (CRI) Inc., have pioneered such methods for methanol production.
Specifically, CRI's facility in Iceland boasts a production capacity of approximately 5 million
liters of methanol annually (4 kta). Remarkably, the H; required for this process is generated
through water electrolysis, utilizing energy sourced primarily from natural elements like
geothermal, hydroelectric, and wind power [26].

3.1. Thermodynamics and Reaction Mechanism of CO, Conversion to Methanol

The commercial production of methanol predominantly relies on syngas (a mixture of
CO and Hy), which is derived from fossil resources such as coal and natural gas through
processes like coal gasification and natural gas steam reforming [27]. Typically, small
amounts of CO; (2-8%) are introduced to the CO/H; stream to adjust the H/C ratio to
achieve the required stoichiometry and enhance the reaction rate.

CO +2H, = CH;0H  AHpogx = —90.6 k] mol ™! 1)

CO, 4 3H, = CH30H + H,O  AHpogx = —49.5 k] mol )

Reverse water-gas-shift reaction (RWGS)
CO, + Hy = COH 4+ H,O  AHpggg = —41.2 k] mol ™! (3)

Compared to syngas-based methanol production (Equation (1)), the hydrogenation
of CO, to methanol demands an additional amount of H, due to the need to remove
one oxygen atom from CO; via water formation as a byproduct (Equation (2)). This
results in thermodynamically less favorable conditions for methanol production from CO,
compared to CO, resulting in lower one-pass methanol yields (Figure 8). For instance,
at 200 °C, the equilibrium methanol yield from CO exceeds 80%, while from CO,, it
is less than 40% [28]. Additionally, the formation of side products like ethers, ketones,
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higher alcohols, or hydrocarbons is thermodynamically more favorable under typical
synthesis conditions [5,29].
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Figure 8. (a) Free energy from CO,, RWGS, and syngas hydrogenation. (b) Equilibrium conversion-
selectivity values of the CO, hydrogenation reaction at various pressures [5].

The synthesis of methanol from CO, and Hj is an exothermic reaction that reduces
the number of gas-phase molecules. According to Le Chatelier’s principle, high pressure
and low temperature should thermodynamically favor methanol production. However,
due to the inert nature of CO,, a higher reaction temperature (typically above 240 °C)
is needed to increase the rate of CO, activation and methanol formation [19,30,31]. At
these temperatures, the reverse water-gas shift (RWGS) reaction (Equation (3)) becomes
thermodynamically favorable, reducing methanol yields and wasting H, [31,32].

The RWGS reaction will not only wasteH, supplies but also reduce the yield
of methanol.
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Although the thermodynamic equilibrium limits the maximum methanol yield, this
limitation can be mitigated through optimization of reaction conditions, reactor design,
and innovations such as recycling unconverted feed gas after product separation or in situ
product removal (e.g., water removal via distillation or membranes) [28].

Methanol production from CO; is highly exothermic and limited by kinetics, result-
ing in only 15-25% conversion under typical conditions [33]. The endothermic RWGS
reaction competes with methanol synthesis, further complicating the process. Efficient
reactor design is essential to remove the heat generated during methanol synthesis and
maintain isothermal conditions [34]. Water, a byproduct of this reaction, can deactivate
conventional copper-based catalysts, highlighting the importance of catalyst design and
kinetic studies [35,36].

Methanol synthesis from CO, can proceed through various reaction pathways, with
the formate, RWGS, and trans-COOH* mechanisms being the most prominent (Figure 9a).
In the classical formate pathway, CO; reacts with adsorbed atomic H, forming a formate
intermediate (HCOO*), which subsequently transforms into intermediates such as diox-
omethylene (H,COO%), formaldehyde (H,CO*), methoxy (CH30%), and finally, methanol
(CH30H) [5,36]. Alternatively, formate can hydrogenate into formic acid (HCOOH*) and
follow a similar sequence leading to methanol through the methoxy intermediate.

(a) (b) .
Formate Carboxyl

route route

COOH

HCOOH

RWGS Pathway

Figure 9. (a) Schematic representation of reaction mechanisms for CO, methanol [37], (b) reaction
mechanism on Cu-based catalysts. * Indicates intermediates that are adsorbed on the catalyst surface.

The RWGS pathway involves the initial transformation of CO, into CO*, which is then
hydrogenated to form methanol via intermediates such as formyl (HCO*), formaldehyde
(HoCO%), and methoxy (CH30%). A variation of this mechanism involves the formation of
hydrocarboxyl (COOH¥) intermediates, which can convert into CO* and proceed through
a similar route to methanol. In the trans-COOH mechanism, COOH* can also produce
dihydroxycarbene (COHOH?*), which dissociates into hydroxymethylidyne (COH*) and
subsequently into hydroxymethylene (HCOH?), leading to methanol formation [5,36].

Methanol is an attractive product due to its versatility as a clean, biodegradable
fuel that can be converted into other valuable chemicals such as dimethyl ether, olefins,
and longer-chain hydrocarbons [38—40]. However, two major thermodynamic challenges
hinder methanol generation: high-pressure requirements (up to 200 bar) and low reaction
kinetics at lower temperatures [41], which reduce methanol yield. Moreover, to maintain
high methanol selectivity and minimize CO production, the RWGS reaction must be
suppressed [10,41-44].

The methanol formation mechanism via CO, hydrogenation is complex and not yet
fully understood [31]. Effective catalysts are required to reduce operating pressure while
ensuring high methanol yields. Copper (Cu) is the most widely used catalyst due to its high
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activity at low temperatures, affordability, diverse oxidation states, and stable interactions
with oxygen, which prevent surface poisoning and unstable intermediates [45-47]. Cu
also exhibits strong interactions with other materials (e.g., Zn), improving catalyst stability
and selectivity while lowering operational pressures [28,48]. However, Cu-based catalysts
face challenges such as deactivation from impurities, a high activation barrier for Hy, and
limited CO; activation [49,50]. To address these issues, supports, promoters, and bimetallic
catalyst are often added to modulate the active sites and surface properties of Cu catalysts,
improving their performance. For example, adding these materials enhances Cu'’s ability to
dissociate H, and provides smaller particle sizes that increase the surface area available
for reactions [51,52].

Kinetic models, such as the Eley—Rideal (ER) and Langmuir-Hinshelwood (LH) mech-
anisms, have been proposed to describe the methanol synthesis process. The formate
mechanism is widely believed to dominate on Cu-based catalysts [53]. For instance, DFT
calculations on Cu/ZnO/Al,Oj3 catalysts, particularly on the Cu (111) surface, showed
that CO, hydrogenation occurs via the formate pathway (CO,* - HCOO* — HCOOH*
— CH30,* — CH,O0* — CH30* — CH3OH¥). Despite the thermodynamic preference for
methanol production from CO, studies indicate that CO, hydrogenation contributes to
approximately two-thirds of the methanol yield, contrary to the predictions of potential
energy surface (PES) analysis, which suggest CO hydrogenation is more favorable. The
promotion of CO, hydrogenation by CO* may involve its role as an H-donor, facilitating
the formation of HCO* and enhancing CO; conversion [53].

Most recently, Cao et al. [54] investigated CO, hydrogenation to methanol on Cu-
based catalysts using DFT calculations and kinetic modeling. Their work revealed that
the formate (HCOO*) pathway is the dominant reaction mechanism, with a reaction rate
four to six orders of magnitude higher than the carboxyl (COOH*) pathway (see Figure 9b).
The rate-determining step involves the hydrogenation of HCOOH* to HyCOOH?, leading
to methanol via CH30O* intermediates. CO* acts primarily as a byproduct due to its high
hydrogenation barrier.

3.2. Recent Advances in Cu-Based Catalyst for CO, Hydrogenation to Methanol

The conversion of CO, to methanol is a highly promising route, offering dual benefits
of mitigating greenhouse gas emissions and reducing dependence on fossil fuels. The hy-
drogenation of CO; to methanol (CO; + 3H,; = CH30H + H,O) presents several challenges,
including the formation of water vapor as a byproduct, which can negatively impact cata-
lyst performance [44,55]. This is a significant difference compared to methanol synthesis
from CO hydrogenation, where no water is produced. Therefore, developing catalysts that
maintain stability under high-water partial pressure and resist the reverse water—gas shift
(RWGS) reaction remains a primary research focus [44]. Among the transition metal, Noble
metals are limited and unfavorable for industrial applications, and non-noble metals like
Ni or Fe are not effective due to reaction limitations. Based on our bibliometric analysis
and effective catalytic activity of Cu-based catalyst, this review further explores the recent
advancement in the Cu-based catalyst. The Cu-based catalysts for CO, to methanol, along
with the recently reported reaction promoters, are summarized in Table 1.

Historically, the first industrial process for methanol synthesis was developed in the
1920s by Badische Anilin Soda and Fabrik (BASF), using ZnO-Cr,O3 catalysts under harsh
reaction conditions (300-400 °C, 25-30 MPa). In the 1960s, Imperial Chemical Industries
(ICI) introduced the Cu/ZnO/ Al,O3 catalyst, which enabled methanol synthesis under
milder conditions (220-300 °C, 5-10 MPa). This catalyst quickly became the industry
standard due to its higher activity and stability [44,56,57]. However, despite its success,
Cu/Zn0O/ Al;Os catalysts are not without limitations, as the water produced during the
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reaction can facilitate the agglomeration of ZnO and the oxidation of Cu” to Cu?*, leading
to catalyst deactivation [58].

Recent research has focused on developing highly effective Cu-based catalysts that
demonstrate better activity, selectivity, water tolerance, and stability. Cu and ZnO remain
the primary active components in these catalysts, often supported by various modifiers
and metal oxides such as Al,O3, ZrO,, and CeO; [1,3,59-61]. These catalysts typically op-
erate at 220-300 °C and 5-10 MPa, with varying degrees of conversion, selectivity, and
space-time yield (STY) depending on the composition and preparation method [59,62].
Cu-based catalysts are the most extensively studied systems for CO, hydrogenation
to methanol. They are widely recognized for their high activity, operational longevity,
and resistance to poisoning under industrial conditions. The primary mechanism for
methanol synthesis involves the direct hydrogenation of CO;, although the RWGS reaction
(COz + Hy = CO + H;0) often competes with methanol formation, which can lower
methanol yield [63,64]. Over the years, scientists have developed a wide range of
catalysts to mitigate this issue, focusing primarily on Cu-based systems supported by
metal oxides [65].

The primary strategy for improving Cu-based catalysts has been the incorporation
of metal oxides such as ZnO, Al,Os, and ZrO,, which act as carriers and promoters,
optimizing the interaction between Cu, the support and bimetallic/alloy [66]. The addition
of ZrO,, for instance, has been shown to enhance methanol selectivity by stabilizing
reaction intermediates like formate and methoxide [63,67]. Additionally, CeO,, with its
unique redox properties, has proven to be an excellent promoter, increasing the number
of oxygen vacancies and improving CO, activation [68]. Research trends over the past
decade show that Cu-based catalysts continue to dominate, with approximately 79% of
publications on CO; hydrogenation to methanol focusing on Cu-ZnO systems [69,70].
Among these, the addition of Al,O3 and ZrO, remains the most popular approach for
enhancing catalyst performance.

3.2.1. Role of Supports or Support Effect in Cu-Based Catalysts

Selecting an appropriate support is essential for optimizing catalytic activity, stability,
and selectivity for CO, hydrogenation to methanol. Originally, supports were used primar-
ily to ensure well-dispersed metal particles and reduce sintering [71,72]. However, it has
become clear that the SMSI effect can significantly influence catalyst morphology, chemical
states, and activity levels [73,74].

ZnO is one of the most studied supports due to its dual function as a structural and
electronic promoter in Cu-based catalysts. ZnO acts as a geometric spacer between Cu NPs,
enhancing Cu dispersion and increasing the exposed Cu surface area [75,76]. Additionally,
ZnO modulates electronic properties through SMSI with Cu, impacting the electron density
at the Cu—ZnO interface. Tsang et al. investigated these morphology-dependent electronic
interactions, finding that the polar (002) facet in plate-like ZnO, with higher oxygen defect
density, increases electron transfer from ZnO to Cu, resulting in methanol selectivity above
70% in Cu/plate-ZnO/Al,O5 catalysts [48]. Further enhancements in electron density
were demonstrated with the encapsulation of CdSe quantum dots in ZnO rods, leading to
an impressive 75% methanol selectivity [77].

Most recently, Xuan et al. [78] explored the impact of solvent choice on the prepa-
ration and catalytic performance of CuO-ZnO-ZrO,-Al,03; (CZZA) catalysts using the
citrate complexing method for CO, hydrogenation to methanol. The improved results are
attributed to the better dispersion of active Cu species and the increased oxygen vacancy
content, which are critical for CO; activation and methanol synthesis. The CZZA catalyst
achieved a CO, conversion rate of 21.8% and a methanol selectivity of 51.0% under optimal

145



Processes 2025, 13, 314

reaction conditions (240 °C, 3 MPa). The study also underscores the formate pathway as the
reaction mechanism and highlights hydrogen spillover as a pivotal factor in the reaction.

ZrO; is recognized for its high thermal stability, mechanical strength, and specific
surface area, making it a preferred support for Cu-based catalysts in CO, hydrogenation.
Comparative studies have shown that Cu/ZrO;-based catalysts outperform Cu/Al,O3
counterparts due to ZrO,’s lower hydrophilicity and its ability to facilitate a dual-site
reaction mechanism for CO, adsorption and hydrogenation. Grabowski et al. observed
that catalysts with a higher proportion of tetragonal ZrO, (t-ZrO;) phase, stabilized by
oxygen vacancies, demonstrated increased methanol production rates by enhancing the
availability of Cu™ ions at the surface [79]. Similarly, nanocrystalline ZrO,, with more
surface edges and defects, was shown to strengthen Cu-ZrO; interactions, enhancing CO,
adsorption and promoting catalyst reduction [70].

Spinel-structured supports, such as ZnFe,O4, enable fine control over Cu nanopar-
ticle size and distribution, influencing CO adsorption and selectivity. Recent studies
have demonstrated that Cu/ZnFe,Oy spinel catalysts with a 33Cu/ZnFe-0.5 configuration
achieved a methanol selectivity of 71.6% and CO, conversion of 9.4% at 260 °C and 4.5 MPa,
attributed to the SMSI effect and the stabilization of ZnO adjacent to surface Cu nanopar-
ticles [80-82]. Despite their effectiveness, spinel catalysts typically have lower surface
areas due to high calcination temperatures. However, microwave-hydrothermal synthesis
methods have improved their surface area and thermal stability, allowing the preparation
of Cu-based catalysts with stable microstructures and smaller particle sizes [80,83].

Metal-organic frameworks (MOFs) offer a novel approach by stabilizing metal NPs
within their porous structures, providing unique catalytic properties. For instance, Cu-
based catalysts encapsulated within Zr-based MOF UiO-66 achieve 100% methanol selectiv-
ity and an eightfold increase in catalytic activity compared to traditional Cu/ZnO/Al,O3
catalysts with the help of SMSI effects between Zr oxide secondary building units and
Cu NPs [84]. This structure enables efficient H; activation by metallic Cu and stabilizes
intermediates, enhancing both reaction rates and stability [85,86].

Commonly used supports like SiO, provide large surface areas but suffer from thermal
instability at elevated temperatures, limiting their long-term applicability in methanol syn-
thesis due to their transformation into less stable forms in the presence of water vapor [54].
Despite these limitations, advanced support materials such as carbon-based carriers, MOFs,
and structured metal oxides continue to expand the potential for durable and efficient
methanol synthesis from CO5.

The role of supports in Cu-based catalysts for CO, hydrogenation to methanol is
multifaceted, encompassing structural, electronic, and chemical effects. By optimizing the
choice of support material, researchers can significantly enhance the catalytic performance,
selectivity, and stability of Cu-based systems. The use of advanced supports, such as mixed
oxides, spinel structures, and rare earth oxides, has opened new avenues for improving
methanol synthesis, offering better resistance to deactivation and higher methanol yields.
Moving forward, continued research into the design of tailored support materials will be
key to further advancements in this field.

3.2.2. Role of Promoters in Cu-Based Catalysts

Promoters in Cu-based catalysts for CO, hydrogenation enhance both structural and
electronic properties, optimizing catalytic activity, stability, and methanol selectivity. By
influencing factors such as metal dispersion, redox properties, and acid-base interactions,
promoters enable more efficient pathways for CO, reduction to methanol [87].

Alkali metals, particularly potassium (K), act as promoters in Cu—Zn-Al catalysts by
modifying the Cu* /u ratio, which is critical for enhanced CO, hydrogenation activity.
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For instance, potassium-promoted Cu-Zn-Al (CZA-K) catalysts show a higher Cu*/u’
ratio than sodium-promoted systems, which correlates with improved methanol selectivity.
The increased Cu™ concentration is associated with the formation of K-O-(CO)-O surface
species, which limits the reverse water-gas shift (RWGS) reaction and increases methanol
production [88]. This effect arises because the K-O species inhibit CO, dissociation, thereby
promoting methanol over CO formation.

Ga,03 is extensively studied as a promoter in Cu-ZnO-based catalysts due to its
ability to increase specific surface area, reduce particle size, and stabilize Cu™ species.
These structural and electronic modifications contribute to a higher methanol yield. Studies
have shown that Ga;O3 in Cu-ZnO/HZSM-5 catalysts enhance the dispersion of Cu and
stabilizes intermediate Cu* states, which are essential for CO, hydrogenation [32,55,89,90].
For instance, Schumann et al. observed that Ga3* incorporation increases ZnO conductivity
and generates redox-active defect sites, resulting in improved methanol synthesis rates [91].
Furthermore, Ga,O; facilitates the formation of a ZnGayO4 spinel phase, enabling type
II heterojunctions in ZnO-GayO3 mixtures, which drive the reduction of ZnO and the
formation of CuZn alloys, both of which are highly active for methanol synthesis [48].

Promotion of Indium (In) has demonstrated significant effects in Cu/CeQO, cata-
lysts, enhancing methanol yields by promoting smaller Cu particle sizes and improving
dispersion and stability. Loading only 1 wt% indium in Cu/CeO; resulted in marked
improvements in the methanol yield rate due to the enhanced stability and distribution of
Cu on the catalyst surface [92]. The reduction in particle size and improved distribution
likely results from In’s role in preventing Cu agglomeration, which stabilizes the catalyst’s
active sites during CO; hydrogenation.

Rare earth metals, such as lanthanum (La), calcium (Ca), and cerium (Ce), have shown
substantial promotional effects on Cu/ZnO/ZrO, catalysts. La,O3, for example, not only
increases Cu dispersion but also introduces oxygen vacancies by partially substituting Zr**
with La**, thereby enhancing CO, adsorption and methanol selectivity up to 72% [93].
Additionally, the enhanced basicity from La;O3 increases the number of basic sites, fa-
voring formate adsorption and hydrogenation, which are crucial for methanol formation.
Recent studies using La-modified CZA catalysts demonstrated up to a 30% increase in
CH3O0H production, attributed to the improved porosity and surface area, which facilitate
intermediate adsorption and CO, hydrogenation steps [94,95].

Recent literature [14,18,19] has explored the significant influence of catalyst design
strategies and support interactions, as evidenced by the varied results across systems such
as Cu/TiO; and Cu-CapgLagTiO3. Cu/TiO;-600, prepared using a lattice confinement
strategy, exhibited superior performance with a methanol selectivity of 55.5% and a CO,
conversion of 45.2% under reaction conditions of 240 °C, 3 MPa, and a feed ratio of
CO2/H3/Ny = 1/3/1. This high efficiency is attributed to the enhanced dispersion of
Cu species within the TiO, lattice, which not only improves sintering resistance but also
maintains a high density of active sites for CO; activation and methanol synthesis. In
comparison, Cu/TiO,-500, operated under harsher conditions of 300 °C and 4 MPa, showed
lower methanol selectivity (43.3%) and CO, conversion (12.5%), suggesting that the catalytic
efficiency is sensitive to both the reaction environment and the interplay between Cu
and its support. In this system, the role of oxygen vacancies in TiO, was found to be
crucial for activating CO,, but excessive metal-support interaction (SMSI) likely hindered
catalytic activity by partially covering Cu active sites, underscoring the importance of
balancing metal-support interactions for optimal performance. On the other hand, Cu-
CapgLag2TiOj3, a perovskite-structured catalyst, displayed a well-balanced performance
with a methanol selectivity of 58.5% and a CO; conversion of 22.5% at 300 °C and 3 MPa,
using a higher hydrogen-rich feed ratio of CO,/H;/N; = 6/18/1. The incorporation of
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La into the perovskite lattice enhanced the dispersion of Cu species and optimized the
ratio of Cu’/Cu*, with Cu® playing a pivotal role in Hy activation and Cu* facilitating
methanol synthesis. This dual functionality, combined with the stability of the perovskite
structure, enabled efficient CO, activation and selectivity toward methanol. Comparatively,
the results indicate that while lattice confinement strategies in Cu/TiO,-600 maximize
methanol selectivity and thermal stability, the Cu—CaggLagTiO3 system strikes a balance
between selectivity and conversion by leveraging perovskite properties and active site
tuning. These findings collectively highlight the need for precise control over catalyst
composition and support interactions to achieve high-efficiency methanol production in
CO; hydrogenation processes.

Noble metals, including palladium (Pd) and gold (Au), have been used to boost
hydrogenation rates in Cu-based catalysts by facilitating H; spillover. This mechanism
enhances reducibility, improves surface hydrogenation reactions, and stabilizes Cu sites,
resulting in increased methanol production [20,96-98]. For instance, Martin et al. reported
that Au acts as an electron-withdrawing agent, promoting electronic transfer from ZnO
to Cu and stabilizing Cu species against reoxidation, thus enhancing methanol yield by
increasing resistance to CO; or H,O-induced oxidation [99].

Interestingly, methanol itself may act as a promoter in Cu/ZnO/MgO catalysts. The
presence of a small amount of methanol in the reaction feed has been shown to reduce the
apparent activation energy from 117.9 kJ/mol to 67.9 k] /mol, suggesting that methanol
interacts with the catalyst in a way that lowers the energy barrier for CO, hydrogenation.
Although the precise mechanism of this effect remains unclear, it may relate to methanol’s
interaction with active sites, enhancing reaction kinetics under certain conditions.

The study by He et al. [100] investigates the catalytic performance of Mg-modified Cu-
ZnO-ZrO; catalysts with a co-precipitation method for CO, hydrogenation to methanol,
the incorporation of MgO into the Cu-ZnO-ZrO, system optimized the catalyst’s mi-
crostructure, enhanced the dispersion of active species, and introduced appropriate basic
sites, which significantly improved the adsorption and activation of CO,. Among the cata-
lysts tested, the optimized Cu-ZnO-ZrO, /MgO (CZZysMy ) achieved a CO, conversion
of 7.3% and methanol selectivity of 71.8% under reaction conditions of 220 °C, 3 MPa.
This performance represents nearly double the conversion rate compared to unmodified
Cu—ZnO-ZrO, catalysts. The MgO as a promoter has showed significant potential for
improving CO, hydrogenation catalysts, making CZZj gMj > a highly promising candidate
for efficient methanol production.

In summary, the incorporation of promoters, whether alkali metals, metal oxides,
rare earth elements, or noble metals, significantly impacts the performance of Cu-based
catalysts in CO; hydrogenation to methanol. Each promoter provides unique benefits,
such as improved Cu dispersion, stabilization of reactive intermediates, and enhanced
electronic properties, all of which contribute to greater methanol yields and selectivity. The
strategic use of these promoters thus forms a critical approach in designing more effective
and sustainable catalysts for methanol synthesis from CO,.

Table 1. Cu-based catalysts for CO, to methanol.

Catalysts (olé) (MI;’a) Gas Composition S(Elaf Fngll(:Eilt)), C onve(i(s)ii) 1 (%) Seleccgzzg;{(%) Ref.
Cu-ZrO, 230 1 CO,/Hy /Ny =1/3/1 50,000 16 722 [101]
Cu/ZrO, 260 3 CO,/Hy /Ny =23/69/8 6000 17.1 58.5 [102]
Cu-Zn-Zr/CuBr; 250 5 CO,/Hp/Ny =23/69/8 3000 10.7 97.1 [103]
Cu/TiO,-600 240 3 CO,/Hy/Np =1/3/1 3600 452 55.5 [18]
Cu/TiO,-500 300 4 CO,/Hy/Np =1/3/1 10,000 12.5 433 [14]
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Table 1. Cont.

Space Velocity

COy

CH3;0H

Catalysts €0 (MPa) Gas Composition (mL-g-1h-1)  Conversion (%) Selectivity (%) Ref.
Cu-Cag.Lag2TiOs 300 3 CO,/H,/N, = 6/18/1 3000 25 585 [19]
0.5% Cu-Zn-Zr 290 45 CO,/H, =1/3 10,800 95 76 [104]
Cu-Zn-Al-Ce 250 3 CO,/Hy =1/3 12,000 142 378 [105]
20% ZnO-ZrO, 320 2 CO,/H, =24/72 24,000 6.4 785 [63]
inverse-ZrO, /Cu 220 3 CO,/H, =1/3 48,000 <5 ~70 [65]
Cu@ZnO-1.0 240 3 CO»/Hy =1/3 12,000 19.6 76.9 [61]
CuO/Cegs Zros Os 220 3 CO,/H, =1/3 10,000 7 96.4 [66]
Cu-Zn-ALK 240 3 CO,/H, = 1/4 2400 14 9% [106]
Cu-ZnO-A1,0; 260 36 CO,/H, =1/10 18,000 65.8 77.3 [107]
Cu-ZnO-A1,0, 280 4 CO,/H, =1/3 10,000 653 919 [108]
Cu-ZnO 250 3 CO,/Hy =1/3 18,000 23 100 [109]
Cu-ZnO-ZrO; 200 1 CO»/Hy/Nj =3/9/1 4000 58 552 [110]
Cu-Zn0-ZrO, 230 3 ; 3000 15.2 35.1 [111]
Cu-ZnO-Zr0,/MgO 220 3 CO,/Hy/N; = 23/69/8 18,000 73 71.8 [100]
Cu-ZnO-ZrO, 240 3 CO,/H, =1/3 3600 12.1 541 [112]
Cu/ZrO, 280 3 CO,/H, =1/3 7200 12 3 [113]
30Cu-ZnO-ZrO, 280 5 ; 10,000 23 33 [114]
Fe-Cu-ZnO-ZrO, 250 3 CO,/Hy =1/4 60,000 187 538 [115]
Cu-Gay03-ZrO, 250 2 CO,/H, =1/3 2500 13.7 75.6 [116]
Ga203/1E7/'7Cu /20, 250 3 CO,/H, = 22/75 20,000 13 74 [117]
Cu/ALO; 280 95 CO,/H, =1/4 12,000 30 80 [118]
LaOpsZro2Cuo7ZngsOx 250 CO,/Hy =1/3 3600 12.6 525 [119]
30Cu-ZnO-ZrO, 280 ; 10,000 21 34 [120]
Cu-ZnO-ZrOy-Al,O5 240 3 CO,/H, /N, = 235/64.5/12 2400 218 51 78]

3.2.3. Role of Alloy in Cu-Based Catalysts

The Cu/ZnO/Al,O3 (CZA) system has been commercially employed for over 60 years,
but the exact nature of its active sites remains a topic of debate. The active sites for
CO; to methanol conversion in these catalysts are believed to be located at the metal-
oxide interfaces (Cu-ZnO) and surface Cu-Zn alloys (Alloys). Nakamura and Fujitani
first provided evidence using XRD that Cu-Zn alloys form in Cu/ZnO catalysts, which
significantly improve the specific activity and indicate that these alloys are the active sites
for methanol synthesis [121]. Other researchers, such as Malte Behrens, observed through
HRTEM that Cu nanoparticles in these systems are covered by disordered ZnOx layers,
forming a surface Cu—Zn alloy. DFT calculations further confirmed that these surface
alloying sites can enhance methanol synthesis [122].

Further support comes from Topsoe researchers, who used H,-TPD and XPS to pro-
vide definitive evidence of surface Cu-Zn alloy formation [123]. Their findings suggest
that increased H; partial pressure leads to more Zn in the metallic state, while DFT cal-
culations indicated that Cu—Zn alloying weakens H; adsorption, promoting methanol
production [124]. The group also proposed that ZnO particle size plays a key role in
controlling Zn coverage on Cu, affecting the overall catalytic activity [59].

In contrast, a team at Brookhaven National Laboratory provided evidence that the
metal-oxide interface (ZnO—-Cu) is the primary active site. They found that Zn/Cu cata-
lysts initially exhibited low activity but were gradually oxidized to form ZnO/Cu inter-
faces during the reaction, achieving high activity levels comparable to directly prepared
ZnO/Cu systems [125].

149



Processes 2025, 13, 314

Palladium (Pd) has been introduced into Cu-ZnO catalysts to increase methanol
yield, not by creating new active sites, but by promoting H; spillover and stabilizing
active Cu sites, preventing their oxidation by CO; [50]. Pd and Cu can form stable alloys
after reduction, which has been demonstrated to provide significant synergistic effects
for methanol synthesis [126]. For instance, Chunshan Song’s team developed a series of
Si0O, supported Cu—Pd bimetallic catalysts, showing that an optimized atomic ratio of
Pd/(Pd + Cu) between 0.25 and 0.34 doubled the methanol yield compared to monometallic
Cu and Pd catalysts [126,127]. Their results indicated that Cu-Pd alloy nanoparticles
increase the surface coverage of formate species, a key intermediate in methanol synthesis.
Furthermore, PdCu-enriched catalysts outperformed PdCu3-enriched catalysts in methanol
production [128].

The effect of support materials on the performance of Cu-Pd catalysts has also been
investigated. Supports such as TiO,, ZrO,, and Al,O3; were found to enhance methanol
production by creating moderate MSI. In contrast, CeO,, which created stronger MSI,
hindered the formation of Cu-Pd alloys and led to competitive adsorption of H, and CO5,
resulting in poorer performance [129].

Although CZA catalysts perform well, their efficiency in CO, hydrogenation can be
negatively affected by water formation and the hydrophilic nature of alumina [110,126]. As
a result, ZrO, has been introduced as a less hydrophilic promoter to improve catalytic
performance [130]. Studies have shown that adding ZrO, increases Cu dispersion, enhanc-
ing methanol selectivity [111]. Various synthesis methods have been developed to create
Cu—ZnO-ZrO; catalysts, including surfactant-assisted coprecipitation, which enhances the
interaction between Cu and Zr, resulting in higher methanol selectivity [131]. Other studies
have focused on optimizing the crystallographic structure of ZrO; to increase catalytic
activity [79]. For example, tetrahedral ZrO, has been found to be more beneficial than
amorphous forms for methanol synthesis [113].

In addition to ZrO,, Ga;O3; and CeO, have also been used as bimetallic promoters.
GaO3 has been shown to improve catalytic performance by increasing SACu and en-
hancing the Cu—ZnO interaction [114], while CeO, provides new sites for CO; activation,
significantly increasing methanol production [132]. Furthermore, ternary Cu/Ga;O3/ZrO,
systems have outperformed binary Cu-ZrO; and Cu-Ga,Oj3 catalysts, particularly when
specific preparation conditions are followed [117].

4. Conclusions

The conversion of CO, to methanol is a pivotal strategy for addressing global carbon
emissions while enabling the production of a versatile chemical and energy carrier. This
review integrates a comprehensive bibliometric analysis with a detailed examination of
thermodynamic constraints, reaction mechanisms, and advances in catalyst development.
The bibliometric analysis, encompassing over 13,000 publications from 2012 to 2023, high-
lights the significant growth in research on CO,-to-methanol technologies, particularly the
central role of Cu-based catalysts. Notably, 9361 of these publications focus specifically on
Cu-based catalysts, underscoring the growing interest in their potential for CO, conversion.
The analysis underscores China’s leadership in the field, along with substantial contribu-
tions from the United States, Germany, and other nations, reflecting the global urgency to
address climate change.

Cu-based catalysts, enhanced through doping with elements such as ZrO,, CeO,, and
Gay03, and innovations in composite supports like Cu-ZnO-ZrO,-Al,O3, have emerged
as the cornerstone for industrial-scale CO, hydrogenation. These systems balance activity,
stability, and cost-effectiveness, addressing the challenges posed by the reverse water-gas
shift reaction, water-induced deactivation, and the thermodynamic stability of CO,. The
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review also explores advanced catalytic strategies like perovskite-type oxides, highlighting
their potential to overcome existing limitations and unlock new avenues for catalyst de-
sign. Emerging materials, including metal-organic frameworks and bimetallic alloys, offer
further opportunities for optimizing reaction pathways and improving selectivity under
industrial conditions.

Further challenges and outlook for industrial applications are discussed in the next
section. Addressing these challenges requires an interdisciplinary approach that integrates
renewable energy sources, innovative reactor designs, and policy-driven incentives to
enable sustainable industrial adoption. By consolidating current knowledge and identi-
fying critical gaps, this review not only provides a roadmap for future research but also
emphasizes the transformative potential of CO;-to-methanol conversion in realizing a
circular carbon economy. Continued innovation and collaboration across disciplines will be
essential in transitioning this technology from the laboratory to large-scale implementation,
making it a cornerstone of sustainable energy and carbon management.

5. Challenges and Outlook

While significant strides have been made in advancing CO; hydrogenation to
methanol, several technical and economic challenges remain unresolved, limiting the
scalability and industrial adoption of this promising technology. The activation of CO,
remains a primary obstacle, driven by the molecule’s inherent thermodynamic stability,
which necessitates substantial energy input. In Cu-based catalytic systems, this challenge
is compounded by the weak interaction between CO; and the catalyst surface, leading
to a reliance on high operational pressures—up to 200 bar—to drive reactions forward.
This reliance significantly increases energy consumption and operational costs, forming a
barrier to large-scale commercialization. Addressing this requires innovative approaches to
catalyst design. Emerging strategies, such as the integration of machine learning and quan-
tum simulations, offer the potential to predict and engineer advanced catalytic materials
with enhanced CO; affinity, enabling activation at lower pressures and temperatures. By
optimizing the electronic and structural properties of catalysts, such as doping Cu-based
systems with promoters that create active surface sites for CO, adsorption, future research
can directly target these bottlenecks.

In addition to activation challenges, the reverse water-gas shift (RWGS) reaction poses
a persistent issue, particularly at elevated temperatures where it competes with methanol
production. The RWGS reaction not only reduces methanol selectivity but also wastes valu-
able hydrogen, undermining process efficiency. To overcome this, catalyst systems must be
designed to suppress RWGS while favoring methanol formation under milder conditions.
Recent advances in nanostructured and multifunctional catalysts have shown promise
in achieving this balance, particularly through the stabilization of intermediates that fa-
vor methanol synthesis pathways. Further research should explore the synergy between
catalyst structure and reaction engineering, such as optimizing reactor configurations to
enable selective intermediate stabilization. For example, reactors that facilitate in situ water
removal could minimize the impact of water as a byproduct, which otherwise deactivates
Cu-based catalysts by promoting agglomeration and oxidation of active sites. Enhancing
the resistance of catalysts to water-induced deactivation through surface modifications or
the incorporation of hydrophobic supports is another critical avenue for improving process
longevity and efficiency.

Scaling up CO; to methanol conversion remains a key challenge due to the economic
and logistical barriers associated with CO, capture and hydrogen production. While small-
scale demonstration plants, such as Carbon Recycling International’s facility in Iceland,
have validated the feasibility of this technology, achieving economic viability at an indus-
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trial scale demands substantial advancements. Current CO, capture methods, whether
from industrial emissions or direct air capture (DAC) systems, are energy-intensive and
costly, with DAC technologies exhibiting low technological readiness levels. Innovations in
capture materials and processes, such as adsorption-based systems with higher efficiency
or bioengineered solutions leveraging microorganisms for CO; fixation, could significantly
lower costs. Coupling these advancements with decentralized production hubs that inte-
grate CO; capture and methanol synthesis at emission sources offers a practical pathway
to scalability.

Hydrogen production remains another critical bottleneck. Conventional methods like
steam methane reforming and biomass gasification generate carbon byproducts, undercut-
ting the environmental benefits of methanol synthesis. Electrolysis, powered by renewable
energy sources such as wind or geothermal energy, provides a more sustainable alternative,
as demonstrated by the geothermal-powered production model in Iceland. However, the
high costs and relatively low efficiencies of current electrolysis systems, typically ranging
between 40-60%, limit their widespread adoption. Increasing the efficiency of electrolysis
through advances in membrane technologies, such as solid oxide electrolysis cells, and
scaling renewable energy sources to supply hydrogen at competitive costs, are essential for
the long-term viability of CO,-to-methanol conversion. Policy incentives and investment
in renewable energy infrastructure will also play a pivotal role in reducing the economic
barriers to green hydrogen production.

Catalyst development continues to be a central focus in advancing CO, hydrogenation
to methanol, addressing the limitations of Cu-based systems that, while effective and af-
fordable, are prone to deactivation under industrial conditions, particularly in the presence
of water. Recent progress has demonstrated the potential of composite supports, bimetallic
systems, and structural modifications to overcome these challenges and enhance catalyst
performance. Composite supports such as Cu-ZnO-ZrO,-Al,O3 have shown improved
stability by optimizing the dispersion of active Cu species and resisting sintering and deac-
tivation, critical for sustained industrial applications. Bimetallic catalysts, such as Pd-Cu or
Ga—Cu systems, exploit synergistic interactions between metals to stabilize intermediates,
improve reaction kinetics, and suppress competing reactions like the reverse water-gas
shift (RWGS). Structural innovations, including perovskite-type oxides like CagglLaggTiO3,
introduce dynamic lattice oxygen and defect sites that facilitate CO, activation and enhance
hydrogenation efficiency, while layered double hydroxides (LDHs) offer a high density of
tunable active sites and robust thermal stability, creating a supportive environment for Cu
nanoparticles. These advances collectively aim to enhance catalyst durability, activity, and
selectivity under practical operating conditions, addressing key industrial requirements.
Moving forward, hybrid systems that integrate the complementary benefits of these ap-
proaches hold significant promise, and their validation through pilot-scale studies will be
essential to establish their feasibility and performance under real-world conditions, paving
the way for resilient and efficient catalytic technologies for CO, hydrogenation.

Finally, the economic viability of methanol production from CO, remains a critical
hurdle. Although market demand for methanol is growing, the cost of production through
CO; hydrogenation currently exceeds that of conventional methods due to the expenses
associated with CO; capture and hydrogen generation. Integrating methanol synthesis
plants with renewable energy sources and industries emitting high CO, volumes could
reduce costs and improve economic feasibility. Additionally, exploring the valorization
of methanol into higher-value products, such as olefins or specialty chemicals, could
provide supplementary revenue streams. Participation in carbon credit markets through
Certified Emissions Reduction (CER) programs may also offset production costs, further
incentivizing industrial adoption.
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The successful commercialization of CO;-to-methanol technologies will ultimately
depend on a confluence of scientific innovation, strategic integration of renewable energy,
and supportive policy frameworks. By setting measurable performance targets—such
as achieving methanol selectivity above 90% at pressures below 50 bar—and fostering
interdisciplinary collaborations, the field can overcome its current limitations. As catalyst
systems evolve and production processes are optimized, CO, hydrogenation to methanol
has the potential to transition from a laboratory-scale innovation to a cornerstone of
sustainable carbon management and green energy production.
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Abstract: With the consequences of climate change becoming more urgent, there has never
been a more pressing need for technologies that can help to reduce the carbon dioxide
(CO,) emissions of the most polluting sectors, such as power generation, steel, cement, and
the chemical industry. This review summarizes the state-of-the-art technologies for carbon
capture, for instance, post-combustion, pre-combustion, oxy-fuel combustion, chemical
looping, and direct air capture. Moreover, already established carbon capture technologies,
such as absorption, adsorption, and membrane-based separation, and emerging technolo-
gies like calcium looping or cryogenic separation are presented. Beyond carbon capture
technologies, this review also discusses how captured CO; can be securely stored (CCS)
physically in deep saline aquifers or depleted gas and oil reservoirs, stored chemically via
mineralization, or used in enhanced oil recovery. The concept of utilizing the captured
COy (CCU) for producing value-added products, including formic acid, methanol, urea,
or methane, towards a circular carbon economy will also be shortly discussed. Real-life
applications, e.g., already pilot-scale continuous methane (CH,4) production from flue gas
COgy, are shown. Actual deployment of the most crucial technologies for the future will
be explored in real-life applications. This review aims to provide a compact view of the
most crucial technologies that should be considered when choosing to capture, store, or
convert CO,, informing future researchers with efforts aimed at mitigating CO, emissions
and tackling the climate crisis.

Keywords: CCSU; CCU; CCS; CO,; BECCS; carbon capture; post-combustion; pre-
combustion; oxy-fuel combustion; chemical looping; DAC

1. Introduction

From 2011 to 2020, average global temperatures increased by 1.1 °C compared to
pre-industrial level in 1850-1900. By 2021-2040, it is likely that the 1.5 °C level will be
reached or even exceeded if our annual emissions remain the same. A rise up to even 2 °C
is possible if we do not take action on a larger scale [1]. With the rise in global temperatures,
we will face an imbalance in our unique ecological balance. Impacts become visible through
extreme weather, rising sea levels, and ecological disruptions [2]. Total greenhouse gas
(GHG) emissions, typically from carbon dioxide (CO,), methane (CHy), fluorinated gases
(FG), and nitrous oxide (N,0O), are the fundamental drivers of global temperature rise. The
CO; emissions are, in fact, the largest of all these GHGs [3]. The Global Carbon Project
estimates global CO, emissions for 2022 at 37.1 (+2) Gt. Emissions were expected to
hit 37.5 Gt in 2023, a 1.1% increase compared to 2022 [3]. Reducing these emissions has
become one of our greatest challenges. To tackle the rising temperatures, the European
Union declared 2019 an ambitious goal to have net-zero emissions by 2050 and decoupled
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economic growth from resource usage [4]. However, reducing emissions is difficult because
the underlying causes are deeply embedded in complex infrastructure, which includes
many sectors, such as energy, transportation, production, and agriculture. These sectors
have been developed and optimized over decades. Thus, transitioning to something more
sustainable is difficult, and long-term strategies can be costly. In addition, political and
economic issues easily complicate GHG mitigation. The public interest and the industry’s
capabilities must be in harmony. Otherwise, this often causes prolonged negotiations and
delayed implementation of policies and regulations. In addition, many developing nations,
particularly China and India, are experiencing rapid economic development, leading to a
large demand for coal as the main energy resource [5]. As more and more industrial output
is produced to meet demand from such countries, a massive ramp-up in CO, emissions
can be seen. For example, China produced 11.4 Gt CO; in 2022, 30.73% of all global CO,
emissions. Industrial countries, such as the USA and the European Union, emitted 2022,
5.1, and 2.8 Gt CO,, respectively. Yet, concerning the CO, emissions per capita, China
released 6.9 Gt CO; less into the atmosphere than the USA last year [3].

The main goal of reducing GHG emissions, particularly CO, emissions, should be find-
ing urgent solutions to curb emissions without disrupting economic growth and industrial
practices in industrial and developing countries. We should invest in reliable, cost-effective,
and already-established strategies. More specifically, the focus should be on technologies
that can be easily scaled [6], have high and efficient CO, fixation capabilities [7], have a low
energy penalty for each ton of CO; captured [8,9], and have low investment and operating
costs [10,11]. Hereby, it heavily depends on the industry sector whether a technology
is considered efficient [12]. For high-temperature processes, waste heat can be applied
to carbon capture processes, lowering the additional energy demand [13]. In contrast,
technologies with low energy consumption are interesting for power-generating industries
such as power plants [14-16].

This work provides a compact overview of possible CO, capture technologies, and
the primary techniques used, like pre- and post-combustion, oxy-fuel combustion, and
chemical looping for capturing flue gas CO,. The application of direct air capture to
capture airborne CO; is also presented. The technologies will be discussed in terms of
their advancements and limitations. In addition to carbon capture, carbon storage (CCS),
utilization (CCU), and bio-based technologies (BECCSUs) will be assessed in terms of
feasibility and today’s application. The review will not discuss other important factors in
CO; reduction, e.g., limiting deforestation processes or indirect carbon capture methods.
Nevertheless, those factors play an important role and contribute to the big picture.

2. Current Challenges of Reducing CO, from Flue Gases

To reduce emissions, capturing CO, from flue gases, e.g., power plants or chemical
production plants, plays an important role. It is even bigger if the power plant is fairly
big and generates energy for many production sites or households. However, in addition
to political challenges, there are a number of key challenges in CO, capture from flue
gas, identified in the literature [17-21], which are summarized below. The main goal of
making the process of carbon capture and storage more practical should be to address
these challenges.

2.1. High Energy Consumption and Carbon Penalty

A big challenge in CO; capture from flue gases is the high energy demand associated
with the capture process. Much of the technology employed today for CO; capture is based
on solvent-based systems, which consume large amounts of energy in both the absorption
and regeneration steps. The energy used in this process is generally produced by the
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combustion of extra fossil fuels, which increases the overall CO, emissions of the facility
and causes what can be described as a “carbon penalty”. In other words, the energy needed
for CO; capture can diminish the benefit of capturing the gas if it raises the emissions.
Thus, it becomes very significant to lower the energy intensity of CO, capture processes to
make the technology more effective and efficient at net emission reduction.

2.2. High Initial Capital Costs or Operational Costs

The deployment and operation of CO, capture systems come with significant capital
investments in the beginning and associated continuous operational costs. Infrastructure
developments, including gas treatment systems, capturing units, and storage facilities for
CO,, require a huge financial investment. That is why the higher cost may greatly influence
the feasibility of CO, capture projects and hinder large-scale applications. In addition to the
initial capital costs, there are also continuing operating costs due to energy requirements,
e.g., solvent regeneration, maintenance of complex systems, and monitoring of CO, emis-
sions. These financial strains represent a strong disincentive to the widespread adoption of
CO; capture technologies unless full economic incentives, such as governmental funding
or carbon credit programs, are provided.

2.3. Low CO; Purity in Flue Gases and Inefficient Capture Rates

The quite low CO, concentration in flue gases poses a significantly greater challenge
to the efficiency of CO, capture. The flue gas basically contains all sorts of impurities, like
NOy, SOy, moisture, and soot, which complicate the process of capture. These components
lower the rate of capture and lower the purity of the captured CO,, thereby making it
difficult to use or store it afterward. Therefore, it is of great importance to develop new
technologies for the removal of these additional substances to improve the overall efficiency
of the CO; capture systems. Advanced membrane or filtration technologies can be used to
remove unwanted impurities from the gas stream before the actual capture of CO,. This
will not only produce high-purity CO, but also increase the efficiency of the whole process.

2.4. Solvent Degradation and Environmental Concerns

Another problem that exists in CO, capture is the degradation and environmental
effects of solvents involved in the process. Solvents, like amines, undergo chemical changes
during the process of absorbing CO, and should be replaced or renewed after certain
periods of time. Partial degradation of these solvents can further cause the release of
harmful byproducts, either inflicting environmental damage or requiring costly disposal
measures. Many of the solvents used can contaminate soil and water if not disposed of
properly. The development of less harmful and stable solvents that degrade less easily is
an important step toward sustainable CO; capture.

2.5. Scalability and Infrastructure Requirements

Scalability of technologies designed for CO, capture is a big challenge. They must
be flexible enough to be used in small-scale industrial facilities and large-scale power
generation plants. While CO; capture has been demonstrated effectively in pilot plants,
the question of how to scale up these technologies to an industrial level without losing
efficiency or driving up costs remains very relevant.

In addition, infrastructure for the storage or processing of large amounts of captured
CO; is required. The general transportation of CO, via pipelines to its place of storage or
being used in other processes requires substantial infrastructure development. Moreover,
the wide-scale deployment of CO, capture technologies will need massive financial invest-
ment in infrastructure and logistical solutions to ensure CO is stored or utilized in a safe
and efficient manner.
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2.6. Uncertain Long-Term Storage Solutions

After capturing, the CO; has to be stored somewhere long-term. This is one of
the uncertain aspects of CCS technologies. Geological storage in deep saline aquifers or
depleted oil/gas fields seems to be promising, but many questions remain unanswered
about the long-term safety of such storage and the possibility of CO; leakage over time.
This poses some real risks, as CO, may escape from underground storage sites for decades
or many centuries. In addition, the effectiveness and stability of CO, storage reservoirs
are still under study. Establishing and maintaining public confidence in CO; storage will
require much stricter regulation, continued monitoring, and transparent reporting to show
that storage sites remain secure over time.

3. CO, from Flue Gases

Power plants burn fuel, e.g., coal, to produce primary electricity and some heat. Fuel
combustion with air results in a flue gas with a low concentration of CO, because of a high
proportion of nitrogen gas from the air. However, for coal, combustion can also produce
other components that occur in the flue gas stream, such as nitrogen dioxide (NO;), sulfur
dioxide (50O;), and soot particles. To capture the CO; from the resulting flue gas stream, a
gas purification step can be required. This ensures that the subsequent carbon capture steps
are neither damaged nor rendered inefficient. Typical flue gas streams of natural gas or
coal-fired power plants consist mostly of about 8% and 14% CO, by volume, respectively.
In the cement industry, the kiln off-gas can have a concentration of CO; of up to 33% by
volume. For other applications, such as partial oxidation of natural gas or coal combustion
with pure O,, CO, concentration can reach up to 40% or >80% by volume, respectively [22].

3.1. Post-Combustion Route (PCCC)

Post-combustion carbon capture (PCCC) of CO, is a conventional approach that is
mature for many industrial applications (Figure 1).

Flue gas
without CO,
Air Power plant, Dust removal
—> chemical > De-NO, » CO, capture
Fuel industry, etc. Flue gas De-SO,
(<15 vol.% CO,)

> CO,
Figure 1. Simplified scheme for the post-combustion route for carbon capture (based on [17]).

In this method, CO; is captured from the flue gases produced after combustion, as typ-
ically found in facilities like power plants. Even though this is a very promising application,
the concentration of CO; in flue gases can be very low (less than 15 vol.% for coal-based
power plants). Thus, the economic capture of CO; remains very challenging from a techni-
cal perspective. Such a dilute concentration also diminishes the thermodynamic driving
force of the capture process [23]. One of the greatest selling points of the post-combustion
route is its ability to retrofit existing power plants, making it a stepping stone towards a
greener path without new infrastructure. This flexibility makes post-combustion capture
a preferable option for numerous existing facilities seeking a process to lower their CO,
emissions. A current operational example of a retrofitted post-combustion coal-fired power
plant is the Boundary Dam Power Station, owned by SaskPower in Canada. It is the
world’s first integrated and continuously used post-combustion CCS facility in a coal-fired
power plant [24]. The plant consists of five units with a total power capacity of 531 MW.
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In 2014, unit #3, with a power capacity of 120 MW, was retrofitted to capture around 1
Mt CO, per year. The captured CO, is then used for enhanced oil recovery (EOR) or
stored underground in deep saline aquifers [24,25]. Future possibilities for CCS application
include retrofitted coal-fired power plants in countries with high CO, emissions, highly
installed coal-fired power plant capacities, and additional storage opportunities near such
facilities. In 2023, these conditions were investigated for several Asian countries because of
their high portion of the global CO, emissions. The study concludes that India and China
have the highest CO, removal possibility using retrofitted power plants. Of the 520 power
plants screened in all countries, 305 (59%) passed the screening. These coal-fired power
plants have a total capacity of 378 GW; if 90% CO, capture is implemented, 1.55 Gt CO,
per year can be captured and stored in designated areas around the power plants [26].

In addition to the already established methods, there are numerous other techniques
for post-combustion CO, capture. Among these are emerging approaches that show
promising potential for greater cost efficiency.

3.1.1. Absorption via Fluid Absorbents

The absorption technology is a widely used and common separation method for
industry applications in the petroleum, coal, natural gas power plants, and chemical
industries for CO, separation [20]. The process can be divided into two main types of
absorption: chemical or physical absorption. First, the flue gas stream must be cooled
down. Subsequently, it is inserted into an absorber column where the CO; is absorbed
into the absorbent. The lean flue gas is then released, and the CO;-rich absorbent liquid is
transferred into a stripper column, where the solvent is regenerated by heat or pressure
change. The released pure CO, is then captured and prepared for further storage or
utilization. Conversely, the sorbent is transferred back into the absorber column for another
cycle (Figure 2) [19].

Liquid Flue gas
_ without CO, CO,

Gas
) )

Adsorbent ——— —

- Cooler > COZ —] CO?
Flue gas Absorber Stripper
(<15 vol.% CO,)

CO,-rich CO,-lean
absorbent absorbent

Figure 2. Simplified flowsheet of CO, absorption via fluid absorbents (based on [19]).

The most common method of capturing CO, from flue gases is chemical absorp-
tion. More specifically, the property of some solvents to selectively absorb and react with
CO; and release it upon regeneration [27]. The process is well-established in the natural
gas industry and is also used to generate food- and beverage-grade CO, [28]. Due to
their ability to establish a strong interaction with CO,, many aqueous amines, including
monoethanolamine (MEA), methyl diethanolamine (MDEA), and diethanolamine (DEA),
have emerged as the reference solvents for CO, absorption [29]. The removal of CO,
from diluted flue gas streams becomes efficient because of the chemical absorption [30].
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Amine-based CO, absorption utilizes the principle of chemical reactions where the reaction
between the amine (e.g., MEA) and the dissolved CO, leads to the formation of carbamate
compounds (Equation (1)) [31]. The detailed mechanism, including the formation of zwit-
terions and side reactions with water, is, for simplicity, not shown but can be seen in the
literature [32,33]. If heat is applied, the carbamate formation is reversed, and the CO, and
amine are released.

CO, + RNH; = RNHCOOH D)

Although this technique is widely used, one major disadvantage is the high energy
demand for solvent regeneration. Standard amine-based systems have an energy consump-
tion rate from 2.5 to 3.5 GJ /ton of captured CO,. The implementation of heat integration
techniques has shown the potential to reduce this energy demand by a further 0.5 GJ
per ton [18]. Moreover, using amine-based absorbents such as MEA leads to corrosion
in the columns [34]. Due to a certain amount of oxygen in the flue gas, the solvent can
also decompose into corrosive products, reducing the solvent volume and harming the
environment and people [35].

Apart from the previous solvents for chemical absorption, several other liquid sor-
bents can be used, as seen in the literature. These include amine blends [36,37], aqueous
alkali metal solutions [38], nanofluids (suspended nanoparticles) [39], and chilled aqueous
ammonia [40].

Furthermore, the use of ionic liquids (ILs) is considered [41-43]. ILs are ionic organic
compounds with melting points below 100 °C and advantages like an extremely low vapor
pressure, good electrical conductivity, as well as thermal/chemical stability. In the case of
carbon capture, they are favorable due to their high capacity and fast absorption. They
can absorb the CO; physically, or, in the case of functionalized ILs, a chemisorption with
CO»-philic sides on the compounds is also possible and the topic of recent research [43].

Solvents for physical absorption work differently than solvents for chemical absorption.
In such solvents, CO, dissolution is not controlled by chemical reactions. The efficacy of
dissolving CO, depends primarily on the solubility of CO, in the solvent, which follows
Henry’s law and is influenced by partial pressures [44]. In industry, several solvents are
used for physical absorption of acidic gases (CO, and H,S), such as chilled methanol
in the Rectisol process [45-48], dimethyl ether of polyethylene (DMPEG) in the Selexol
process [49,50], propylene carbonate in the Fluor process [51], and N-methyl-2-pyrrolidone
(NMP) in the Purisol process [52]. The Rectisol process is more efficient for carbon capture
than the Selexol or Purisol process due to the higher solubility of CO, in methanol at high
pressures and low temperatures. The Selexol process can be efficient. However, due to the
usage of NMP, it is more expensive than methanol [47]. A challenge of these solvents is the
selectivity for CO,, which must be high to only absorb COs. If there are contaminants such
as HjS in the flue gas, they can be absorbed as well [46].

As a current application example, Shell has built the Shell CANSOLV CO, Capture
System in 2014, integrated into the previously mentioned coal-fired power plant in Estevan,
Canada. The capture system uses the DC-103 proprietary solvent [53,54].

3.1.2. Adsorption on Suitable Materials

In contrast to the absorption carbon capture, where a liquid dissolves CO;, adsorption
is the deposition of CO; on a solid surface. The adsorption can happen in two different
ways: The first is chemical adsorption (chemisorption), where the CO, creates new covalent
bonds with the surface. Second, the physical adsorption (physisorption) creates no new
bonds between the solid and CO; on the surface. Physisorption is based on weak Van der
Waals interactions, which influence the energy demand for the regeneration process. The
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regeneration energy demand for physisorption is lower than for chemisorption due to the
interaction of the gas molecules and the solid surface [55,56].

While the processes of CO, adsorbing vary only with the used material, the desorption
process in terms of material regeneration can be performed in different ways. It can be
achieved with heat in a temperature swing adsorption (TSA) [57], with pressure differ-
ences in a pressure swing adsorption (PSA) or vacuum swing adsorption (VSA) [58,59],
with a combination of temperature and pressure in temperature vacuum-pressure swing
adsorption (TVPSA) [60] or with electricity in an electric swing adsorption (ESA) [61-63].

As for solid sorbent materials, many current investigations on different materials have
been carried out in the literature. Physical adsorbents can be divided into carbonaceous
materials and non-carbonaceous materials. Carbonaceous sorbents are graphene [64,
65], activated carbon (AC) [66,67], carbon molecular sieves (CMSs) [68,69], and carbon
nanotubes (CNTs) [70,71]. Non-carbonaceous sorbents, on the other hand, are materials
such as metal-organic frameworks (MOFs) [72-74], natural or synthetic zeolites [74,75],
and silica-based materials [76,77]. Solid sorbents for chemisorption differ from those with
physisorption because of the chemical reactions on the surface. This results in an energy-
intense regeneration to break the newly formed bonds and causes sorbent degeneration.
Possible and studied materials are amine-based materials, metal salts, or hydrotalcite [78-
81]. Due to the usage of different materials, regeneration processes, and CO, concentrations
in the flue gas, the energy demand is estimated to range from 1.5 to 4.5 MJ /kg CO, [7].

Current examples of carbon capture with solid adsorbents are the demonstration plant
in Lashburn (Canada) operated by Svante Inc., which uses its VeloxoTherm™ process based
on CO, adsorption [82].

3.1.3. Calcium Looping (CaL)

Another emerging chemisorption solid carbon capture process traps CO; via a car-
bonization step of calcium, called calcium looping or calcium cycling (Figure 3). Intended as
a post-combustion carbon capture technology, this approach was first proposed in 1999 [83].

Flue gas
without CO, CO,

[

Cyclone Cyclone
— L |
Carbonator CaCO, Ca0O Calciner
Flue gas Heat

(< 15 vol.% CO,)

Figure 3. Simplified flowsheet of CO, capture via calcium looping (based on [84]).

The principle behind this carbon capture technique is the reversible reaction of CaO
forming CaCOj3; with CO; in an exothermic reaction (Equation (2)). First, the flue gas is
inserted in the carbonator reactor, which has temperatures ranging from 600 to 700 °C.
The resulting carbonate is transferred in a cyclone to separate the solid from the cleaned
flue gas. Furthermore, in the calciner, with temperatures from 900 to 950 °C, the CaCO3 is
then regenerated back to CaO, and the pure CO, is captured [85]. The reaction to form the
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carbonate is rapid, while the reversal reaction is slower due to the CO, diffusion through
the CaCOj3 layer formed on the free CaO surfaces [86].

CaO + CO, = CaCO3 AH, = —178 k] /mol )

An obvious challenge of this process is the energy required to reach the high tempera-
tures for the endothermic calcination step. However, some of the heat generated from the
carbonation step can be used to lower the energy requirement of the calcination. Another
challenge is the loss of activity due to the fast sorbent decay after about 20 to 30 cycles,
which leads to sintering processes in the calcination step [87]. The advantages of this
carbon capture technique are the use of cheap material, e.g., limestone [88], and relatively
low-efficiency penalty ranging from 7 to 8% [89,90]. In the case of retrofitted coal-fired
power plants, it is also possible to achieve power efficiency penalties down to 2.75% [91].
Moreover, heat for the calciner can be generated by burning fuel together with pure oxygen.
Due to the temperature range and the CaO/CaCOj equilibrium, the possibility of in situ
carbon capture would be achievable while generating additional heat for power generation,
thus increasing the plant’s energy output [92].

For example, integration into high-temperature processes like cement or steel can
be favorable. In 2015, a technical analysis with process modeling of a cement plant with
integrated calcium looping carbon capture was performed. The plant has several benefits
due to the handling of limestone and lime, raw products of the cement process. Lime (CaO)
can be purged from the CaL process, replacing limestone in the kiln feed. The heat needed
for the calcination in the CaL process can be obtained by burning solid fuels, like petcoke,
a material which is also used in the cement plant, with pure oxygen. Furthermore, the
exothermic reaction in the carbonator is used for steam generation to generate electricity
via steam turbines. The latter can then be utilized for air separation to obtain pure oxygen
for combustion and CO, capture, purification, and compression. Overall, the power yield
of this integrated plant is calculated to be 426.66 kWh per ton produced clinker, taking the
power consumption of all steps into account. Carbon capture efficiency can reach up to
94.7% [93].

Generally, it is estimated that the cost for calcium looping is around USD 29-50/ton of
CO;,, which is 50% cheaper than carbon capture with amines [90].

Currently, the project CaLby2030 (started in 2022) aims to develop a commercial scale
of calcium looping carbon capture in high-temperature industries such as the cement or steel
industry, which account for more than 5 Gt of CO, emissions per year. The demonstration
plants are planned for Germany, Sweden, and Spain. They claim to demonstrate >99%
CO; capture rates [94]. For example, the La Pereda Hunosa power plant, a former 50 MW
coal-fired power plant in the Asturias region in Spain, has been retrofitted to burn biomass
and solid recovered fuel since 2023. Since 2012, an experimental CaL carbon capture facility
called La Pereda Pilot has been operating with a small amount of flue gas (2000 N m?/h)
from the power plant. The calciner is powered by a 2 MWy, combustion of biomass pellets
with enriched oxygen contents of around 37 vol.%. The facility achieves up to 99.5% carbon
capture efficiency [95,96].

3.1.4. Membrane Separation

Using membranes to separate components from a mixture is a well-established and
commercialized method. Current applications include natural gas or biogas purifica-
tion [97,98], water purification [99], or reverse osmosis for water desalination [100]. Using
membrane technology over other established technologies, such as distillation, offers some
important advantages. These are the low energy consumption due to the absence of exten-
sive heating or cooling processes (but for the regeneration of the sorbent), the possibility of
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easy linear scaling of the working system due to the modularity, and the incorporation of
currently used technologies [101,102]. In the case of carbon capture from flue gases, much
progress has been made over the last decades [20,28,103]. Three possible ways to operate a
hollow fiber membrane, for example, in a continuous carbon capture setup, are shown in

Figure 4.
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Figure 4. Simplified flowsheet of CO, absorption via membrane separation using a hollow fiber
membrane: (a) flue gas stream inside the lumen side, (b) fluid absorbent inside the lumen side, and
(c) transverse flow of flue gas stream (based on [102]).

The flue gas stream can flow parallel to the liquid on the shell side, parallel to the liquid
inside the lumen side, and transverse to the liquid stream on the lumen side. In the case of
the liquid absorbent stream flowing through the fiber lumen, absorption performance is
significantly improved by 150 to 180%. This can be explained by the better phase contact
between gas and liquid. Furthermore, a parallel flow operation is 20% more effective than
a possible co-current operation [104].

The selection of membrane material is highly important, and studies of differ-
ent materials can be found in the literature. Examples are mixed matrix membranes
(MMMs) [105-107], polymers of intrinsic microporosity membranes (PIMs) [108], metal—-
organic-frameworks (MOFs) [109,110], ceramics [111,112], composites [113,114], or hollow
fibers of different plastic materials [115]. Based on the material and process used, these
membranes can be operated with or without a sorbent liquid on the other side of the
membrane to absorb the CO, as an additional driving force. Well-established sorbents such
as amines, aqueous alkali metal solutions, or ionic liquids are possible. A special type of
membrane is the liquid membrane (LM), which can have a support (e.g., polyethylene)
combined with a liquid (e.g., ionic liquids) or exist without any support. Bulk liquid
membranes (without support) consist of a non-miscible liquid that acts as the membrane
phase [116]. More detailed information can be found in the literature [117-120]. Disadvan-
tages concerning mass transfer can occur depending on the material used for the membrane.
The most prominent challenges in choosing membrane materials are the mass transfer re-
sistance and membrane wetting due to the mostly aqueous liquid used for absorption [121].
Furthermore, for membrane separation of flue gases, other significant challenges occur.
Due to the low concentration of CO; of around 10-15 vol.%, the driving force for separation
is decreased because membrane separation depends on pressure differences. With low
partial pressures of the CO, in the gas stream, the separation is challenging, resulting in
inefficient separation for flue gas carbon capture [122]. Applications with higher partial
pressures are more favorable, like pre-combustion carbon capture. Another challenge is the
membrane selectivity for a specific component. In most cases, choosing the right material is
a trade-off between permeability and selectivity [119]. In addition, impurities, like NOy or
SOy, if not removed, can damage the membrane [122]. Despite these challenges, membrane
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carbon capture is a low-cost method. For a CO, /N, containing diluted flue gas feed with
1% CO, in a membrane separation process, an achieved 99.8% purity of the CO, gas stream
after separation was calculated. The results claim costs of USD 50.1/ton of CO, and an
energy demand of 0.5 GJ per ton of CO, [123].

Several projects have utilized membrane carbon capture processes for post and pre-
combustion [124]. A current example is the construction of a pilot plant for membrane
separation at the Dry Fork Power Station in Wyoming (USA) by the company Membrane
Technology and Research Inc. (MTR). They construct modular membrane modules using
their Polaris™ polymeric membranes. The pilot plant aims to capture 55,000 tons of CO,
per year. The construction was finished in October 2024. They claim to be the largest
application of membrane carbon capture to date [125].

3.1.5. Cryogenic CO, Separation

The technology of cryogenic carbon capture is based on the simple concept of separat-
ing components based on their different physical properties, such as boiling point or, in
the case of CO,, desublimation properties. Therefore, carbon capture uses flue gas streams
with highly diluted CO,. Cryogenic separation can be difficult and energy-intensive due to
the low concentration of CO, and the presence of other components like H,O. As the latter
can clog the system at these low temperatures [20,126], the technology performs better
with highly concentrated CO,. This can be achieved with different combustion setups (e.g.,
using the pre-combustion route) or additional carbon capture technologies like PSA to
increase the CO, concentration in the gas stream [18].

Based on the used phase equilibria, this approach has two possible pathways (Figure 5).
The conventional way uses the vapor/liquid equilibrium (VLE), and the unconventional
way uses the vapor/solid equilibrium (VSE).

Conventional Unconventional
vapor/liquid vapor/solid
| Cryogenic distillation | | Heat exchangers | | Cryogenic liquid | | Packed beds

Figure 5. Techniques for cryogenic CO; capture in the conventional and unconventional pathways
(based on [102]).

The conventional method, cryogenic distillation, is a complex and energy-intensive
process due to the special properties of CO,. The column must operate at a higher pressure
because of the triple point of CO, at 5.11 bar to achieve a vapor/liquid separation. Due to
the low CO, concentration in the flue gas, the efficiency is low, and the energy demand is
high [127]. The energy required for a conventional cryonic distillation for a feed with 70%
CO; by volume is estimated at around 1472 kJ /kg CO, [128]. For diluted CO; streams like
flue gases, the energy demand is estimated to be from around 2160 to 2376 kJ /kg [35,129].
The resulting energy requirement for cryogenic distillation is therefore highly dependent
on the concentration in the feed gas mixture.

In the unconventional way, there are three main technologies. The usage of heat
exchangers, cryogenic liquids, or packed beds. The usage of heat exchangers was first
developed in 2002 [130]. In this approach, the CO, desublimates on the fins of a heat
exchanger, which is cooled by a blend of refrigerants (e.g., from methane to butane). The
refrigerants evaporate to create the necessary cooling of around —120 °C. The system
consists mostly of more than one heat exchanger in a cascade and can be operated with
diluted flue gas streams but must be dried to avoid water ice forming on the fins. An
advantage of this approach is the possibility of getting high purities of CO; after a sublima-
tion step of 99.9%. The total electric energy consumption of this cooling method with an
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initial CO, concentration of around 15% is calculated to be from around 541 to 1119 kJ /kg
CO,, depending on the efficiency of the refrigerating system. It counts for all electrical
systems such as fans, pumps of the cooling tower, and compressors of the refrigerating
system [131,132]. It is, therefore, compatible with other carbon capture technologies and
lower than the conventional way using cryogenic distillation.

Another interesting concept in the field of heat exchangers is the usage of Stirling
coolers. The system consists of three coolers where the input stream is first precooled to
remove any H,O in the gas stream and a second cooler for the CO, freezing step. The solids
formed during the second step are transported to a third cooler to create cryogenic storage
for the collected CO,. At a flow rate of 1.5 L/min and a CO, concentration of 13 vol.%
in the flue gas, the energy consumption over the whole system was 1.5 MJ/kg CO,. A
capturing rate of 96% of CO, was achieved [133,134]. This concept receives more and more
interest in the literature due to the high efficiency of Stirling coolers, high reliability, and
compact size, among other reasons [135].

Another way of cryogenic carbon capture is the usage of cryogenic liquids like isopen-
tane. The flue gas containing CO, is passed through the liquid in a bubble column and the
dissolved CO; forms solids. The slurry liquid can then be filtered to obtain the pure CO,
out of the liquid. The technique aims to create a closed loop to achieve a continuous carbon
capture method [136]. An energy penalty of 0.74 MJ /kg CO, or, in other words, 15% of
the plant’s power output, is estimated through simulation for a coal-fired power plant with
cryogenic carbon capture using cryogenic liquids [137].

The third approach uses a packed bed with a cold material to desublimate the CO,
onto the surface. The packed beds are integrated into a column, and the flue gas moves
through the column until every packed bed is covered in CO; solids. Then, the column
must be regenerated to obtain the pure CO, [128,138]. An alternative to this process is using
just one packed bed in a cycle of CO, desublimation onto the surface and subsequently
transporting the packed bed out of the column into a regeneration unit to sublimate the CO,.
Afterward, the packed bed can be transported back into the column, and the capturing
starts again [139]. The energy requirement for multiple beds at an initial CO, concentration
of 10 vol.% is estimated to be 1.8 MJ,;/kg CO; for cooling down the packed beds to —70 °C.
However, the process can recover >99% of the CO, from the flue gas [140]. For only one
single bed operated in a cycle, energies were calculated for carbon capture systems of
three examples: an oil-fired boiler, a combined cycle gas turbine (CCGT), and for biogas
upgrading. For the oil-fired boiler, the energy consumption was calculated to be 1.20 MJ/kg
(332 kWh/ton), for the CCGT, 2.99 M]/kg (831 kWh/ton), and, for the biogas upgrading,
0.95 MJ/kg (263 kWh/ton) [139].

These techniques are still under development. In March 2024, Carbon America an-
nounced a facility with a cryogenic carbon capture technology (FrostCC) that compresses
and expands the flue gas with recuperative heat integration. The facility has been operating
for more than 1000 h and has a capture capacity from 500 tons up to 1000 tons of CO, per
year, with a capture rate of 99% [141].

3.2. Pre-Combustion

In the last chapter, the post-combustion route was discussed, along with several
techniques. However, instead of changing the approach for the carbon capture method
from diluted CO; streams like flue gases, the combustion route can also be altered. The
pre-combustion route is another important route in carbon capture technologies (Figure 6).
Here, a commonly used fuel (e.g., coal) reacts with air (or pure oxygen) to produce syngas
after a partial oxidation step (Equation (3)). A steam-reforming step (Equation (4)) can
also be employed instead of partial oxidation, or in parallel; it is advantageous to use
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exothermic partial oxidation to heat the endothermic steam reforming. In parallel, it is
called auto-thermal reforming [142].

CoHm + g 02 =nCO + %Hz AHCH4 = —36 k]/mol (3)
Air Partial H2 N Water.' H2 N (e} H2 Power Plant,
oxidation *| gasi=hit | capture » chemical
Fuel co reaction COZ P industry, etc.
Steam I co,

Figure 6. Simplified flowsheet of the pre-combustion route (based on [17]).

2n +m

CaHpm +nH,O=nCO + H; AHcpg = +206 kJ/mol (4)

CO+H,O=CO, + Hy AHcpg = —41 k]/mol (5)

When used alone, the reforming step typically produces about 43% Hy, 11% CO, 21%
H,0, and 6% CO, [143]. Following the step of syngas production, a water—gas shift reaction
(Equation (5)) is necessary to transform any of the CO into CO,. Afterward, the stream
consists mainly of CO; and Hy. The syngas has to be cooled down to prevent damage
or loss of efficiency in the following steps. Additionally, it has to be cleaned up from
impurities such as hydrochloric acid (HCI), hydrogen sulfide (H;S), carbonyl sulfide (COS),
and trace metals like mercury (Hg) [144]. Due to the usage of only oxygen and not air,
the partial pressure of CO; is much higher than in a diluted flue gas stream. Therefore,
the CO, capture is easier and more cost-efficient. As the main reason for efficiency loss in
the pre-combustion approach is the energy-intense water—gas shift reaction, this is of high
importance [19]. However, despite this challenge, producing H; for power generation in,
e.g., fuel cells, or the production of value-added chemicals, is an advantage [145].

To achieve a higher efficiency and counteract the efficiency loss of the water-gas shift
reaction, an integrated gasification combined cycle can be added (Figure 7). The pure
H, stream after the carbon capture is combusted with air in a gas turbine to generate
heat and electricity. The waste heat is then recovered and converted into steam, which
produces electricity in a steam turbine [146]. The principle behind a combined gas and
steam turbine is called the Brayton—-Rankine cycle [147]. Due to the possibility of additional
carbon capture, the interest in integrated gasification combined cycle (IGCC) plants has
increased in the 21st century [148]. There are also variations of the concept using other
fuels and process design, but the integrated cycle stays for all approaches. For example, the
biomass-based integrated gasification combined cycle (BIGCC) or the natural gas combined
cycle (NGCC). For the NGCC, the natural gas is used directly in the gas turbine without
the pre-combustion design.
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Figure 7. Simplified flowsheet of an integrated gasification combined cycle (based on [149]).

Currently, there are several IGCC power plants around the world operating with
net electric power ranging from 127 to 2400 MW and efficiencies of up to 48% [148].
For example, the IGCC power plant unit of the Nakoso Thermal Power Station, run
by Joban Joint Power Co., Ltd. in Iwaki (Japan). It operates with an electric power of
250 MW and an efficiency of 48%. The application of carbon capture techniques is not
completely clear from the source. A gas clean-up is described via MDEA and gypsum
recovery (for desulfurization), but additional storage or utilization of the CO, is not further
mentioned [150]. As a second example, the Jazan IGCC Complex is operated by Saudi
Aramco in Jazan Economic City, Saudi Arabia. The electric power output is claimed to be
3800 MW. Additional CCSU technologies are not presented [151].

Due to the higher efficiency and the possibility of capturing CO, with a higher partial
pressure, the cost of carbon capture for pre-combustion and additional IGCC technology
is estimated to be around USD 77.0 (GBP 60.4) per ton of CO,. Capturing CO; via pre-
combustion is cheaper in comparison to the post-combustion and oxy-fuel technology,
which costs around USD 162.7 (GBP 124.7) and USD 263.2 (GBP 206.6), respectively [10].

3.3. Oxy-Fuel Combustion

Oxy-fuel combustion is another combustion method apart from pre-combustion,
where effective carbon capture technologies can be applied (Figure 8). Pure oxygen is used
for combustion, which is obtained by mostly cryogenic air separation or can be obtained
during water electrolysis. After burning the fuel and soot removal, the flue gas is split and
recycled back into the combustion chamber. This is because temperature control can be
achieved in the combustion chamber. Furthermore, flue gas is more concentrated with CO5,
which makes separation much easier [19,152].

Flue gas
without CO,
Fuel — power plant,
{.' chemical Soot removal » JRE e » CO, capture
Alr O, industry, etc. RES2U
separation
unit

Figure 8. Simplified flowsheet of the oxy-fuel combustion route (based on [19]).

—co,

Oxy-fuel combustion was first postulated in the 1980s as a method for combustion,
achieving high purities of CO, in the recycling flue gas of ~95% after water removal [153].
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Two main applications of possible oxy-fuel process designs exist, i.e., coal-fired power
plants, pulverized-coal-fired oxy-fuel combustion (oxy-PC) [154], and the usage of cir-
culation fluidized beds (oxy-CFBs) [155]. As for the oxy-PC, the pulverized fuel is used
in certain boilers, which have been extensively reviewed in the literature [154,156-158].
The oxy-CFB method, on the other hand, employs another approach utilizing a different
boiler system with limestone as an additional component. An advantage of oxy-CFB with
limestone is that in situ sulfur capture can be achieved [159,160]. Oxy-fuel combustion has
the advantage of reduced NOy emissions during the combustion compared to combustion
with air due to the suppression of thermal NOy formation as part of the temperature
control. Moreover, due to the flue gas recycling, parts of the NOx become decomposed after
re-entering the combustion zone [158,161]. In the case of oxy-CFB, however, the presence of
limestone can negate this advantage and increase NOy emissions depending on the temper-
ature [155]. The cost of oxy-fuel combustion can be high due to the necessary air separation.
However, an energy and economic assessment in the literature shows that when used in
coal-fired power plants with heat-integration management, the CO;-avoiding cost can
reach USD 43.24 /ton of CO,. A challenging drawback is the reduced net power efficiency
of 10.41% for the power plant, due to energy-intense steps like the air separation [162].

Using oxy-fuel combustion for ships is evaluated with a techno—economic analysis to
reduce CO, emissions by onboard carbon capture. However, onboard O, production is one
of the biggest challenges due to higher energy demand and reduced engine effectiveness.
It is also evaluated that ships can obtain liquified O, from harbors, avoiding the on-board
O, production, which increases efficiency but requires additional storage capacity on
ships [163].

Currently, there are only a few operating oxy-fuel power plants worldwide. Many of
them are no longer operating [124]. One oxy-fuel plant is the NET Power demonstration
plant in La Porte, Texas (USA). The project started in 2018, operating with an output power
of 50 MW. Currently, there is a planned scale-up to 300 MW, with a carbon capture capacity
of 850 Mt of CO, per year, starting in 2027/28 [164,165]. As for 2024, China plans to
construct an oxy-fuel combustion project based in the cement sector, which they claim to
be the world'’s largest project of its kind. The plant aims for an annual carbon capture of
0.2 Mt CO; [166].

The Fraunhofer UMSICHT Institute takes a different approach. They combine a biogas
plant, which produces mainly CHs and CO,, with an oxy-fuel combustion plant. Due to the
usage of biomass, carbon capture, and oxy-fuel, the project name is BO,CCS. Furthermore,
they want to utilize the O, produced during electrolysis for H, production and create a
market for this unused by-product [167].

3.4. Chemical Looping Combustion (CLC)

An emerging technology for carbon capture is chemical looping combustion (CLC)
(Figure 9). It was first patented in 1954 and intended as a production method for pure
CO; [168]. Here, the air and fuel are separated from each other in the combustion process.
The metals/metal oxides, which are transferred between the fuel reactor (reducer), and the
air reactor (oxidizer) act as oxygen carriers. In the air reactor, the metals/metal oxides are
loaded with new oxygen atoms due to the reaction with air. Then, the metal oxides react in
the fuel reactor with the solid or fluid fuel and release some of the oxygen for combustion
to form CO, and water, which can then be separated after condensation of water. A pure
CO; stream for additional storage or utilization is achieved. The metal oxides used can be
based on different metals like Fe, Ni, or Cu [169]. Due to of the usage of air instead of pure
oxygen, the need for energy-intense air separation is obsolete. Furthermore, a dilution of
the CO; stream with air is not possible.
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Figure 9. Simplified flowsheet of chemical looping combustion route (based on [170,171]).

Equation (6) shows the simplified oxidation reaction in the air reactor between the
metal oxides and oxygen (air). Equation (7) depicts the simplified reduction reaction in the
fuel reactor with gaseous, liquid, or solid fuel. In the case of solid fuel, additional steam or
CO; is necessary to fluidize the fuel [169]. In reality, the oxidation or reduction of the metal
oxides is not ideal due to effects such as phase transformations or surface and bulk oxygen
defects [172].

MXOy_1 +1% 0y — MXOy 6)

CnHom + (2n + m) MxOy — (2n + m) MxOy_1 + n CO, + m H,O (7)

Specific and important properties are necessary for the selection of metal oxides
as oxygen carriers due to the cycling process and high temperatures needed for CLC.
These properties are, for example, a high melting point, high resistance to attrition and
agglomeration, high reactivity with oxygen and the fuel, as well as high oxygen transport
capacities [170]. The selection is of great importance, and many investigations of different
metal oxides can be seen in the literature [173-177]. The carbon capture cost highly depends
on the materials used and the process design, but it is estimated to be around USD 39 (EUR
37) per ton of CO; for a power plant with a net electric power of 630 MW and a capture
rate of over 90% [178] Currently, possible metal oxides are, for example, Fe;O3, Mn3Oy,
CuO, NiO, CoO, or FeTiO3 (ilmenite) [178]. The choice of the oxygen carrier used in a
CLC process also depends on environmental aspects such as the processing of the material,
recycling of used oxygen carriers, handling of plant waste as well as material loss during
processing and operation. Considering these challenges, CLC carbon capture processes can
optimized regarding sustainability [179].

Currently, no commercial plants use CLC for carbon capture, but there are some
projects that explore further up-scaling. For example, the TU Vienna investigated and
successfully operated a 100 kW pilot plant with CLC over three years. Now, they are up-
scaling the process, aiming for a demonstration plant with an electric power of 10 MW [178].
Furthermore, a consortium between China and Europe (CHEERS) is constructing and
testing a chemical looping combustion demonstration plant near Chengdu, China. It is
currently in the testing phase after start-up. For the oxygen carrier, the plant uses ilmenite
(FeTiO3). The plant will have an electric power output of 3 MW with a carbon capture rate
of 96% [180]. As for 3 MW power plants using CLC, there are also two demonstration plants
under construction in Ulsan (South Korea) [181] and at Ningxia University in China [182].
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4. Direct Air Capture (DAC) Approach to Capture Airborne CO,

In addition to capturing CO, from point sources like power plants or chemical in-
dustries, another approach is to lower the CO, content in the atmosphere is by directly
capturing airborne CO; from the atmosphere (Figure 10).

Air with
less CO,

Air
(~ 420 ppm CO,)

CO,
capture

— CO,
Figure 10. Simplified flowsheet of direct air capture.

The approach to capture CO, regardless of the CO, emission source has gained
more and more interest in recent years, despite the low concentration of CO, in the air
of currently around 420 ppm [183]. In a projection by the International Energy Agency
(IEA) for reaching the net-zero emission goal by 2025, the DAC removal target is ~980
Mt CO; per year [184]. The benefit of directly removing CO; from the atmosphere with
additional carbon storage technologies is an important alternative to the general approaches
of capturing CO; at fixed locations [185]. Due to the very low concentration of CO,, a large
air volume must be moved through an additional carbon capture technology, which makes
this technology expensive, with up to USD 1065/ton of CO,. Recent developments in DAC
systems could reduce that cost to less than USD 100/ton of CO, [186]. The cost is highly
determined by the capturing system and the energy cost. Depending on the method, the
energy usage can range from 3.4 to 4.8 GJ per ton of CO; (thermal) and from 0.55 to 1.12 GJ
per ton of CO, (electrical) [186].

Furthermore, the compatibility and profitability of DAC systems depend on govern-
ment policy and funding [187]. Policies like carbon credits or a carbon tax could motivate
industries to invest more in DAC systems for decentralized carbon capture. This is even
more relevant for sectors that cannot capture their CO, emissions at point sources. While
carbon credit prices are not well-regulated and standardized, a carbon tax is easier to
implement [188]. For example, a tax higher than the amount of the carbon capturing cost
could create a market for such technologies. In that case, industries can avoid paying
the tax by investing in cheaper solutions like carbon capture. The DAC company Skytree
suggested a carbon tax of more than USD 200/ton. Together with added value to the
captured COy, selling it to other industries can turn DAC systems profitable because the
revenue is greater than the capturing cost. [188]. As a current example, the carbon tax in
Sweden for 2024 is USD 131.73 (SEK 1450) [189]. While such policies like a carbon tax can
reduce fossil energy consumption and lower carbon emissions, they can also have negative
aspects that should be taken into account as well. For example, a tax that is too high can
lead to social-economic consequences like industries relocating to countries with lower
carbon tax [190,191].

While policy measures can make DAC systems profitable, technological solutions
are required to reduce the high energy penalties even further thus improving the effi-
ciency of DAC systems. Of the several available carbon capture techniques, absorption
and adsorption are the most promising because they can capture CO, even from very
dilute streams [192]. When adsorption processes are used, temperature swing adsorption,
compared to pressure swing adsorption, is thermodynamically more effective for ultra-
dilute systems, whereas pressure swing adsorption is better for bulk gas separations [193].
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Previously discussed materials, such as MOFs or zeolites, can be used as solid sorbent
material. An example is the zeolite Faujasite, which concentrates CO; from 400 ppm (0.04%)
to 95% in a temperature vacuum swing adsorption (TVSA) [194]; the only downside is the
high regeneration temperatures needed to desorb the CO, from the surface. Commercial
utilization of the DAC system with adsorption is tested by Climeworks with their Orca
facility in Iceland. The system can capture up to 4000 tons of CO, per year and uses
geothermal energy produced by the Hellisheidi geothermal power plant to regenerate its
sorbents. They also cooperate with Carbfix to store their captured CO, underground [195].
Since 2022, Climeworks has constructed a new DAC plant in Iceland, which will be about
ten times bigger than the Orca plant and has a capturing capacity of up to 36,000 tons of
CO; per year. The plant is currently in operational ramp-up [196].

As for absorption with liquid sorbents, amine-based sorbents or aqueous alkali metal
solutions can be used due to their efficiency in absorbing CO; from dilute streams
mboxciteB185-processes-3405354,B197-processes-3405354. However, absorption has some
drawbacks, such as the liquid amine-based sorbents degradation and a lower rate of
CO, absorption compared to alkaline solutions because of present oxygen, high energy
demand, and environmental hazards [198]. Hydroxide-based aqueous solutions have
an even higher energy demand for regeneration with temperatures of up to 900 °C [21].
However, another step can be implemented to solve the problem of the high regeneration
energy for a hydroxide-based aqueous solution. The dissolved CO, in a NaOH solution
forms a carbonate, which can react with additional Ca(OH), to form CaCOj3. The solid
CaCOs precipitates. After filtration and calcination, pure CO, and CaO are obtained. The
CaO can be transferred back into the solution to form again Ca(OH);. Using this cycle, a
total energy penalty of 2.6 GJ/ton of CO, can be achieved [199]. The company 1PointFive,
in cooperation with Carbon Engineering, uses this technology for its DAC systems and is
currently constructing a DAC plant in Ector County, Texas (USA). The plant is expected to
be commercially operational in mid-2025 and is designed to capture up to 0.5 Mt CO, per
year. The captured CO, will then be stored in underground saline formations [199].

5. Storing the Captured CO, (CCS)

A crucial part of carbon capture and storage (CCS) technologies is storing CO, un-
derground after capturing it from a point source or the atmosphere to achieve net-zero or
net-negative emissions of CO, to prevent further climate change [1].

After the CO, has been captured, it is compressed and liquefied for better transport
via pipelines, ships, or trucks. At temperatures and pressures greater than 31.1 °C and
7.38 MPa, the CO; is in its supercritical state, which is favorable for transportation or
injection. In its supercritical state, CO; still behaves like a gas but has a much higher
density than in its gaseous state. Depending on temperature and pressure, the density can
range from 200 to 900 kg/m? [200]. There are different possible approaches for storing
the CO, (Figure 11). It can be either stored physically in geological formations, e.g., deep
saline aquifers [201], or in depleted oil and gas reservoirs [202], used for enhanced oil
recovery (EOR) [203], injected into mineral formations to mineralize the CO, to carbonates,
trapping it chemically (CCMC) [204], or in unconventional storage location like coal beds
or gas hydrates.
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Coal beds

Figure 11. Simplified possibilities for carbon storage solutions: (1) depleted oil/gas fields, (2)
enhanced oil recovery, (3) coal beds, (4) deep saline aquifers, and (5) carbonate materials (based
on [205]).

Moreover, when bio-based fuels (biomass) are used for combustion processes and the
resulting CO; is then captured and combined with storage, it is called BioCCS or BECCS [19].
A big advantage of using biomass is that CO; from the atmosphere is fixated in vegetation
and is, therefore, removed from the atmosphere. The released CO; after combustion can
then be captured and stored, which is necessary to achieve real net-negative CO, emissions
(NETs) [206]. In the technical summary of the IPCC Special Report on Climate Change
and Land (SRCCL), BECCS is stated as one of the most effective migration activities in the
special topic of land use, which has the potential to lower CO, emissions by 0.4 to 11.3 Gt
CO; per year between 2020 and 2050 [207].

5.1. Deep Saline Aquifers

Deep saline aquifers are underground fractured spaces filled with water that flows at
a very low velocity, in the order of a couple of centimeters per year. They are highly saline,
making them unsuitable for extraction and use for industry or human consumption. They
are widely available and have a high potential for global carbon storage [200]. It is estimated
that at least 1000 Gt of CO; or more can be stored in those [208]. However, it should be
considered that not all deep aquifers are suitable for long-term carbon storage, as most
can have some routes to the surface, enabling leakage over long-term periods. Favorable
deep aquifers are located at depths of 800 to 3000 m below the surface and are covered
with a low permeable rock (cap rock), preventing diffusion to the surface [209]. Generally,
for trapping CO; inside geological formations, several mechanisms are identified in the
literature, including structural and stratigraphic trapping, dissolution trapping, residual
trapping, and mineral trapping [210].

Structural and stratigraphic trapping relies on the previously mentioned impermeable
or low permeable cap rocks, preventing CO, in an upward migration leakage. The CO, is
sequenced in a supercritical state into the aquifer, forming a CO, plume. This plume can
be held in place if the aquifer has a concave-down geometry at the injection site (Figure 12).
The CO; can also flow slowly to such geometry near the injection site [210,211].
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Figure 12. Concave-down geometry of a deep saline aquifer with cap rock sealing (based on [211]).

Possible leakage can occur due to the mobile CO; phase. If the cap rock has faults or
fractures, the CO, can easily escape into shallow aquifers or abandoned wells, for instance,
and, over a period of time, back to the surface [211]. A deeper understanding of the
subsurface conditions, such as cap rock integrity and potential pathways for CO, migration
back to the surface, is important to ensure the safety of storage sites. This applies also to
other geological formations [212,213].

Furthermore, the CO, can be stored via residual or capillary trapping. The literature
considers it a fast and safe method for long-term carbon storage [214-216]. After the CO,
is injected and forms a plume, capillary forces of the porous rocks can snap off parts of the
plume, creating isolated bubbles or ganglia and trapping it inside the pores, making the
CO, immobilized and unable to escape for hundreds of years. After immobilization, the
CO, will slowly be dissolved or mineralized [217,218]. The advantage of immobilized CO,
due to capillary trapping is substantial for storage security [219].

Solubility trapping works by the slow process of CO, dissolution from the injected
CO; plume into the saline water and is considered the most effective storage mechanism,
because the forming CO,-brine mixture has a higher density and, therefore, sinks to the
ground, removing the CO, from the top [218]. The CO; is first only dissolved as a gas into
the brine solution. This applies to 99% of the total dissolved CO,. Subsequently, carbonic
acid will be formed (Equation (8)), which will then dissociate into hydrogen carbonate
(Equation (9)) and further into carbonate (Equation (10)) [220].

CO, + H,O = H2C03 (8)
H,CO, = H* + HCO5;~ )
HCO;~ = H" + CO52~ (10)

The density difference results in a natural convection and is only controlled by molec-
ular diffusion [220]. It has been simulated that, for a 30-year injection of 1 Mt of CO, per
year in a saline aquifer, roughly 8% of the injected CO, will be dissolved after 200 years
if natural convection is the only mechanism. To optimize and accelerate this process, an
additional brine injection after the CO; injection period is presented, resulting in a 50%
dissolution of the CO; after the 200-year period [220].

Additionally, mineral trapping can be a consequence of solubility trapping, because
the formed carbonic acid may react with minerals inside the brine solution or mineral
formations surrounding the saline aquifer. A major advantage of mineral capture is that the
CO, is bound chemically and precipitates from the solution, allowing for long-term storage.
However, the reaction of the CO, with the minerals in the water can be fast compared to
other traps or very slow, up to thousands of years, depending on the minerals present [218].
It also depends on the pH value of the brine solution, which can be modified to enhance
the mineralization processes [221].
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Storing CO, or, more specifically, acid gases, in deep saline aquifers was first operated
in the 1990s by several gas and oil producers in the Alberta basin, Canada. Due to regula-
tions and the uneconomic separation of acid gases (containing H,S and CO5,), mixtures with
gas contents ranging from 85% H,S and 15% CO, to 2% H,S and 98% CO, were injected
into deep saline aquifers. By the end of 2002, nearly 1.5 Mt CO, and 1 Mt H,S were injected
successfully in this region [222]. The first commercial project dedicated to only injecting
CO; on a bigger scale into deep saline aquifers started in 1996. The CO, was captured at
the Sleipner gas field in the North Sea. By 2004, the project had successfully stored nearly
8 Mt of CO; [222]. Currently, they claim to have stored around 20 Mt CO; [223] with a
carbon removal of around 0.8 Mt CO, per year (as of 2016) [224].

5.2. Depleted Oil and Gas Reservoirs (DOGR)

Another way to store CO; in geological formations is in depleted oil and gas reservoirs.
It is considered a safer option than deep saline aquifers because of the proven ability to
store hydrocarbons, such as natural gas, over many years [202]. The IPCC Special Report on
Carbon Dioxide Capture and Storage estimates the storage capacity of depleted oil and gas
reservoirs in a range from 675 to 900 Gt CO; [208]. The reservoirs are mostly sealed with
impermeable rocks, which provide a sealed storage location [202]. Due to the presence of
(brine) water or residual oil in these reservoirs, previously discussed trapping mechanisms
can also be applied, including structural trapping, capillary trapping, solubility trapping,
and mineralization trapping [225]. Despite the possible leakage pathways, such as faults
or fractures in the cap rock, well-integrity is a high-risk leakage pathway for this storage
location [226]. Wellbores consist of steel tubes embedded in cement, while old abandoned
wells are sealed with cement plugs. Corrosion can cause fractures in the cement or even the
steel due to the acidic nature of CO, allowing CO, to escape into shallow formations or even
into the atmosphere. In addition, old wells may have outdated wellbore standards and little
information about the reservoir geology, posing a potential leakage threat. Furthermore,
most of the old wells were not designed to handle CO, [226,227]. If enhanced oil/gas
recovery has been used in these reservoirs, the infrastructure for handling supercritical CO,
and data on potential leakage risks are available, facilitating CO, storage activities [228].

The company Wintershall Dea, a leading member of the Greensand consortium, plans
to store from 0.5 to 1 Mt CO; per year by 2025 and from 4 to 8 Mt CO, per year by 2030 in
the old offshore oil field Nini West (Danish North Sea) [229]. Another example is Beach
Energy’s Moomba CCS project, which stores CO, in depleted gas reservoirs near the
Moomba Gas Plant, Australia. They achieved their first injection in 2024 and can store up
to 1.7 Mt CO; per year [230].

5.3. Enhanced Oil Recovery (EOR)

Enhanced oil recovery is closely related to the prior discussed method to store CO, in
depleted oil/gas reservoirs. The difference is that EOR is used at active wells, maximizing
the yield of oil or gas from the site. The decline in new oil and gas field discoveries over
the last few decades has highlighted EOR as an important strategy for the future [231].
Specifically, it is a tertiary oil recovery method used to extract residual oil from oil fields
that cannot be recovered by conventional primary or secondary methods. In numbers, the
leftover oil is around two-thirds of all original oil in place (OOIP) [232].

There are three possible EOR strategies, whereas only one can be used to store CO;
underground. The first is thermal EOR, in which heated steam or hot water is injected
into the well to lower the viscosity of the oil and enhance the oil extraction. In situ heat
generation from the combustion of tiny amounts of oil within the oil reservoir can also be
applied [233]. However, this technique of in situ heat generation is not easy to implement
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due to the complex nature of combustion [231]. Another method is the chemical EOR,
where chemicals such as polymers or surfactants are injected to enhance oil properties
like viscosity or lower interfacial tension. For polymers, naturally derived polymers like
xanthan gum or synthetically based polymers like polyacrylamides can be used. For
surfactants, cationic, anionic, nonionic, or zwitterionic surfactants, like the anionic alkyl
benzene sulfonate, can be used [234-236].

The last EOR method and practical for CO, storage is the CO,-EOR. For this, CO,
with a purity from around 90 to 98% [237] is pumped in its supercritical state into the oil
fields to extract the remaining oil, whereas most of the CO; stays deep underground [203].
By injecting the CO,, it becomes miscible with the oil, lowering its viscosity and improv-
ing the volumetric sweep and displacement efficacies. Consequently, oil production is
enhanced [238,239].

In applications where miscible CO; flooding is not practical, e.g., due to technical
requirements, CO, can also be injected at lower pressures to act as an immiscible fluid,
displacing the oil in the reservoir throughout the porous rock structure. The oil is then
transported to the well for extraction. Knowledge of the rock wettability and interfacial
tensions between CO, and oil is crucial for this progress [240].

In 2010, the project at the Petrobras Santos Basin Pre-Salt Oil Field (Brazil) started,
which is currently the largest CCS facility on the planet with a yearly carbon capture of
over 10 Mt CO; and enhanced oil recovery for storage. As for 2022, they claim to have 40.8
Mt of CO; reinjected since the beginning of the project [241].

5.4. Mineralizing the CO, Underground

Besides large geological formations, such as saline aquifers and depleted oil/gas
reservoirs, CO; can be injected directly into mineral formations to carbonize the CO; to
carbonates and immobilize it for long-term storage. If the operating humidity is less than
0.2 relative humidity, the process is known as the dry route. In contrast, the water route is
the mineralization of CO, under wet conditions [84]. To form carbonates with acid gases
like CO,, the rocks should be rich in calcium and magnesium or iron silicate [242], like in
mafic or ultramafic lithologies [208]. The term mafic describes ferromagnesium minerals
of all kinds, for example, basalt [243]. Basalt formations are widely available. Most of
the ocean floor and more than 5% of the continents are basaltic [208]. The mineralization
also highly depends on the pressure of the gas stream and time, resulting in slow kinetics
and low conversions in most cases [84]. They can form carbonates in combination with
CO; according to this general Equation (Equation (11)). In the water route, the CO, forms
carbonic acid (Equations (8)—(10)), which improves the dissolution of the minerals and the
carbonation process [84].

MxSiyOx+2y+zH22 + X C02 — X MCO3 +y SIOZ +z HzO (11)

In contrast to the direct carbonization route of minerals, the indirect route includes
two steps. In the first step, the minerals are dissolved with an acid (Equation (12)) and then
converted to carbonates with CO; in alkaline conditions (Equations (13)—(14)). It has higher
carbonation efficiencies and purity of the by-products compared to the direct route [84].

M,SiyOxs2y+7Ha, + 2x HY — x M** +y Si0, + (x + z) H,O (12)
CO, +2 OH™ — CO3%~ + H,0O (13)
M?* + CO52~ — MCO;s (14)
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Other rock types such as sandstone, carbonate, and shale can also be used for CO,
mineralization methods. Mineralization processes generally depend highly on temperature,
permeability, rock type, porosity, and mineral precipitation. A deeper understanding
of these factors for a specific storage location strengthens the effectiveness of carbon
storage [244].

Commercial carbon storage via mineralization is being carried out by the company
Climeworks and its DAC facility Orca. By injecting the captured CO; into the basaltic rock
formation in Iceland, the CO; is transformed chemically into carbonates [245].

5.5. Coal Seams

An alternative approach to carbon storage could be the adsorption of CO, in unmine-
able coal seams. Estimations of global capacity are uncertain and range from 3 to 200 Gt
of CO, [246]. Due to the coalification process, these coal seams contain methane, mostly
adsorbed on the surface of the coal. By injecting CO, into these coal seams, the coal bed
methane (CBM) can be replaced and extracted, which is called enhanced coalbed methane
recovery (CO,-ECBM) [247]. This process is analogous to the CO,-EOR process. Owing to
the higher affinity of CO; for adsorption on the coal in comparison to methane, with ratios
ranging from 2:1 up to 10:1 for low-rank coal, the CO,-ECBMR method has the potential
to serve as a viable carbon storage method [248]. A field test in Japan concluded that
permeability is a key factor for technical feasibility, allowing economical and large-scale op-
erations [249]. The effects of different parameters on the permeability, such as temperature,
pressure, stress changes in the coal bed, and different coal ranks, are currently investigated
in the literature [250-253]. Ongoing applications are rare, but successful projects still in
operation include the San Juan Basin (NM, USA), Fenn Big Valley (AB, Canada), or Uinta
Basin (UT, USA). The project in San Juan Basins started in 1996, and the project in the Fenn
Big Valley started in 1998, having maximum injection rates of 0.1 and 0.02 Mt CO; per
year, respectively. The Uinta Basin project, which started in 2005, operates at a significantly
higher maximum rate, injecting 0.9 Mt of CO, per year [35].

5.6. Global Status of CCS Facilities

Currently, there are about 50 operational CCS projects with a CO, capturing capacity
of 51 Mt CO, per year. A total of 44 are in construction, adding an additional 51 Mt CO,
capture capacity. Furthermore, 534 more facilities are in development. In total, all facilities
will have a carbon capture capacity of around 416 Mt CO; per year, which is an average
growth rate of 32% since 2017 [254].

The issue of global capacity for CO, storage is of significant importance. However,
due to the absence of sufficient data for individual storage locations and the complexity of
calculating the size of different storage possibilities, it is currently challenging to determine
an exact global capacity for CO, storage. Several studies on this topic are present in
the literature, and it is possible to derive estimations from them. However, their validity
depends on the scale in question. Regional estimations are mostly more robust and accurate
than global ones. By 2007, global CO, storage was ascertained to be up to 200,000 Gt. For
Europe and the USA alone, it was up to 2499 Gt and 3747 Gt, respectively [255,256]. In the
Global Status of CCS 2021 report, they estimated a higher storage capacity for the USA of
8061.8 Gt [254]. It is highly dependent on the given data and calculation methods, which
can differ year by year. Nevertheless, it does show the potential of CO; storage possibilities,
especially because of our annual emission rate of 37.5 Gt (2023) [3]. Yet storage capacity is
not infinite and is only a medium-term solution. The importance of techniques to avoid
CO, emissions on a larger scale should be the main goal. During this transition phase, CO,
storage seems like an acceptable solution.
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6. Utilizing the Captured CO, (CCU)

Another possible approach after CO, capture besides storing is the utilization of CO,
as a valuable product. A report by the International Energy Agency (IEA) states that,
in 2015, the market for CO, consumption was around 230 Mt CO, per year. Five years
later, in 2020, it was expected to be 250 Mt CO; per year, with a rising trend. The three
largest CO, consumers are the USA (33%), China (22%), and Europe (16%). By sectors, the
fertilizer industry, which produces urea, accounts for 57% of total CO5, the oil industry 34%,
including EOR, the food and beverage sector with 3% each, metal fabrication with 2%, and
others with 4% [257]. There are many CO, utilization possibilities that are presented in the
literature [258-260]. For example, CO; utilization can be used to add value to products like
chemicals or fuels. CO, can also act as a C; building block for the synthesis of chemicals
such as formic acid [261], methanol [262,263], methane [264], polycarbonates [265,266],
syngas for industry [267], and urea [268]. It is important to note that every utilization
method only captures CO; in the short term, leading to a net-zero but not a net-negative
emissions scenario. After a period of time, the utilized CO, will be released back into the
atmosphere and thus must be captured again. Despite this fact, the recycling of already
available CO, instead of creating new CO, by burning fossil fuels is an important factor for
a circular economy and a sustainable future.

6.1. Direct Utilization of CO,

The direct utilization of CO; as gas or in a supercritical state plays an important role
in industries such as food, beverages, oil, and welding applications as shielding gas [269].
For example, in food processing, supercritical CO; can be used as a blowing agent but also
for essential oil or caffeine extraction, and for preservation or freeze drying [270]. Bottled
water, as an example of beverages, reached 2023 a market size of USD 267.15 billion [271],
with sparkling (carbonated) water accounting for USD 29.71 billion in 2020 [272]. With
other carbonated beverages like beer, soft drinks, and sparkling wine not even included,
the demand for CO, in the beverages industry is high and keeps growing.

6.2. Bulk Chemicals

Various bulk chemicals can be produced using CO; from capturing processes, en-
hancing the economic value of CO, as industrial feedstock [269]. Many projects with this
purpose exist, like the EU Horizon 2020 funded project RECO,DE, which aims to produce
value-added additives for the cement industry, like CaCOj3, different acids, or glycine from
cement industry flue gas CO; [273].

6.2.1. Formic Acid

Formic acid is an important and valuable bulk chemical for industry, which has many
fields of application such as pharmaceutics, textiles, or agriculture [274]. Current research
considers formic acid additionally as a liquid organic hydrogen carrier (LOHC) due to
its high Hj capacity of 53 g Hy /L [275]. Global production of formic acid via hydrolysis
of methyl formate was around 770,000 tons in 2014 [274]. Formic acid is conventionally
produced by reacting methanol with CO (Equation (15)) in an exothermic reaction and
following endothermic hydrolysis (Equation (16)) [276,277].

CH;0H + CO — HCOOCH; ~ AH; = —29 kJ /mol (15)

HCOOCH; + H,O = CH30H + HCOOH AH; = +16.3 k] /mol (16)
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Utilizing captured CO, represents a different approach to the production of formic
acid by directly reacting CO, with H;, preferably sustainable H, (Equation (17)) [278].

CO, + Hy — HCOOH AH, = —31.2 kJ/mol (17)

The CO; hydrogenation is thermodynamically not favored in contrast to the hydroly-
sis of methyl formate. Hence, a catalyst for direct hydrogenation should be utilized. In the
literature, homogenous catalysts are the most studied systems for direct CO, hydrogena-
tion [279], first described in 1976 by a combination of VIII transition metals and a base [280].
Currently, more advanced catalysts like noble metals with pincer ligands [281] or catalysts
with non-platinum metals like Fe or Co [282,283] are showing high activity in basic solu-
tions. However, the use of basic agents to remove the acidic product produces significant
amounts of salt waste [279]. Research on catalysts in acidic conditions has already been
carried out to counteract this [284]. A challenge for this pathway is the lower activity for
catalysts used under acidic conditions like Ru complexes with bipyridine ligands [285].

6.2.2. Urea

The production of sustainable urea is highly important as it is the most important
nitrogenous fertilizer [286]. The industrial process for the production of urea via the
Bosch-Meiser process [253] proceeds by the reaction of NH3 with CO; to form ammonium
carbamate (Equation (18)) and further urea (Equation (19)). The main issue is currently the
fossil fuel-based production of NH3 by steam reforming CHy and additional water—gas shift
reactions to produce CO, and H; [287]. A key role in turning urea production sustainable
is the sustainable production of Hj via electrolysis for NH3 production and captured CO,
utilization as feedstock [288].

2 NHj3 + CO, = NH,COONH; AH; = —117 kJ/mol (18)

NH,COONH, = NH,CONH, + H,O AH; = +16 kJ /mol (19)

A techno-economic and environmental analysis of a urea production plant was per-
formed in 2024. The plant consists of an air separation unit for Ny, a water electrolysis
unit for Hp, a carbon capture unit for CO,, an ammonia synthesis unit for NHj3, and a urea
synthesis unit for final urea production. The carbon capture unit uses MEA absorption to
capture 90% CO, from cement flue gas. The study reports that, for a plant with an annual
urea production of 220,000 tons of urea, an energy consumption of around 8.18 million
GJ per year (2272 GWh), where the electrolysis consumes roughly half of the total energy
demand. The energy demand is in the same range as the conventional process. The global
warming potential is significantly lower at 326 kg CO,-eq per ton of urea. This is due to the
purging of some NHj3 during the process, not capturing CO; in the flue gas stream, and the
released, unreacted CO; after urea production. However, the produced green urea would
cost USD 571/ton and would therefore be 62.2% more expensive than fossil fuel-based urea
(USD 351.25/ton). With carbon credit systems or lower electricity prices, the cost of urea
could be lowered to USD 417.72 /ton or even USD 200/ ton [268].

Research is also ongoing to substitute NH3 with only N». By using frustrated Lewis
pairs (FLPs) on rice-like INOOH nanocrystals, a reaction of Ny and CO; can produce urea
electrochemically at a yield rate of 6.85 mmol/h per gram [286]. To provide more context,
using 1 kg of a catalyst, daily urea production would be 9.87 kg. Despite current low
production rates, replacing NH3 with Ny may be a possible pathway to more sustainable
urea. However, potential environmental issues by handling indium, e.g., production and
waste management, in large quantities, should be taken into consideration.
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6.3. Fuels

Besides bulk chemicals, the production of fuels via captured CO, is an important topic
for a net-zero emission future. Next to single components such as methanol and methane
used as fuels, the possibility for syngas production via reversed water—gas shift reaction
(Equation (5)) can be achieved. The only drawback is the need for hydrogen as feedstock
because it is also a part of syngas. The hydrogen should be derived from renewable sources
to transform such syngas production sustainably. If achieved in the industry, syngas can
be used to serve as a renewable feedstock for fuel production or ammonia production,
among others.

As an example, the European Horizon 2020 project SUN-to-LIQUID produces Fisher-
Tropsch fuels via syngas from the thermochemical conversion of captured CO, and wa-
ter [289].

6.3.1. Methanol

Methanol, with a current production capacity of 181 million tons in 2024 [290], is an
important chemical for fuel applications due to its high energy content of 726.3 k] /mol [291].
It can be mixed with conventional fuels without technical modifications up to 85% [292].
Besides formic acid, methanol is also considered a good liquid organic hydrogen carrier for
H, transportation and serves as an important C; building block for industry [293].

Conventionally, methanol is produced by a reaction of CO and H;, (Equation (20)) via
Cu/ZnO catalyst, both derived from fossil-based syngas. For CO; utilization, methanol
can be directly synthesized via hydrogenation of CO, (Equation (21)) [294,295].

CO+2H, = CH;0H AH, = —90.7 kJ /mol (20)

CO, +3 Hy — CH;0H + H,O  AH, = —49.5 kJ /mol 1)

The direct hydrogenation of CO, with H; to form methanol is thermodynamically
favorable, but kinetics are a major drawback of this reaction. Industrial applications
are therefore currently not economically feasible without high active catalysts. The con-
ventional route is additionally more attractive because of the methanol yield and high
equipment/hydrogen production cost. If large scale production of renewable hydrogen
can be achieved, processes for direct hydrogenation, such as methanol production, can
become more favorable [296,297].

Methanol is also an important starting material for several other products, such
as formaldehyde, fuel additives (MTBE), acetic acid, methacrylate, and several other
chemicals [292]. It can also be used to produce dimethyl ether (DME), another important
fuel alternative, via a dehydration reaction (Equation (22)) [269,295].

2 CH;0H — CH;0CH; + H,O  AH; = —23.4 kJ/mol (22)

Due to all the advantages of producing methanol from captured CO, and renewable
H; sources, it is considered as an important key factor for transitioning from fossil-based to
renewable energy usage [294].

Current example is the company Carbon Recycling International (CRI), which has
been operating the George Olah Plant in Iceland since 2012. They claim to be the world’s
first e-methanol plant, with a production of 214 Mt methanol per year from captured
CO, [298].
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6.3.2. Methane

Methane (CHy) is in high demand as a fuel, for heat generation in buildings, and as a
feedstock for the chemical industry. Currently, CHy is used in steam reforming for syngas
production (Equation (23)), resulting in Hy and CO for further processes. This is also the
most common method for H, production [295].

CH, + H,O=CO+3H, AH, =+205.8k]/mol (23)

To produce CHy from CO,, direct hydrogenation can be applied (Equation (24)). The
so-called Sabatier reaction is named after the French chemist Paul Sabatier [269,295].

CO, +4H, = CHy +2H,O AH, = —164.63 kJ /mol (24)

The reaction can be carried out using precious metal catalysts, like Ru or Pd, which
can be costly and are limited in their reserves. A different approach is the usage of non-
noble metal catalysts like Co. These catalysts have lower activity, but experiments have
shown that by combining them with, e.g., porous molecular sieves like KIT-6 as a support,
the activity and selectivity can be increased [299]. Moreover, Ni catalysts can be used,
which show high activity and selectivity and are also much cheaper than precious metal
catalysts [299].

It is also possible to produce methane biologically via hydrogenotrophic methanogens
by feeding the microorganisms with captured CO, and H; [300].

A recent study investigated a compressed natural gas (CNG) pilot plant in Poland that
continuously produces CHy via hydrogenation of CO, from flue gas, which is captured
with amines. The H, needed for the process was produced by water electrolysis from
renewable energy. The plant uses a two-stage catalytic reactor filled with a Ni/Al,O3
catalyst. The plant carried out a 99.4% conversion of the CO, at a gas flow of 8.8 kg/h
with temperatures in the reactors of about 300 °C and 9.3 bar. The produced CNG has a
CH, content of ~94.6% and can thus be injected into the local gas grid. However, the study
also describes that catalyst wetting was a problem during long-term hydrogenation, and
therefore, a decrease in CH, production was observed [301].

6.4. Algae Biomass

Another big part of CO, utilization is the use of algae fed with CO, from flue gases
for biomass cultivation. The biomass can then be transformed into other value-added
products, such as fuels [302-304]. For example, algae like Chlorella sp. can be cultivated
in an outdoor photobioreactor (55 m?) to produce 1 kg dry biomass from 4.4 kg CO, with
a daily production rate ranging from 14.6 to 28.1 g/m?. The results in this experiment
were generated in summer, which can differ from experiments in winter due to seasonal
or weather-related changes in sunlight. The impurities in the used flue gas (produced by
natural gas combustion), such as NOy and CO with contents up to 45 mg/ m3 and 3 mg/ mS,
respectively, had no negative influences on the growth [305].

A commercial example is the company Algaecytes, which claims to have built the
world’s largest commercial-scale microalgae production plant located in Dessau (Germany)
to harvest essential omega-3 fatty acids. The plant with an operation start planned for 2024
consists of an enclosed facility with LED lights inside to achieve 24/7 production [306].

7. Conclusions

This work has reviewed a selection of both established and emerging CO, capture tech-
nologies, as well as storage and utilization options. Processes like absorption using MEA
are already well-established in industrial practices, and emerging technologies like calcium
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looping and membrane carbon capture are being tested on a bigger scale. Techniques
like cryogenic carbon capture, initially considered as an uneconomic method of capturing
CO; from flue gases, are currently competitive with other carbon capture technologies.
This shows that every technology has potential if it is sufficiently researched and tested
in practice. Furthermore, direct air capture is no longer a concept; it has crossed over into
practical experimentation and commercialization.

Several use cases for carbon utilization are reviewed for important products like
methanol or formic acid, which are C; building blocks for the chemical industry. Imple-
menting such production chains for a sustainable future regarding a cyclic economy and
CO; as a new alternative carbon source instead of oil or natural gas is discussed. The
potential of applied carbon storage is presented, and storage capacities for mid-term storage
to achieve net-zero or net-negative emissions are shown.

In total, with all facilities operating, under construction, or in development, a global
carbon removal capacity of 416 Mt CO; per year was reached in 2024. This is, compared to
our annual CO, emissions of 37.5 GT CO; per year, only 1.11%. However, given the rapid
growth over the past few years and the ongoing research in novel technologies, carbon
capture technologies will be more implemented in current applications.

It is obvious that all the discussed technologies need continued research and devel-
opment to improve their performance, reduce their cost, and enable them to be more
universally applicable. Real-life applications of some of the technologies discussed in this
article, like storage solutions and enhanced capture strategies, are currently being tested
and up-scaled for experimental and pilot scenarios or even demonstration plants.
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