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Abstract

In pursuit of decarbonising the iron and steel industry through the utilisation of Blast Furnace Gas
(BFG), this study investigates the technical feasibility of a Ca-Cu looping technology known as Calcium-
Assisted Steel-mill Off-gas Hydrogen Production (CASOH). The process is modelled and analysed using
Aspen Plus software. The key technical performances of two versions of CASOH were evaluated and
compared with more traditional solvent-based technology for the pre-combustion decarbonisation of
BFG using methyl diethanolamine (MDEA). The first case (base case, CASOH-B) uses part of the BFG to
regenerate the sorbent; therefore, it concentrates CO, up to 54%. In the second case (enhanced,
CASOH-E), low-pressure steam is used for the calcination reaction. In the case of CASOH-B, the
integration with a CO; purification unit outperforms the other configurations regarding CO; capture
efficiency, with values up to 97% compared to 91% for CASOH-E and 83% for MDEA. However, CASOH-
E demonstrated a significantly higher thermal output (224.5 MWy vs. 77.6 MWy for CASOH-B),
resulting in better cold gas efficiency and lower specific CO, emissions (76% and 29.8 kgcoz/Gliny for
CASOH-E, compared to 26.3% and 105.7 kgco2/GJiuv for CASOH-B). Various scenarios were analysed to
meet the heat and power requirements of the process. When relying on external energy sources such
as natural gas, biogas, or photovoltaic panels, the solvent-based case outperforms the CASOH
configurations with a specific energy consumption per CO, avoided (SPECCA) of 0.5-0.7 MJiuv/Kgcoz,
compared to 1.1-3.3 MJiuv/kgeo2 for CASOH configurations. However, if the hydrogen-rich stream
produced in CASOH-E is used to meet energy demands, CASOH-E becomes the most favourable
option. These findings emphasise the importance of operational parameters in optimising BFG

decarbonisation strategies by balancing thermal output, efficiency, and emissions capture.

Keywords: pre-combustion, iron and steel industry, carbon capture, Ca-Cu looping
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List of Abbreviations

BF-BOF | Blast furnace-basic oxygen furnace
BFG Blast furnace gas
BOFG Basic Oxygen Furnace Gas
CASOH | Calcium-assisted steel-mill off-gas hydrogen production
CCR CO; capture rate
CGE cold gas efficiency
COG Coke oven Gas
DAC Direct air capture
DCF Decarbonised fuel
EAF Electric arc furnace
MOF Metal-organic-framework
OEE Overall energy efficiency
PSA Pressure swing adsorption
SPECCA | Specific CO, emission and specific primary energy consumption for CO, avoided
VPSA Vacuum-pressure swing adsorption
WGS Water gas shift

Nomenclatures

m Mass flow rate

Q¢n Heat requirement

Ein Emissions from heat production

We, Electricity requirement

E Emissions from electricity production
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1. Introduction

The steel industry is widely recognised for its high consumption of energy and greenhouse gas (GHG)
emissions, accounting for approximately 7-9% of global anthropogenic CO, emissions [1]. The carbon-
intensive nature of steel production and increasing global demand pose significant challenges for

climate change mitigation efforts.

Steel production primarily relies on two main routes: the integrated blast furnace-basic oxygen
furnace (BF-BOF) route and the electric arc furnace (EAF) route. The BF-BOF route, which accounts for
about 70% of global steel production [2], is particularly carbon-intensive due to its reliance on coal as
a fuel and reducing agent. In this process, iron ore is reduced to pig iron in blast furnaces using coke
derived from coal, followed by conversion to steel in basic oxygen furnaces. The EAF route, which
primarily uses recycled steel scrap as input, is less carbon-intensive but is limited by scrap availability

and quality requirements for certain steel grades [3].

Blast furnace gas (BFG) is a by-product of the ironmaking process in blast furnaces and plays a
significant role in the overall emissions profile of integrated steel plants. BFG is generated when hot
air is blown into the blast furnace, reacting with coke and other carbon-based materials used in the
ironmaking process [4]. The composition of BFG typically includes carbon monoxide (CO) at 20-30%,
carbon dioxide (CO3) at 20-25%, hydrogen (H.) at 1-5%, nitrogen (N,) at 50-55%, and small amounts of
other gases [4]. While BFG has a low calorific value compared to natural gas (about 3-4 MJ/Nm?3 versus
35-40 MJ/Nm?3 for natural gas), it is produced in large quantities and is commonly used as a fuel within
the steel plant. This internal use of BFG helps to reduce the overall energy consumption of the
steelmaking process, but it also represents a significant source of CO, emissions when combusted [5].
Therefore, developing strategies to either reduce BFG generation, capture its CO; content, or find

alternative uses for BFG are crucial aspects of steel industry decarbonisation efforts [6].

Chemical looping is an advanced technology used primarily for energy production and carbon capture.
Chemical looping uses a solid oxygen carrier, typically a metal oxide, to transfer oxygen from air to
fuel, avoiding direct contact between fuel and air and facilitating easier CO, capture [7]. This
technology involves both exothermic (i.e., oxidation of the metal oxide) and endothermic (i.e.,
reduction of the metal oxide with fuel) reactions. The combination of these reactions can result in an
overall exothermic process due to the heat released during the oxidation step [8]. Recent research
has demonstrated the feasibility of chemical looping for BFG treatment at laboratory and pilot scales
[9]. Calcium looping has been extensively investigated for its potential in post-combustion CO, capture
from power plants, biomass-fuelled technologies, and recently for Direct Air Capture (DAC) [10-12]

and also as a method for BFG decarbonisation [7]. Moreover, calcium looping has been suggested as

6
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a viable approach for hydrogen production in reforming processes, exhibiting notable benefits such
as high CH4 conversion and hydrogen purity, all achieved at temperatures below 650°C [13, 14].
However, the primary limitation of this technology resides in the cost associated with regenerating
CaCOs, a process requiring temperatures above 850°C and either the presence of pure oxygen from
an Air Separation Unit [10, 15] or the utilisation of thermal storage to transfer heat from the
carbonator to the calciner [16]. Consequently, addressing the economic and energy-intensive nature

of CaCOs regeneration is imperative to successfully implementing calcium looping technology.

A potential alternative lies in integrating chemical and calcium looping, utilising a copper-based
oxygen carrier (OC). Abanades et al. [17] proposed combining the calcium-copper (Ca-Cu) looping
process to offset the energy requirements of calcination through the exothermic reduction of CuO

with gaseous fuel by combining the reactions (R1-R6) to facilitate the CO, capture from the treated

fuel.
CO, + Ca0 < CaCOs AHY9g x = —178.8 kJ/molco, (R1)
CaC0; < CO, + Ca0 AH4g ¢ = 178.8 kJ/molco, (R2)
CO+ H,0 & CO, +H, AHYog x = —41.2 kJ/molcg (R3)
CO + Cu0 - CO,+ Cu AH29g ¢ = —127.8 k] /molcq (R4)
H, + Cu0 — H,0 + Cu AH3gg ¢ = —86.6 k] /moly, (R5)
0, + Cu - Cu0 AHg ¢ = —310.4 k] /molo, (R6)

Alarcon et al.[18] demonstrated the feasibility of this process using commercially available materials.
Later, Fernandez et al. [7] expanded its application to the decarbonisation of blast furnace gas (CASOH
process). More recently, Abbas et al.[19, 20] have experimentally shown that the CASOH process is a
viable alternative not only for decarbonising BFG but also for producing an Hx-rich gas. However, the
CASOH process exhibits two significant drawbacks that hinder its overall performance. Firstly, only
1/3™ of the BFG is utilised for hydrogen production [21]. Secondly, owing to the high N, content in the

BFG, a CO; purification process is required on the CO,-rich stream [22].

Hence, this study proposes integrating the CASOH technology with downstream purification via
adsorption and low-temperature condensation to achieve high CO; purity. In addition, it proposes a
new layout of the process, called CASOH-enhanced. Moreover, it is compared with the pre-
combustion process using MDEA, which was previously evaluated as benchmark [23]. Different CO;
purification systems based on CO, partial condensation, pressure swing adsorption and hybrid
scenarios are modelled and integrated into the CASOH-base to reach the required CO; purity for

storage. Then, a comprehensive comparison is carried out among the abovementioned cases

7
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regarding fuel conversion (cold gas efficiency), specific CO, emission and specific primary energy
consumption for CO, avoided (SPECCA). Finally, a sensitivity analysis is performed on CASOH-

enhanced with different capture rates and calcination pressures.

2. Methodology
Process simulations of the CASOH-Base and CASOH-Enhanced are conducted using Aspen Plus’

software v12.1, assuming a BFG flow rate of 3.5x10° tonnes per year [1, 24]. This flow rate allows for
a realistic evaluation of the proposed configurations in the context of an actual steelmaking facility.
The following sections describe the modelling approach of the benchmark (MDEA), CASOH-B, and
CASOH-E processes.

2.1. MDEA CO; capture unit (Benchmark)

Figure 1 shows the schematic of the benchmark technology, which has been evaluated in Khallaghi et
al. [23] and here briefly introduced. In this process, BFG from the steel mill is mixed with steam to
attain an H,0/CO ratio of 1.5. The resulting mixture is then heated to 330°C and introduced into the
WGS reactor to generate a syngas through a single-stage water gas shift (WGS) reaction. It is cooled
down by pre-heating the inlet gases and subsequently brought to ambient temperature before
entering the absorber column. In the absorber column, the syngas undergoes counter-current contact
with the MDEA solvent, leading to the removal of CO,. The high-purity CO, stream obtained from the
stripper unit is directed to the compression unit, where it undergoes pressurisation to 78 bar using a
multi-stage compressor with inter-stage cooling. The CO, is then liquified by cooling to 25 °C and
pumped to the final delivery pressure of 110 bar. Finally, decarbonised syngas is obtained, with a mass

flowrate of 75.9 kg/s and a composition of 24.0% H,, 61.8% N3, 6.4% CO, 2.3% CO, and 5.5% H,0.
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Figure 1. MDEA CO; capture unit (Reproduced from ref [23]. Available under a CC-BY 4.0 license.
Copyright Elsevier, Khallaghi et al.[23]

BFG

2.2. Calcium Assisted Steel-mill Off-gas Hydrogen: CASOH-Base (CASOH-B)

Figure 2 shows the schematic of the CASOH base case (CASOH-B). It comprises three primary steps:
CASOH reaction, oxidation, and regeneration. During the CASOH step, a fraction of the BFG
(approximately 1/3 of the total flow rate) is compressed to 10 bar and combined with steam before
entering the CASOH reactor. The remaining BFG fraction is directed to the regeneration stage. The
split between BFG to CASOH and to regeneration is dictated by the reactor thermal management since
the appropriate solid temperature is needed during regeneration. Within the CASOH reactor, the CO
in the BFG is converted into CO, and H, through the calcium-assisted WGS reaction (R3), utilising a
steam-to-CO ratio of 1.2. Concurrently, a carbonation reaction (R1) occurs between the CaO sorbent
and the CO; generated by the WGS reaction and the initial CO; present in the BFG. This carbonation
reaction facilitates the formation of CaCOs; and enhances the conversion of CO by shifting the
equilibrium towards increased production of CO,. The Cu-based particles in the reactor bed act as
catalysts in this stage, facilitating the WGS reaction and promoting the production of hydrogen-rich

syngas.

After the CASOH reaction, the process enters the oxidation stage. In this step, air is introduced into
the reactor to convert Cu into CuO, generating oxygen-depleted air (reaction R6). This step is
conducted at high pressure (10 bar) and moderate temperature (765 °C) to minimise CO; slip from

partial calcination of CaCOs.

In the subsequent regeneration step, the remaining fraction of BFG (roughly two-thirds of the total

flow) is used to restore the reaction conditions and recover the sorbent material. The calcination
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reaction (R2) thermally decomposes CaCO;3 back into CO, and CaO. To provide the necessary heat, BFG
reacts with CuO to reduce it back to metallic Cu, following reactions R4 and R5. These reduction
reactions contribute to catalyst regeneration and lead to additional CO, and H,0, which, together with
nitrogen in the BFG, form a product gas that is later cooled to condense water vapour. The
simultaneous occurrence of redox and calcination reactions within the solid bed eliminates the need
for an external heat source to meet the energy requirement of the calcination process. To facilitate
CaCOs; decomposition, the reaction is carried out at low pressure (atmospheric). In practice, this is
achieved through cyclic operation of multiple fixed-bed pressure swing reactors, where each unit

undergoes different stages at specified pressures and temperatures.

A heat removal step is implemented to control the temperature and the extent of each reaction stage.
Heat removal is carried out using an inert gas (e.g., N, obtained in the oxidation step), which circulates
in a semi-closed-loop system to absorb and remove excess heat, thereby harnessing high-temperature
energy for further utilisation [7] like steam generation or power production which is credited toward

the system’s overall energy efficiency which will be discussed later.

CASOH OXID REGEN
REMOVAL
V, V, vy I
/ 9.5 bar % 10 bar / 10 bar / 1.5 bar
% 753°C / 750°C ///765"c é 850°C
R-101 R-102 R-103 R-104
N —
A A

Lé \ ‘ COp

BFG

>}

Figure 2. Schematic of CASOH-Base

The CASOH process described above was modelled following Grasa et al.[25] and Diaz et al.[26], who
developed a one-dimensional pseudo-homogeneous fixed-bed reactor model to simulate the

interplay of reaction kinetics, mass transfer, and heat dynamics across all three stages (CASOH,
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oxidation, and regeneration). The model integrates axial mass and energy balances with dispersion
effects, accounting for key reactions such as the calcium-assisted water-gas shift (R3), CaO
carbonation (R1), Cu oxidation (R6), and CuO reduction coupled with CaCO3; calcination (R2, R4—R5).
Kinetic parameters for these reactions, derived experimentally from fixed-bed tests and
thermogravimetric analyses [25], were incorporated. Experimental demonstration of the key CASOH
reaction steps has recently been achieved in a TRL7 pilot treating BFG from the ArcelorMittal factory
in Spain [27]. Numerical solutions of the 1D packed bed reactor model (described in detail in previous
works [25, 26] were obtained using MATLAB to predict gas compositions, temperature profiles, and
solid conversions. These operational parameters were implemented in the Aspen Plus simulation of

the CASOH process, described in section 2.4.

The COz-rich stream after the regeneration step contains N,, which is present in the BFG gas used at
the inlet (>45% vol.). To achieve the CO, quality for transportation and storage, an additional
purification step is needed to remove the excessive N,. The following section describes different

purification strategies assessed in this study.

2.2.1. CO; separation by partial condensation

The CO;-rich purification via multistage partial condensation has been described in Khallaghi et al.
[22]. The CO;-rich stream from the regeneration phase is subjected to compression through a multi-
stage compressor, leading to a pressure of 25 bar, and subsequently cooled to -49°C in a cold box
regeneration unit. Then, the stream is introduced into the initial flash separator to recover part of the
CO; in the liquid phase. Subsequently, the resulting vapour undergoes further cooling to -51°C before
being directed into the second flash separator, where additional CO; is partially recovered. This vapour
stream is compressed to 60 bar, and further temperature reduction to -55°C is achieved using a
refrigeration system. The pressure and temperature for CO; condensation are considered to avoid the
freezing point of CO,. After cooling, the cold stream is channelled into a third flash vessel to facilitate
additional CO; recovery. An extra flash separator is employed to enhance the purity of the recovered
CO,. Finally, the CO; is pressurised to 110 bar. Heat recovery is carefully considered to reduce the

unit’s refrigeration cost. More details on the partial condensation process are found in [22].

2.2.2. CO; separation by vacuum-pressure swing adsorption (VPSA)

A vacuum-pressure swing adsorption process is proposed as an alternative to the partial condensation
route. Metal organic framework (MOF) adsorbent IISERP MOF2, which proved most effective in the
work of Subraveti et al. [28], was selected in this application. Yet, due to the water sensitivity of IISERP

MOF2, it is assumed that the gas stream entering the VPSA unit is pre-dried using standard flue gas

11
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conditioning techniques such as condensation, desiccant drying, or molecular sieves. This ensures the

adsorbent's structural stability and does not materially affect the process's feasibility.

The CO, VPSA was simulated using a proprietary and purpose-built model written in C++. Therefore
Aspen Plus was not used for calculating the energy/power requirements for this particular unit nor for
obtaining the material balance. Instead, a separate piece of software was used to perform the

dynamic simulations and the time-average results were fed back into the Aspen Plus model.

The cycle employed requires 7 vessels, each containing 108,000 kg of adsorbent. Three of these are
on feed at any time, with 2 undergoing vacuum extraction to obtain the CO, product gas. Each of the
7 vessels goes through an adsorption cycle that starts with a feed step in which compressed CO,-rich
gas feed is passed through an adsorbent vessel, and a CO,-depleted gas stream is obtained, throttled
down to atmospheric pressure and vented. Once the adsorbent vessel is filled with CO,, an
equalisation step occurs, where the gas pressure is reduced by transferring the contents to another
vessel in the system. This partially depressurised vessel is then held in an idle state before being
vacuumed out in the counter-current direction to remove the adsorbed CO,. Following the vessel’s
evacuation, the pressure is brought back up to that of the vessels on feed. The total cycle time is of
around 280 seconds, at which point all the steps are repeated in a cyclic manner. The design target
was 90 % recovery of the CO, from the feed gas with no more than 3 % impurities in the CO; product.
This is a higher purity specification than normally seen in designs for CO, VPSA units (typically 5 %).
However, this was chosen to allow margin for feed gas leaking into the product gas through the valves,
which can be quite large at this scale. The optimum feed pressure to minimise overall power
consumption was 3 bar, with the vacuum step taking the vessel pressure down to 0.4 bar. The CO,
product gas is compressed to 1.4 bar using a vacuum pump and fed into a buffer tank, which is needed
to allow a constant flow rate to be fed to the compressor. The pressure in the buffer tank varies
between 1.4 bar and 1.1 bar and discharges to a CO, compressor running with a constant molar inlet
flow rate at 1 bar [28]. The CO, compressor increases the pressure of the gas to 78 bar, after which it

is liquified at 25 °C and pumped to 110 bar.

2.2.3. CO; separation by VPSA and partial condensation

A problem with the previous design is that the chosen MOF material is costly and still in development.
It is also water sensitive; therefore, pre-drying the gas stream is required, which adds additional
operating and capital costs. Thus, as an alternative, the VPSA was redesigned using HZSM-5, a
commercially available material at a lower price. However, it has a lower capacity and selectivity than
[ISERP MOF2, which makes designing the VPSA to meet the required purity and recovery specifications
quite difficult. The VPSA was designed to capture 90% of the CO, at a purity of 87%. This was optimised

12
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at an adsorbent mass per vessel of 197,000 kg and running with a feed pressure of 2 bar and a vacuum
pressure of 0.23 bar. The purity of the CO; product gas from the VPSA was increased to 97% (standard
specification for pipeline transport and geological storage) [29] by processing it through a partial
condensation process requiring fewer separation flashes than that by partial condensation alone. The
N,-rich off-gas from the partial condensation unit is recycled back to the feed of the VPSA to maintain

the required CO; capture rate.

2.2.4. CO; separation by partial condensation and pressure swing adsorption (PSA)

A partial condensation unit is used to produce CO, directly from the CO,/N, feed gas mixture.
However, the low purity of CO; in the feed gas results in a low recovery of CO,. Therefore, a PSA unit
is used to capture the CO, from the N,-rich gas leaving the partial condensation unit. The chosen
adsorbent is silica gel, which was simulated using data obtained from Guan et al. [30]. As this PSA
operates at a much higher pressure than for the VPSA cases, the amount of adsorbent required
reduces significantly to 46,000 kg per vessel. Silica gel is also a commercial material available at a
considerably lower price than IISERP MOF2 or HZSM-5. The process is designed to achieve a net 90 %
capture rate from the feed gas. This was achieved with only 6% of the N, passing through being co-
adsorbed and recycled back to the feed stream, which compares with 8% using a membrane, as

reported in White and Allam [31].

2.3.  Calcium Assisted Steel-mill Off-gas Hydrogen: CASOH-Enhanced (CASOH-E)

Figure 3 shows the schematic of the CASOH-E process, which comprises four primary steps: CASOH-
reaction, calcination, oxidation, and reduction. In the first step, the sorption-enhanced conversion of
BFG into H»-rich syngas occurs with the same principle as the base case, and all BFG is processed at
high pressure (10 bar), increasing the amount of BFG converted into an H,-rich product. The
exothermic reactions of carbonation (R1) and WGS (R3) raise the temperature of the reactor bed to
749.5 °C. The Cu inside the bed behaves as a WGS catalyst since it is reduced. In the calcination step,
the bed is depressurised under mild vacuum conditions (0.5 bar), and high-temperature H;O is
introduced to further reduce CO; partial pressure. This causes a sudden change in the partial pressure
of CO; in the solid bed, which promotes the decomposition of CaCOs3 into CaO and high-purity CO,
(R2). The heat previously accumulated in the reactor during the CASOH stage is used for the
endothermic regeneration of the sorbent, causing an adiabatic cooling of the solids until reaching a
temperature of 785 °C [32]. At this point, most of the heat generated from the carbonation is removed
via calcination; however, some heat inside the bed needs to be removed. This is possible by feeding
N, at 600 °C, and the heat generated is then used to provide part of the gas heating and steam

generation. The maximum feeding temperature of the N; is limited by the materials of the boosters
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and upstream heat exchanges; therefore, to have an optimal solid temperature before the new cycle
starts, oxidation (R6) and reduction with H; (R5) steps are required. In summary, four main differences
can be highlighted with the CASOH-B scheme:
1) The mild vacuum calcination step facilitates the production of a sufficiently pure CO; stream,
avoiding the need for an extra purification system.
2) Only 15% of the H-rich gas is needed for the CO,-free reduction step, while the remaining gas
is available as a product.
3) The heat removal stage requires less N, flowrate, reducing the high-temperature heat
generation in the process.

4) The system requires additional thermal utilities to generate the steam needed for the

calcination.
L
i Np
CASOH CALCIN REI':IE'?VTAL OXID REDUC
7
//9.7 bar 7 0.5 bar // 10 bar %10 bar ///7 bar
/ 750°C /A 833°C % 600°Cyy // 400°C // 676°C Ny
R-101 R-102 R-105 Z‘ 6 R-103 R-104
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Figure 3. Schematic of CASOH-Enhanced

2.4, Model development

Table 1 summarises the parameters used in Aspen Plus for different components. Since the process is
dynamically operated, the simulation in Aspen Plus relies on the averaged conditions at each reactor
outlet, which have been determined by the rigorous reactor model simulation following Grasa et al.

[25] and Diaz et al.[26].

While pressure is manipulated assuming that the valves and compressor could control the operating
conditions, the temperature indicated is the average temperature (over the cycle time) at each reactor

outlet stage and it is not fixed but determined by the extent of the reaction/heat fronts, cycle time
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and gas feeding. These values have been calculated using an in-house reactor model. More
specifically:

In CASOH-B, the oxidation occurs after the carbonation (CASOH) and 1% heat removal and being
oxidation highly exothermic, high pressure and limited maximum temperature of the bed are required
for to avoid CO, decomposition and losses with the O,-depleted air because of the
carbonation/calcination equilibrium (R1 and R2). The reduction occurs at the same time than
calcination and it is required to generate energy at high temperature (and low pressure) to
compensate for the endothermic reaction of calcination.

In CASOH-E, oxidation and reduction occur after the calcination (that occurs at low pressure) and heat
removal they are required to condition the solid ed temperature for the following carbonation
reaction. Since the reactor does not contain CO; (ad CaCQOs), there is no need to control the calcination
reaction and therefore oxidation and reduction pressure are defined from upstream processes based

on compressor operating conditions.

Table 1. Process modelling of CASOH-B and CASOH-E providing operating pressure and final time-
averaged temperature at the outlet.

Reactors Scenario

CASOH-B CASOH-E
CASOH 9.5 bar, 753°C, 99% CO conversion 9.7 bar, 750°C, 99% CO conversion
Heat removal 10 bar, 750°C 10 bar, 600°C
Calcination - 0.5 bar, 833°C
Oxidation 10 bar, 765°C 10 bar, 400°C
Reduction 1 bar, 850°C 7 bar, 676°C

VPSA was designed similarly to that suggested by Subraveti et al. [28] with minor modifications to the
process cycle. For VPSA and PC, the VPSA was designed as described by Masala et al. [33], while the
partial condensation process was described by White and Allam [31]. For the PC and PSA, a similar
partial condensation process was described by White and Allam [31], which uses a membrane on the
N,-rich off-gas to enable a higher recovery of CO,. In this work, the membrane was replaced by a 10-
bed PSA unit operating in the same manner as for the H, PSA described in Argyris et al. [34]. Table 2

reports the list of assumptions used to simulate the process units.

Table 2. Assumptions and initial inputs for simulation

Parameters Value
Heat Exchangers (high temperature)

Min AT gas-gas, °C 25
Min AT gas-lig, °C 10
Min AT lig-lig, °C 10
Min AT for partial condensation heat exchangers 2
Pressure drops, % bar 2
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Compressors

Isentropic efficiency, % 85
Mechanical-electrical efficiency, % 95
Expanders

Isentropic efficiency, % 93
Mechanical-electrical efficiency, % 99

2.5. Thermodynamic evaluation indicators
The system's thermodynamic performance is measured using cold gas efficiency (CGE), which relates
the thermal energy output to the thermal energy input, as per Equation (1). This metric provides
insights into the system’s efficiency in converting the input energy from BFG into the desired output
of the H,-rich stream.

CGE = IhHz—rich X LHVI—IZ—rich

(1)

mpgg X LHVggg

The CO; specific emissions (Ecoz) are calculated by Equation (2) and quantify the amount of CO,

emitted per unit of product (H,-rich stream) generated.

(2)

kgCOZ ] _ rhCOZ,captured

Eoo, | -
g mHz—rich X LHVI—IZ—rich

GJLHV,H,-rich

The equivalent CO; specific emissions (Ecozeq) are calculated by Equation (3) based on CO; vented to
the atmosphere and the equivalent emissions associated with electricity (Ee) and heat (Ew)

requirement (Table 3).

(3)

kgCOZ ] _ ri'1C02,emitted + ch X Eth + Wel X Eel

Eco,e [
,€q J
g mHz—rich X LHVI—IZ—rich

GJLuv,LF

Table 3. Considered emissions associated with different energy production technologies [35-37]

Unit Value
Electricity from grid [kgco2/ MW4] 529
Natural gas combined cycle [kgco2/GlJel] 127.2
Natural gas boiler [kgco2/GJin] 105.8
Biogas combined cycle [kgco2/GlJel] 84.4
Biogas boiler [kgco2/GJin] 84.4
Photovoltaic solar panel [kgco2/GlJel] 21.7

CO;, capture rate (CCR), calculated by Equation (4), represents the percentage of CO; that is
successfully captured and stored. CCR is calculated assuming that all BFG carbon content is converted
into CO,. Finally, SPECCA is obtained with Equation (5), and it quantifies the energy required to avoid

one unit of CO, emission during the process.
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mCOZ,captured

CCR[%] = “
Mco2,BFG
A S —
SPECCA [M]LHV] — OEECaptured OEEDO capture (5)
kgCOZ ECOZ,no capture ECOZ,Captured

3. Results and discussion
3.1 Mass and energy balance comparison

The comparison of the thermodynamic performance of the CASOH-B, CASOH-E and MDEA processes
is presented in Table 4. In all cases, the thermal input (energy content of the BFG) is 295.2 MW. The
complete PFD and stream tables of the CASOH-B, CASOH-E, and MDEA processes are presented in the

Supplementary Material.

Table 4. Comparison of the thermodynamic performance of the CASOH-B, CASOH-E and MDEA cases

CASOH-B CASOH-E  MDEA
No purif. PC  VPSA VPSA+PC  PC+PSA

Thermal energy output 77.6 776  77.6 77.6 77.6 224.5 267.4
[MW]
Cold gas efficiency [%] 26.3 263 263 26.3 26.3 76.1 90.6
Power requirement
(MWel] 4.9 445 492 54.9 471 75.2 33.6
Required heat [MWth] -136 1136 -136 -136 -136 57.4 142.6
€Oz flow rate for storage 78.2 626 70.6 70.6 71 72.5 66.4
[kg/s]
CO2 purity for st
[(y]zp””yorsorage 53.9 972 971 97.3 96.2 99.8 98.2
(s]
€Oz emission (direct™) 1 166 86 8.6 8.2 6.7 13.4
[kg/s]
CCR [%] * 79  89.1 89.1 89.6 91.5 83.1
Specific CO2 emission "

2139 1108 1108 105.7 29.8 50.1
[kgCO2/GJinv]

*Although CO, is separated, the resulting stream has a purity of 53.9% and is unsuitable for storage. Therefore, it is not counted as captured CO,, and
CCR and specific CO, emissions are not reported for this case
** Direct refers to the CO, emission from the process only and doesn’t account for the emission associated with the energy supply.

The thermodynamic performance of the CASOH-B case using different CO, separation technologies is
detailed in Table 4. In all cases, a thermal output (expressed as H,-rich gas LHV) of 77.6 MWy, is
attained, as only one-third of the BFG enters the CASOH reactor, contributing to Hx-rich gas
production. Consequently, the cold gas efficiency for all cases is 26.3%. The primary work requirement
stems from CO, purification and compression for storage. As a result, the CASOH-B without a
purification unit has significantly lower work requirement (4.9 MW,) compared to the CASOH-B with

partial condensation alone (44.5 MW4), VPSA using IISERP MOF2 (49.2 MW4), VPSA using HZSM-5 and
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partial condensation (54.9 MW|) and a partial condensation unit with the PSA on the N»-rich gas (47.1
MWe)). The total power requirement using partial condensation with PSA was found to be smaller than

using either of the VPSA options, with less adsorbent and notably smaller vessels and footprint.

Within the CASOH reactor, 20.3 kg/s of steam is needed to facilitate the WGS reaction and achieve a
steam-to-CO ratio of 1.2, which requires an overall 70.6 MW, of heat at high temperature. However,
substantial BFG (2/3 of the total feed) contributes to high-temperature heat production, leading to a
net heat recovery of 135.9 MWy, (46 MW, medium-grade and 89.9 MW high-grade heat). While inert
gas circulation provides a thermodynamically viable means of heat removal in CASOH-B, practical
implementation at an industrial scale involves challenges, especially for medium-grade heat recovery.
These include limitations in heat exchanger design due to the low heat capacity of gases, large surface
area requirements, and flow stability. In steel plant settings, additional constraints such as limited
space and integration with existing heat recovery networks may reduce the effectiveness or feasibility

of inert gas-based heat recovery. These aspects should be addressed in future integration studies.

Integrating a purification unit enhances the captured CO; purity from 53.9% to 97.2% for the partial
condensation, to 97.1% for VPSA using IISERP MOF2, to 97.3% for VPSA using HZSM-5 and partial
condensation and to 96.2% for the partial condensation unit with the PSA on the N,-rich gas. Although
the capture efficiency of the CASOH-B with different purification units (79% to 89.6% respectively) is
competitive with the MDEA case with 83%, the lower thermal output associated with the CASOH-B
results in a significantly higher specific CO, emission compared to the MDEA case (105.7- 213.9
kgco2/Glinv vs 50.1 kgcoa/Glinv). In addition to energy and purity performance, the scalability of VPSA
and PSA purification options is also an important consideration. Both technologies are well-
established for industrial gas separation; however, their deployment at a large scale introduces
engineering challenges. In the CASOH-B configuration, the gas stream fed to VPSA or PSA is a CO,-rich
flue gas composed primarily of CO, and N3, requiring large adsorbent beds to handle the volume and
maintain separation performance. As system size increases, the need for precise cycle timing and valve
sequencing becomes more demanding. For VPSA specifically, vacuum generation efficiency decreases
at scale, potentially impacting operational costs. These factors indicate that modular design and
careful integration will be necessary for industrial-scale application of adsorption-based purification

in CASOH-B.

The thermal output of the CASOH-E (expressed as H,-rich gas LHV) significantly increases compared
to the CASOH-B (224.5 MWy, and 77.6 MW4,), as shown in Table 4. This occurs because all the BFG
contributes to producing an Hx-rich gas. In contrast, only a minor fraction (approximately 15%) of the

H,-rich stream is directed towards regeneration. Overall, 57.4 MW4, of heat is required for steam
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production at the CASOH and calcination stages. CO, compression is the plant's primary power
demand. The CASOH-E demands a higher net power requirement than the MDEA (75.2 MW and 33.6
MWe, respectively) due to the higher CO;, capture efficiency (91.5% and 83.1%, respectively), along
with lower calcination pressure (0.5 bar), as opposed to the stripper pressure (6 bar) in the MDEA
case. The specific CO, emission for CASOH-E demonstrates a substantial reduction compared to the
CASOH-B (29.8 and 105.7 kgco2/Glinvy, respectively), owing to the higher capture efficiency and thermal
output achieved in CASOH-E.

Regarding the MDEA case, the H,-rich gas generates a thermal output of 267.4 MW, resulting in a cold
gas efficiency of 90.6%. The liquefaction process requires 33.6 MW, of power for CO, compression for
storage. A heat requirement of 142.6 MWy, is associated with the boiler heat duty for regeneration
(91.5 MW4g)) and steam production for the WGS process (66.5 MW.)). It is worth mentioning that a heat
recovery of 15.3 MWy, is achievable from cooling the shifted gas stream before entering the absorber
column. By employing BFG pre-combustion with MDEA, a CO; flowrate of 66.4 kg/s is achieved with a
purity of 98.2%. This results in a carbon capture rate of 83.1% and specific CO, emission of 50.1

kgcoz/ Glinv.
3.2. Comparison of different scenarios for utility supply

This analysis aims to evaluate the performance of CASOH-B (with CO; purification using PC+PSA),

CASOH-E, and MDEA cases under five scenarios for utility supply (electricity and heat).

(1) Heat sourced from burning part of the Hx-rich gas, and electricity supplied from the grid (HY-
GRID).

(2) Heat sourced from burning part of the Hx-rich gas, and electricity generated by a hydrogen-
fired combined cycle (HY-HY).

(3) Heat sourced from natural gas, and electricity generated by a natural gas-fired combined cycle
(NG-NG).

(4) Heat sourced from natural gas, and electricity generated by photovoltaic systems (NG-REN).

(5) Heat is sourced from biogas, and electricity is generated by photovoltaic systems (REN-REN).

It is worth mentioning that the energy supply scenarios were developed to represent a range of
boundary conditions rather than specific regional contexts. They reflect hypothetical but plausible
configurations ranging from fossil-dominant to fully renewable supply, enabling assessment of the
capture systems’ sensitivity to energy carbon intensity and integration strategy. The CO, emission
accounting in this study is limited to direct process emissions and indirect energy-related emissions.

Embedded emissions from equipment, adsorbent manufacturing, and plant construction are not
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considered here. A full life cycle assessment is being conducted by another partner within the project
consortium, which will complement this work. Moreover, all the heat and electricity requirements are
assumed to be met internally within the plant using specified on-site technologies; therefore, the
emissions associated with energy supply are included within the process boundaries. The comparison
of the utility supply scenarios is presented in Table 5, and each scenario is evaluated in the following

sections. In all cases, the thermal input is 295.2 MW.

Scenario 1 (HY-GRID): Providing heat from the Hs-rich gas lowers the thermal output for MDEA (from

267.4 MWy, to 108.9 MW4,) and CASOH-E (from 224.5 MWy, to 160.7 MW4,), except for the CASOH-B,
where no heat duty is needed due to 135.9 MWy, of heat generated (see Table 4). The thermal output
leads to a decline in the cold gas efficiency for MDEA (90.6% to 36.9%) and CASOH-E (76.0% to 54.4%).
Assuming that the high-grade heat recovered in the CASOH-B is used to generate electricity with an
efficiency of 40% [38], the power requirement of the CASOH-B reduces significantly from 47.1 MW
to 11.1 MWe,. Furthermore, there is still 46.0 MW, recovered heat available, which can be used within
the steel plant or sold for other purposes, eliminating the need for additional CO, emissions for heat
production and compensating the CO, emission by heat-related purposes by -5.8 kg/s. The resulting
total CO; specific emissions (direct and indirect because of the electricity from the grid) for the MDEA
case is 168.4 kgcoz/GJliwv compared to 51.4 kgcoz/Gliwy and 110.6 kgcoo/Gliny for CASOH-B and CASOH-
E, respectively. As Table 5 shows, CO, emissions from electricity production lower the carbon capture
rate for the MDEA and CASOH-E. In contrast, the carbon capture rate for CASOH-B improved from 79%
to 95% due to -5.8 kg/s CO, abatement from heat production. Finally, based on SPECCA analysis, the
CASOH-E demonstrates better technical performance with 2.2 MJiuv/kgcoz, followed by the CASOH-
base case with 2.9 MJinv/kgco2, and MDEA, with 3.1 MJiav/kgcoa.
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Table 5. Technical comparison for the utility supply scenarios

HY-GRID HY-HY NG-NG NG-REN REN-REN
No | cn CASOH- CASOH-[ =~ CASOH- CASOH-[ =~ CASOH- CASOH-[ =~ CASOH- CASOH-| = CASOH- CASOH-
capture B E B E B E B E B E
[T'\:fl:/Ta“’“tp“t 2952 | 109 77.6 1607 | 529 591 34.7 267 77.6 2245 | 267 77.6 2245 | 267 77.6 2245
E;;d gas efficiency 55 369 263 54.4 17.9 20 118 | 906 263 76 9.6 263 76 90.6  26.3 76
0
'["l\‘;flsr?qu'reme“t ; 143 -46.0 57.4 143 -46 57.4 143 -46 57.4 143 -46 57.4 143 -46 57.4
th
Power
requirement - 336 111 756 | 336 111 756 | 336 111 756 | 336  11.1 756 | 336 @ 11.1 75.6
[MWeI]
Direct CO; 792 | 134 8.2 6.7 13.4 8.2 6.7 13.4 8.2 6.7 13.4 8.2 6.7 13.4 8.2 6.7
emission [kg/s]
CO; emission by
heat (indirect) ; 0 5.8 0 0 5.8 0 18.1 5.8 7.3 18.1 5.8 73 12 4 4.8
[ke/s]
CO; emission by
electricity ; 4.9 16 11.1 0 0 0 36 12 8 0.7 0.2 16 0.7 0.2 16
(indirect) [kg/s]
Total CO, 79.2 183 4 178 | 134 24 6.7 35.1 35 22 323 26 156 | 262 3.6 132
emission [kg/s]
Specific CO,
emission 2684 | 168 51.4 1108 | 253 39.8 193 131 455 98 121 33.4 69.7 | 979 587 58.7
[kgCO2/GI]
CCR [%] ; 76.8 95 775 | 83.1 97 915 | 557 955 723 | 593 967 80.3 67 94.2 83.4
SPECCA (direct)
; 2.8 3.1 19 3.7 33 36 0.4 3.1 1 0.4 3.1 1 0.4 3.1 1
[MJihv/kgCOs]
SPECCA (total)
; 3.1 2.9 22 37 3.1 36 0.6 2.9 12 0.6 28 11 05 2.9 11
[MJinv/kgCOs]
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Scenario 2 (HY-HY): when compensating heat and electricity with the H,-rich gas, notable impacts are

observed on the MDEA and CASOH-E cases, leading to a reduction in the thermal output by 214.5
MW, for MDEA and by 189.8 MW, for CASOH-E. In contrast, the CASOH-B shows a relatively lower
impact, decreasing the thermal output from 77.6 MWy, to 59.1 MW4,. Consequently, the CASOH-B
achieves a higher cold gas efficiency of 20%, compared to 17.9% and 11.8% for MDEA and CASOH-E,
respectively. Since the H,-rich gas fully compensates for heat and electricity requirements, there is no
additional associated CO; emission in these cases. Still, as in scenario (1), the 46.0 MW, medium-grade
recovered heat enables the CO, reduction of 5.8 kg/s CO; for the CASOH-B. Moreover, the CASOH-B
performs better in CCR (97%) than the other cases. Despite having a lower thermal output compared
to other cases, the CASOH-E showcases a competitive performance in terms of specific CO, emissions
(193.0 kgco2/GJinv) compared to MDEA and CASOH-B with 253.4 kgco2/GJliwv and 39.8 kgcoa/Gliny. The
SPECCA analysis indicates that the CASOH-B with the SPECCA of 3.1 MJiuv/kgco2 outperforms the other

cases, which can be attributed to its higher thermal output.

Scenario 3 (NG-NG): In this scenario, heat and power requirements are provided from external

sources using natural gas, which is state-of-the-art heat and power generation. As a result, there is no
reduction in thermal output for any of the cases. The MDEA exhibits superior performance in terms
of cold gas efficiency (90.6%) compared to the CASOH-B (26.3%) and the CASOH-E (76.0%). The
additional emissions associated with utility requirements lead to specific CO, emissions of 45.5
kgco2/Gliny for CASOH-B, 95.1 kgco2/Gliny for CASOH-E, and 131.3 kgco2/GJliwy for MDEA. Moreover, the
additional CO, from external sources reduced CCR, reaching 55.7% for MDEA and 72.3% for CASOH-E,
compared to the previous values of 83.1% and 91.5% in scenario (2), respectively. The SPECCA analysis
indicates that MDEA with a SPECCA of 0.6 MJinv/kgco2 performs significantly better when the energy
requirement is provided externally from fossil-fuelled sources. Nonetheless, CASOH-E shows

promising potential with a SPECCA of 1.2 MJinv/kgcoa.

Scenario 4 (NG-REN): When addressing energy needs from natural gas (heat) and photovoltaic energy

(electricity), it's important to note that this setup does not affect thermal output in the cases
examined. Consequently, MDEA appears as the front-runner regarding cold gas efficiency (90.6%). In
contrast, CASOH-B and CASOH-E show 26.3% and 76.0% cold gas efficiencies, respectively. The
additional emissions stemming from the operation of the natural gas boiler and the photovoltaic
system contribute to an aggregate CO, emission load. The specific CO, emissions reach 33.4 kgco2/Glinv
for CASOH-B, 69.7 kgco»/Glinv for CASOH-E, and 120.7 kgcoa/Glinv for MDEA. Furthermore,
supplementary CO; emissions from the energy supplier lead to a reduction in CCR for MDEA (59.3%)
and CASOH-E (80.3%). Notably, the CASOH-B shows a higher CCR (96.7%) due to negative CO,
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emissions associated with the additional heat being made available. Like scenario (3), the SPECCA
metric reveals the superior performance of MDEA, achieving a SPECCA of 0.6 MJiuv/kgco2 when relying

on external energy sources.

Scenario 5 (REN-REN): In this scenario, where heat and power needs are met by external sources (a

biogas-fuelled boiler and PV), the cold gas efficiency is 90.6% for MDEA, 26.3% for CASOH-B, and 76.0%
for CASOH-E. CO, emissions from electricity generation remain consistent with scenario (4) due to the
incorporation of PV technology. While the CASOH-B achieves a higher capture rate (94.2%) in
comparison to the CASOH-E (83.4%), it’s essential to note that the relatively lower thermal output of
the CASOH-B results in a higher specific CO, emission (94.2 kgcoz/Glinv). In contrast, the CASOH-E
exhibits a lower specific emission of 58.7 kgco/Glinv. Regarding the SPECCA, the MDEA case emerges
as the top performer, with a SPECCA of 0.5 MJinv/kgco2, while CASOH-E demonstrates a competitive
performance with a SPECCA of 1.1 MJiuv/kgcos.

Overall, the previous evaluation revealed that choosing heat and power supply methods significantly
impacts the technology's performance. Both CASOH-B and CASOH-E perform better in CO, capture
efficiency than the MDEA (Figure 4). However, MDEA performs superior in certain scenarios, but its
emissions can increase when relying on external energy sources. The comparison of SPECCA under
the different scenarios for energy supply (Figure 5) reveals that MDEA outperforms the other cases
when it relies on external heat and power sources. Moreover, it is worth mentioning that due to the

heat recovery, CASOH-B performs better if it is close to a medium-grade heat consumer.

CASOH-E m CASOH-B

5 (REN-REN)
4 (NG-REN)
3 (NG-NG)
2 (HY-HY)
1 (HY-GRID)

0% 5% 10% 15% 20% 25% 30%

Change to CO, capture efficiency, %, Baseline = MDEA

Figure 4. Change to CO; capture efficiency (%) under five energy supply scenarios. Baseline values for
scenarios using MDEA capture
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3 (NG-NG)
2 (HY-HY) O
1 (HY-GRID)

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Change to SPECCA, dir+ind [MJ,,,,/kgCO,], Baseline = MDEA

Figure 5. Change to SPECCA [MJiv/kgCO,] under five energy supply scenarios. Baseline values for
scenarios using MDEA capture

3.3. Comparison of different CO, capture rates on CASOH-E

A sensitivity analysis was conducted on the CASOH-E case for different CO, capture rates. This is
achieved by using only part of the BFG through the CASOH-E technology, hence reducing the size and
footprint of the CO; capture plant. The separated fraction, the fraction of BFG bypassing the CASOH-
E unit, is then mixed with the H»-rich gas. Separated fractions of 5%, 10%, and 15% are considered in

this analysis, and the results are detailed in Table 6.

Table 6. CASOH-E performance on different capture rates

Split fraction

Unit 0% 5% 10% 15%
Total BFG Input [MWinhv] 295.2 295.2 295.2 295.2
Thermal energy output (DCF) [MW.inv] 224.5 228.0 231.5 235.1
Cold gas efficiency [%] 76.0 77.2 78.4 79.6
Net power consumption [MWel] 75.2 72.3 71.3 68.4
Heat requirement [MW:h] 57.4 54.5 53.6 52.7
CO:2 flow rate for storage [kg/s] 72.6 68.9 65.3 61.7
CO2 purity for storage [%] 99.8 99.8 99.8 99.8
CO:2 capture efficiency [%] 91.5 86.9 82.4 77.9
Specific CO2 emission [kgco2/Glinv] 29.9 45.4 60.3 74.6

As the separated fraction (SF) of BFG to the CASOH-E plant is increased from 0% to 15%, some trends
were observed, reflecting changes in system performance and efficiency. Thermal output rose from
224.5 MW ny to 235.1 MWy, improving cold gas efficiency from 76.0% to 79.6%. Higher SF values
reduced the amount of BFG entering the system, decreasing the need for compression work. This
reduction was primarily driven by a decline in the flowrate of CO, for storage, which dropped from

72.6 kg/s to 61.7 kg/s. Additionally, the reduced BFG flow lowered the heat requirement due to
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decreased steam production needs. However, specific emissions increased significantly from 29.9

kgco2/GJinv to 74.6 kgcoa/Gliny, driven by a decline in the CO; capture rate from 91.5% to 77.9%.

3.4, Effect of calcination pressure on CASOH-E

A separate sensitivity analysis was conducted to evaluate the performance of CASOH-E under different
calcination pressures. Reducing the calcination pressure reduces the steam demand to keep the same
CO; partial pressure. Since CO; is taken at a lower pressure, more compression costs are envisaged to

reach the target pressure for transportation and storage (110 bar).

Table 7 shows that increasing the calcination pressure from 0.5 to 1 bar increases the heat
requirement from 57.4 to 158.6 MW, because of the larger flowrate of H,0 required at the calcination
stage. Other performance metrics, such as thermal energy output (224.5 MW,.y), cold gas efficiency
(76.0%), and CO; capture efficiency (91.5%), remain constant across all pressures. Similarly, the CO,
flow rate for storage (72.5 kg/s) and CO, purity for storage (99.8%) are unaffected by changes in
calcination pressure. Specific CO, emissions also remain steady at 29.8 kgco2/Gluny, as the analysis
does not account for additional emissions from heat and power compensation. These results suggest
that while higher calcination pressures demand significantly more heat, they do not compromise the
system's CO; capture or cold gas efficiency, maintaining stable performance in these areas. However,
the increased heat requirement at higher pressures could affect overall energy efficiency and

operational costs.

Table 7. CASOH-E performance at different calcination pressures

Calcination pressure

Unit 0.5 bar 0.75 bar 1 bar
Total BFG Input IMW.nv] 295.2 295.2 295.2
Thermal energy output (DCF) [MW.inv] 224.5 224.5 224.5
Cold gas efficiency [%] 76.0 76.0 76.0
Net power consumption [MWel] 75.2 71.5 68.4
Required heat [MW:h] 57.4 113.1 158.6
CO: flow rate for storage [kg/s] 72.5 72.5 72.5
CO:z purity for storage [%] 99.8 99.8 99.8
CO2 emission [kg/s] 6.7 6.7 6.7
COz2 capture efficiency [%] 91.5 91.5 91.5
Specific CO2 emission [kgco2/Glinv] 29.8 29.8 29.8

It is worth mentioning that long-term operation of CASOH-based systems may be affected by
degradation of CaO and CuO materials due to sintering, loss of surface area, and chemical
deactivation. These effects can reduce sorbent reactivity and oxygen carrier stability over repeated
cycles. Periodic reactivation or replacement of sorbents is typically required, as demonstrated in

calcium looping pilot studies. While not explicitly modelled in this work, such operational
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considerations are essential for future scale-up and are the focus of ongoing experimental activities

within the project consortium.

4. Conclusions

This study provides a comprehensive technical comparison of blast furnace gas (BFG) decarbonisation
using two configurations of the CASOH processes and the benchmark MDEA technology. Several key
performance indicators were evaluated, considering different heat and power supply scenarios in the
process. When heat and power were supplied externally, MDEA demonstrated superior thermal
output and cold gas efficiency (267.4 MW,y and 90.6%) compared to the CASOH configurations, which
ranged from 77.6 to 224.5 MW and 26.3% to 76%. Among the CASOH technologies, CASOH-B
exhibited lower H,-rich gas production than CASOH-E due to the regeneration strategies. When
integrated with a downstream CO; purification unit (LT CO, partial condensation and/or (V)PSA), a
variation of £10% in the electricity requirement is noted with a variation in the CO; purity of +1% by
keeping the same recovery. However, CASOH-B achieved the highest CO, capture efficiency,
outperforming both CASOH-E (71.2%—-91.5%) and MDEA (53.2%—76.8%). In terms of energy efficiency,
CASOH-E performed competitively with MDEA, achieving a specific energy consumption per carbon
dioxide avoided (SPECCA) of 1.2-3.6 MJiw/kgCO, compared to 0.5-3.7 Mliuv/kgcoo for MDEA.
Sensitivity analyses of CASOH-E revealed that increasing the split fraction, which diverts a portion of
the BFG before entering the CASOH reactor, enhanced thermal output and cold gas efficiency while
reducing compression work and heat requirements. However, this adjustment also increased specific
CO; emissions due to a reduced capture rate. These findings highlight the potential for optimising BFG
decarbonisation strategies by balancing thermal output, efficiency, and emissions capture. Further
investigation of the economic and environmental performance of the CASOH technology for BFG
decarbonisation and exploring the impact of operational parameters and energy prices is

recommended for future studies.

Supporting Information: the detailed process flow diagrams and stream tables of the main plant

configurations are supplied as Supporting Information.
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