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ABSTRACT

The formation of mixed gas hydrates for pre- or post-combustion capture of carbon dioxide is
considered a promising alternative to conventional carbon capture technologies. Yet, to keep up
with conventional technologies or even reduce the cost of capture associated with them, a hydrate-
based technology must have (1) a short induction time, (2) fast formation kinetics, and (3) moderate
process conditions. To date, these requirements can only be met by adding promoters to the system,
which comes at its own cost and disadvantages. Here, we show that the requirements can also be
met without promoters by forming mixed gas hydrates in a packed bed of ice stabilized by fumed
silica. While the high specific surface area of the packed bed warrants short induction times and
fast kinetics, low temperatures ensure both moderate formation pressures and a high CO2 selectivity.
The favorable properties can be maintained and even improved upon over many capture/regeneration
cycles when operated at temperatures lower than 253 K, as this ensures a continuous formation of
pores in the ice. We demonstrate the advantages of this route for carbon capture on a bench scale
through batch, semi-batch, and continuous experiments. In semi-batch operation at 233 K and 40 bar,
the mole fraction of CO2 in a synthetic flue gas is reduced from 15 mol% to 2.5 mol%. At the
same thermodynamic conditions, a split fraction of 70% and a specific energy consumption below
3.0 GJ/tCO2 are achieved in continuous operation. The inherent advantages and simplicity of this
process, a specific energy consumption comparable with the state of the art even though entirely
based on the bench-scale experiment, as well as environmental harmlessness, emphasize the potential
of this hydrate-based process to meet the demands of the industry at a minimal cost of capture.

Keywords Carbon Capture · Gas Hydrates · Ice · Pressure Swing · Packed Bed

1 Introduction

Technological innovations are the single most promising tools for mitigating climate change and its associated negative
implications. According to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC),
during the last decade, the average annual anthropogenic CO2 emissions reached an all-time high of 10.9±0.9 PgC,
equivalent to 40.0±3.3 Gt of CO2 per year. With a share of 86±14% the majority originates from the combustion of
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fossil fuels, the principal contributor to climate change [1]. After discussions on phasing out fossil fuels repeatedly
ended inconclusively at the United Nations Conference of the Parties (COP), a consensus in favor of transitioning away
from fossil fuels was finally reached at COP28 [2]. However, the State of Climate Action Report 2023 shows that
efforts to mitigate climate change fall dramatically short on a global scale and urges further action [3]. On top of that,
annual emissions have been rising steadily across all major groups of greenhouse gases (GHGs) [4]. It is still to be
expected that due to the coupling between economic growth and energy consumption, a relation often referred to as the
energy-growth nexus [5], fossil fuels will remain a major source for meeting demand in many countries for years to
come.

Considering these alarming tendencies in anthropogenic climate change, carbon dioxide removal (CDR) methods,
i.e., ways to directly reduce atmospheric CO2 [6], or carbon capture and storage methods (CCS), i.e., ways to capture
and store GHG emissions directly where generated, become increasingly important [4]. Particularly in process and
energy-related industries, emission mitigation costs are substantially higher without industrial CCS [7, 8], making it the
economically most interesting climate change mitigation strategy in several sectors.

In contrast to CDR methods, which currently face an atmospheric CO2 mixing ratio of only 422 ppm [9], CCS
technologies encounter significantly higher mole fractions at emission sites, favoring the gas separation from a
thermodynamic point of view. For instance, mole fractions of 12-14%, 11-13%, and 7-10% are found for coal-based,
oil-based, and natural gas-based boiler operation, respectively [10]. While the mole fraction in a gas turbine cycle
(3-4%) is even lower than that [10], significantly higher mole fractions are encountered in industrial processes such
as cement production (30%) or natural gas processing (>96%) [11]. With an emphasis on combustion processes,
emissions are reduced through pre-combustion, oxyfuel combustion, or post-combustion capture [12]. Pre- and oxyfuel
combustion require extensive modifications, making them viable primarily for new plants. In contrast, post-combustion
capture — while typically less efficient — stands out for its ability to retrofit existing plants. The actual gas separation
is conventionally done using either absorption, adsorption, membranes, or cryogenic distillation and tailored to the
on-site conditions [11]. Among these processes, regenerative absorption, especially with monoethanolamine (MEA), is
the most widely used and mature method [13, 14, 11].

Despite the technical viability and maturity of the conventional processes, the energy penalty associated with carbon
capture (CC) is still significantly higher than the thermodynamic minimum [11]. Especially at low mixing ratios, up
to 30% of a fossil-fueled power plant’s energy is required for capturing CO2 from a flue gas [15]. Hence, for many
applications, the conventional processes are economically not feasible [16]. Consequently, significant research and de-
velopment efforts are ongoing [17, 18] investigating unconventional methods such as chemical looping combustion [19],
algae-based CC [20], and hybrid methods [12, 21]. Amid these methods, hydrate-based carbon capture (HBCC) has
been gaining increased attention due to its potential for economically feasible and large-scale CO2 separation [22]. This
can be attributed to several factors.

(1) In HBCC, CO2 is separated from a gas mixture by being incorporated into the molecular structure of a gas hydrate,
i.e. a solid inclusion compound where hydrogen-bonded water molecules form a host network that captures guest
molecules like CO2 within polyhedral cages [23]. Due to cage diameters on the order of 1 nm gas hydrates exhibit an
exceptional CO2 storage capacity of up to 9.67 mmol per gram of water [22], i.e., 1 volume of CO2 hydrate contains
up to 164 standard volumes of CO2 gas [15]. This capacity surpasses conventional commercial solvents like Selexol,
Rectisol, and Purisol by almost an order of magnitude [22] and is comparable or exceeds that of many adsorbents [17].
(2) HBCC can operate under relatively moderate pressures and temperatures, making it more energy-efficient compared
to absorption processes that need harsher conditions [22, 24]. (3) In HBCC, regenerating CO2 is cost-effective and
energy-efficient, as it can be achieved with low-temperature waste or environmental heat [25]. (4) Utilizing primarily
water as both the capture and the storage medium, HBCC can be considered one of the most environmentally friendly
processes [22].

The capture process typically involves contacting liquid water with the feed gas and raising pressure/lowering the
temperature to values that thermodynamically permit the hydrate phase. This leads to the formation of a mixed gas
hydrate, which, upon its growth, consumes both water and gas. For efficient CO2 separation, pressure and temperature
are set such that the mole fraction of CO2 is significantly larger in the hydrate than in the gas phase. Eventually,
this process transforms streams of water and CO2-rich feed gas into streams of CO2-rich hydrate and CO2-depleted
product gas. Regeneration of the captured CO2 is readily achieved by overheating or under-pressurizing regarding the
thermodynamic stability conditions.

The performance of HBCC inherently relies on the equilibrium conditions and the dynamics of hydrate formation,
which ultimately govern capture rates [11]. Regarding the dynamics of formation, prolonged induction times required
for forming hydrate nuclei of critical size, coupled with retarded growth of hydrate crystals due to mass- and heat-
transfer limitations [26, 27] present significant obstacles that can render HBCC impractical, if not resolved. Induction
times are commonly reduced through the addition of kinetic promoters, i.e., predominantly surfactants, amino acids,
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or nanoparticles that do not participate in crystal formation but facilitate its nucleation [28]. Likewise, methods
and equipment that facilitate accelerated nucleation rates by maximizing heterogeneous nucleation sites [28], or
those utilizing the so-called memory effect [29] are employed. Growth rates can be sustained or accelerated by
ensuring efficient mass and heat transfer throughout hydrate formation. To this end, various methods like stirring [30],
bubbling [31], spray injection [32, 33], or ejector loop reactors [34], are employed to maintain a high reaction surface
area and prevent its degradation due to the formation of the hydrate, which itself can act as a barrier between the
reactants [35]. Fixed bed reactors mitigate this effect by maximizing surface area and number of nucleation sites while
minimizing diffusion lengths [36, 37, 38]. A more recent approach involves promoter-enhanced hydrate formation in
un-stirred reactors [39], where hydrates develop capillaries or micro-tubular structures [40], ensuring sustained contact
between water and gas.

Next to hydrate formation dynamics, thermodynamic equilibrium between the gas, hydrate, and water phase plays a
crucial role in HBCC, as it relates the process conditions with the mole fractions of CO2 in the feed, the process and
regenerated gas, thus affecting both capital and operational expenditures. Since pressure is one of the largest cost drivers,
the majority of studies center on shifting equilibrium to lower pressures by employing thermodynamic promoters, i.e.
chemical additives that are integrated into the crystal structure of the hydrate for increased stability [28]. This is of
critical importance when dealing with feed gas that is already lean in CO2, e.g., gas emanating from the combustion
of fossil fuels. For instance, adding minute amounts of 1-3 mol% of the thermodynamic promoter tetrahydrofuran
to a CO2-N2-liquid water system with 18 mol% of CO2 can reduce the pressure requirement for hydrate formation
from 72 bar to less than 2 bar [41]. While the pressure reduction is a major advantage for HBCC [42], the utilization
of thermodynamic promoters often deteriorates capture capacity by substituting CO2 with promoter molecules in the
crystal lattice [28]. Besides, at non-optimal concentrations these promoters can also negatively affect capture efficiency
and selectivity by shifting equilibrium composition in the hydrate more towards N2 [42]. Moreover, although promoters
can be effective even at low concentrations [42], their use invariably incurs additional chemical costs and, in many
instances, impacts environmental benignity [28].

Another and seemingly obvious route for pressure reduction–the reduction of formation temperature to values below
the ice point–has not been seriously considered to date. Yet, HBCC involving formation from and dissociation into
ice bypasses the need for forming and breaking hydrogen bonds, offering a pathway to significantly reduce reaction
enthalpies and associated energy demand [26, 27].

Several reasons might account for the disregard of the low-temperature approach, including (1) difficulties in processing
solids, (2) slow dynamics owing to low-temperature kinetics and mass transfer constraints [35], (3) poor cycling
performance, and (4) decreased uptake capacity caused by increased hydration numbers [43].

In this paper, we address these concerns and demonstrate for the first time that all of them can be either disregarded
or neglected when employing a pressure swing process for HBCC in a fixed bed of ice. By operating at temperatures
as low as 233 K we are pushing the limit of residual CO2 in the product gas to record-breaking levels at pressures no
larger than 40 bar. Kinetic limitations are effectively mitigated by the use of a large surface area that can be successfully
restored after every capture-regeneration cycle presumably via a pore network that forms naturally as a consequence
of small density differences between ice and hydrate [44, 45, 46]. Besides proving the feasibility of the concept in
continuous, batch, and semi-batch cycles, novel equilibrium data for mixed N2-CO2 hydrates of various compositions
are provided for several temperature levels below the ice-point. Conservative estimates for attainable KPIs such as
specific energy consumption, split fraction, and separation factor, are obtained from a high-level thermo-economic
analysis, to highlight the competitiveness of the novel process, even at this very early stage of development.

In this macroscopic study, we place a strong emphasis on practical applications, deliberately postponing microscopic
details for future investigations. This approach reflects the urgency of our work and aims at advancing the technology
swiftly while providing further refinement in future publications. For now, by compensating the lack of the microscopic
perspective with comprehensive detail in our experimentation and data analysis this paper leaves no doubt about the
feasibility and scalability potential of the novel route for HBCC. Thus, this work not only underscores fixed bed reactors
as the most promising candidates for commercial HBCC [11], but also shifts the research agenda in this domain from
pore-water to solid foams.

2 Methods and Materials

This section outlines the setup, preparation of the packed bed, experimental procedures, data acquisition and analysis,
and definitions of key performance indicators (KPIs) for comparison with the state of the art, making it accessible
for the general reader. For a deeper dive into the details we refer to the electronic supplementary information (ESI†)
published alongside this manuscript.
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2.1 Experimental Setup

Fig. 1 shows a simplified process scheme of the bench-scale test setup used for the hydrate-based capture of CO2 in
continuous, batch, or semi-batch mode. A more detailed process scheme is contained in the ESI†.

The test setup consists of a gas cylinder (GC) containing synthetic flue gas, a thermally insulated high-pressure reactor
(HPR) with a total volume of 1.9 ± 0.1 L, a separate cooling cycle (CC) with a Lauda IN 280 XT cryostat, a continuous
operation line (COL), and a probe extraction line (PEL). The COL (dashed line in Fig. 1) connects the reactor outlet to
all valves and sensors used for continuous operation. For batch or semi-batch operation, the reactor outlet is closed
using the ball valve BV-COL. In these operational modes, a gas lock (GL) formed by two ball valves on the PEL is
positioned close to the HPR to extract tiny samples of gas for subsequent analysis. With a volume of only 1.84 ± 0.1
mL, extractions of less than 0.2 vol% of the gas contained in the reactor are possible, leaving the system practically
unaffected.

Concerning actuators and sensors, RS Pro PT100 resistance thermometers are installed to measure gas temperatures
at the reactor inlet and outlet, as well as packed bed temperatures at different positions (detailed positions in the
ESI†). Omega PXM459 pressure transducers are used to measure pressure in the reactor and feed line. Bronkhorst
El-Flow Prestige FG-111AC flow meters determine inlet and outlet mass flow rates. The flow meter at the reactor outlet
additionally serves as a flow controller (FIC). Both FI and FIC are pressure-compensated. The mole fraction of CO2 is
measured using two Smartgas Flow Evo infrared CO2 sensors with ranges of 0-50 mol% and 0-100 mol%, respectively.
These sensors can be mounted in three different positions, as shown in Fig. 1, depending on the mode of operation
and the subject of investigation. Ball and needle valves for high-pressure applications (Swagelok, Type SS-43GS4 and
SS-20VS4) are installed to open and close selected lines and to adjust the operating mode. Detailed process specifics
including the valves’ positions are contained in the ESI†. The uncertainty of the relevant instruments is evaluated for all
measurements conducted and listed together with the measurement range in Table 1. Uncertainties of derived quantities
are determined using linear error propagation as implemented in the Python library uncertainties [47].

2.2 Data acquisition, controls, and processing

All sensor data are logged using a National Instruments NI-cDAQ-9174 data acquisition module and analog input
modules. The data are sampled in intervals of 1 s and visualized in real-time in NI LabVIEW, which also serves as
the programmable logic control system. In parallel, relevant sensor data are recorded and saved to CSV files with a
resolution of 10 s. We use the open programming language Python including the libraries Matplotlib, NumPy, pandas,
SciPy, uncertainties [47], and CoolProp [48] for post-processing. To reduce the noise on time series used for computing

Figure 1: Simplified process scheme of the HBCC lab-scale reactor including the most relevant sensors and actuators as
well as the gas and cooling lines, specific system components including high pressure reactor (HPR), gas cylinder (GC),
pressure indicators (PI), pressure indicator and controller (PIC), flow indicator (FI), flow indicator and controller (FIC),
cooling cycle (CC), gas lock (GL), ball valves (BV), and CO2 sensors (CO2).
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Table 1: Measurement instruments, units, ranges and uncertainties
Instrument Unit Range Uncertainty
RS Pro PT100 resistance thermometer ◦C -50− 200 ±[0.3 + 0.005 · T ]
Omega PXM459 pressure transducer bar 0−100 ±0.08
Bronkhorst El-Flow Prestige FG-111AC flow meter slm 0.4−20 ±[0.02+0.005·ṁ]
Smartgas Flow Evo CO2 sensor mol% 0−100 ±0.6
Smartgas Flow Evo CO2 sensor mol% 0−50 ±0.4

the mass balance of the investigated system, a Savitzky-Golay filter [49], implemented in the Python library SciPy [50],
is applied.

2.3 Materials

2.3.1 Gas compositions

Calibrated mixtures of N2 and CO2 are utilized as synthetic flue gas. For the majority of the experiments, a CRYSTAL
test gas mixture from Air Liquide (consisting of CO2 N45 and N2 N50) with a CO2 fraction typical of a coal-fired
power plant [15] (15.0±0.3 mol% of CO2, 85.0±0.3 mol% of N2) is used. Both CO2 sensors are validated using the
calibrated gas mixture from the cylinder. Additional flue gas mixtures with varying mole fraction of CO2 are used to
quantify the impact of the CO2 fraction on the process performance. These are exclusively mixtures of CO2 and N2,
with CO2 mole fractions of 5.0±0.2 mol%, 10.0±0.2 mol%, and 40.0±0.8 mol%, respectively.

2.3.2 Packed bed preparation

A packed bed of ice stabilized with fumed silica, i.e. dry water [51, 52] in a solidified state, is used for hydrate formation.
The bed is designed to provide a high specific surface area and a large number of nucleation sites to enhance hydrate
formation rates [28, 42]. A batch of dry water is prepared by blending 30 g of pyrogenic silica (Wacker Chemical
Corporation, HDK H18) and 600 g of water for a total of 160 s. The total blending time is split in two equal periods
of 80 seconds separated by a pause of 20 seconds. The pause has been introduced to minimize the agglomeration of
liquid droplets which tends to occur during blending at high RPM for long periods. Since higher mixing speeds lower
the average particle size [53], in this study, the blending is performed at the maximum RPM value of 45,000 rpm. For
comparison, in their pioneering work on dry water hydrates, Carter et al. [51] blended for 90 seconds using an average
of 19,000 RPM.

To investigate the effect of two different blending durations on the droplet size distribution of liquid and solid dry
water, a Phoenix Nanotom-m CT system (Baker and Hughes) is employed after blending. Fig. 2 shows samples of pure
pyrogenic silica, the unblended mixture, and dry water in its final state, as well as four radially arranged tomograms
obtained from CT scans of dry water. The dry water samples are prepared by blending for 160 seconds and 280 seconds
with an interruption after 80 seconds and investigated for the liquid and solid state, respectively.

As reflected in the tomograms, there is no significant difference between the particle distribution of dry water in liquid
and solid state. A high specific surface area can be attained in both cases. However, as mentioned before, uninterrupted
blending for 280 seconds leads to the agglomeration of liquid regions which reduces the surface area of the dry water
(cf. Fig. 2f)).

2.4 Experimental procedures

To ease the understanding of our results and to simplify the discussion, all experimental procedures used are outlined in
the following paragraphs. For a more detailed explanation the reader is referred to the ESI†.

2.4.1 Preparatory work

Prior to the first measurement run of a new packed bed, the reactor is cleaned of any residue from previous experiments.
Subsequently, the reactor is filled with two batches of liquid dry water, each consisting of 600 g of water and 30 g of
pyrogenic silica, and then sealed using a torque wrench. After covering the reactor top with thermal insulation, the dry
water is solidified and cooled to the designated experimental temperature using the cryostat.

Before each measurement run, the system is flushed in two steps at low pressure (between 1 and 4 bar) to ensure
reproducible starting conditions. Firstly, the reactor is flushed with N2 (Air Liquide ALPHAGAZ 1 with purity
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Figure 2: Samples of (a) pure pyrogenic silica, (b) pyrogenic silica and water before blending, and (c) dry water after
blending. The tomograms (d-g) illustrate the condition of dry water post-blending for 160 seconds in the (d) liquid
and (e) solid states, as well as after blending for 280 seconds in the (f) liquid and (g) solid states. Solid state CT scans
conducted at 233 K. Bright and dark areas are water/ice and air, respectively.

>99.999%) for at least 10 minutes to remove any gas residue from previous experiments. Secondly, the reactor is flushed
with the synthetic flue gas until the CO2 mole fraction at the reactor outlet matches the value on the calibration certificate
of the gas cylinder. Once flushing is completed, either semi-batch, batch, continuous experiments, or sequences of these
experiments are conducted.

2.4.2 Semi-batch experiments

Experiments in semi-batch mode are carried out to study the formation kinetics of the mixed hydrate at constant
pressure and temperature. After the preparatory steps, the reactor is pressurized to a predefined pressure above the
vapor-ice-hydrate (V-I-H) equilibrium curve using the back pressure in the gas cylinder. The crossing of the V-I-H curve
marks the start of the capture period which is monitored in intervals ranging from 30 seconds to 2 hours by extracting
gas samples via the gas lock. The analysis of the gas samples provides a temporal profile of the mole fraction of CO2 in
the gas phase and allows for the study of induction times and formation kinetics. The gas cylinder remains attached to
the reactor and is kept open throughout the experiment to compensate for any gas consumed by the forming hydrate.
This continuous supply of gas across the system boundary of the reactor volume ensures a constant pressure and gives
the procedure the prefix “semi". Note that the supply of fresh gas at one point of the otherwise closed reactor can be
understood as a Dirichlet boundary condition for the mole fraction of CO2. As the gas sampling point is far away from
that Dirichlet boundary, its effect is negligible for the initial phase of concentration change in that region.

2.4.3 Batch experiments

Experiments in batch mode are primarily conducted for the exploration of the V-I-H equilibrium curve at constant
temperature. Contrary to the semi-batch case, batch experiments are executed in a closed system, hence, no gas is
supplied during the experiment. Consequently, in the system considered, a net growth or decrease of the hydrate phase
inevitably results in a reduction or increase of system pressure, respectively. Similarly, the CO2 fraction in the gas
phase will change accordingly. Only states on the V-I-H curve exhibit no change. This absence of change is used as

6

https://doi.org/10.26434/chemrxiv-2024-tfmjn-v2 ORCID: https://orcid.org/0000-0003-3513-6859 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-tfmjn-v2
https://orcid.org/0000-0003-3513-6859
https://creativecommons.org/licenses/by/4.0/


Hydrate-based Carbon Capture via Pressure Swing in a Packed Bed of Ice A PREPRINT

the criterion for reaching equilibrium. For practical reasons, a change in the CO2 fraction of less than 0.1 mol% in 60
minutes is used as a threshold value for meeting equilibrium. Batch experiments are typically carried out subsequently
to semi-batch experiments by reducing the reactor pressure from values on the V-I-H curve in small steps and waiting
for the system to attain equilibrium again. In cases where the attainment of equilibrium is slow because of small rates
of dissociation, the reactor pressure is instead increased in small increments starting from equilibrium. Fig. 3 depicts
these procedures with open and filled markers indicating non-equilibrium and equilibrium states, respectively.

2.4.4 Continuous experiments

Continuous measurements are initialized by pressurizing the reactor with the calibration gas using the pressure gauge
of the gas cylinder, subsequently to the preparatory flushing process. This leads to a pressure wave that propagates
through the fixed bed until it reaches the flow controller at the reactor outlet (FIC), which is already set to a fixed value
within the range of 0.5 to 2.0 slm. Once the reactor is fully pressurized the capture period of a pressure swing cycle
starts. It is monitored by continuously measuring the inlet and outlet mass flows as well as the mole fraction of CO2 at
the reactor outlet. This allows for the calculation of the CO2 capture rate, which, upon aggregation, yields the mass
of CO2 captured in the mixed hydrate. After the capture period, which lasts for 180 minutes in our typical pressure
swing cycles, the regeneration period is started by dissociating the mixed hydrate. To this end, the reactor inlet is closed
while the outlet flow is maintained at the value used for capture. This results in a steady pressure drop which ultimately
destabilizes the mixed hydrate and triggers its dissociation into gas and ice.

For the analysis of the mass balance, the mass flow and the CO2 fraction at the outlet are monitored throughout the
regeneration period. The monitoring is terminated once the mass flow drops below the detection limit of the flow
sensors (< 0.2 slm). Note that due to the effect of self-preservation [54, 55], mass flow can come to an apparent halt
although a significant amount of mixed hydrate is still preserved. This results in a mismatch in the total mass captured
and regenerated but can be reliably detected. It has to be noted that for continuous measurements with a focus on
closing the mass balance, an accurate knowledge of the inlet mass flow during the pressurization period is essential. In
such cases, the reactor is pressurized in a controlled manner by adjusting a needle valve before the flow indicator at the
reactor inlet.

2.5 Calculations

2.5.1 Mass balance

In continuous operation of the bench-scale setup, CO2 capture rates are obtained by:

ṁCO2,capt = ṁi · wCO2,i − ṁo · wCO2,o, (1)

Figure 3: Schematic of the procedures used for the determination of isothermal vapor-ice-hydrate (V-I-H) equilibrium
curves: (1) Periodic pressure decrease leads to dissociation of mixed hydrate until a new equilibrium state is reached
(indicated by black arrows) or (2) periodic pressure increase leads to mixed hydrate formation until equilibrium is
reached (indicated by red arrows).
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where ṁi and ṁo denote the respective inlet and outlet mass flows of gas, and wCO2,i and wCO2,o the mass fractions of
CO2 at the reactor inlet and outlet, respectively. The mass fraction wi of species i is calculated using the measured
mole fraction y, the molar mass Mi of the individual species i, and the molar mass of the mixture M :

wi = yi ·
Mi

M
(2)

In analogy to Eq. 1, the mass flow of CO2 released during the dissociation period is calculated using

ṁCO2,rel = ṁo · wCO2,o. (3)

2.5.2 Key performance indicators

Commonly used metrics for the evaluation of CC technologies are the capture efficiency and the specific energy
consumption (cf. [56] and [57]). The capture efficiency CE is defined as the reduction of mass flow of CO2 divided by
the maximum reduction possible, i.e., the complete removal of any CO2. Hence

CE =
ṁCO2,i − ṁCO2,o

ṁCO2,i
, (4)

where ṁCO2,i and ṁCO2,o are mass flows of CO2 at the reactor inlet and outlet, respectively.

Specific energy consumption SEC relates energy input to mass of CO2 captured and is ideal for comparisons with
conventional carbon capture technologies. For the process considered,

SEC =
Pcomp + Pcool + Pform

ṁCO2,capt
, (5)

with Pcomp, Pcool, and Pform denoting electrical powers needed for the compression of the flue gas, the pre-cooling
of the flue gas to the formation temperature, and for removing the released latent heat flow of hydrate formation,
respectively. The compression power is evaluated using the two edge cases of adiabatic and isothermal compression.
For the adiabatic compression, an isentropic efficiency of 0.85 is assumed. When experimental data is not available,
well-justified assumptions are used for the determination of the individual contributors to Eq. 5. These are listed in the
ESI†.

To account for the specialties in HBCC, two additional metrics are often used for an evaluation of the process separation
efficiency [22]. The split fraction

S.Fr. =
nCO2,capt

nCO2,i
(6)

relates the amount of CO2 captured to the total amount fed into the reactor, hence, can be interpreted as the arithmetic
mean of the capture efficiency for an investigated period (CE = S.Fr.). The separation factor

S.F. =
nCO2,capt · nN2,o

nN2,capt · nCO2,o
(7)

relates the molar ratio of CO2 and N2 captured to that in the residual gas leaving the reactor at the outlet. This term
could reach infinity, if no N2 would occupy hydrate cages and the entire CO2 of the feed stream would be consumed in
the process of hydrate formation. The molar ratios can be readily obtained by integrating the individual mass flows over
the entire duration of the experiment and applying the ideal gas law.

3 Results and discussion

In the following, key results for the hydrate-based capture and regeneration of CO2 in a packed bed of solidified dry
water are provided. These cover the fundamental aspects of thermodynamic equilibrium and kinetics as well as factors
crucial for the industrial application, e.g., the performance stability with respect to consecutive cycling. Eventually, a
benchmark run is used to substantiate the KPIs of the process, thus, enabling a sound comparison with the state of the
art.
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3.1 Thermodynamic equilibrium

Semi-batch and batch experiments are conducted in series to investigate thermodynamic equilibria for reactor tempera-
tures of 233 K, 243 K, and 253 K. For practical reasons, the reactor is first operated at constant pressure in semi-batch
mode for 400 minutes before switching to batch mode and adjusting the pressure in a series of small step changes.
Exemplary measurement runs of pressure and CO2 fraction approaching equilibrium values are shown in Fig. S2 in the
ESI†.

While at 233 and 243 K, stepwise depressurization leads to the attainment of new equilibria within a matter of 1-2 hours,
dissociation rates are significantly slower at 253 K, where even waiting periods of more than 24 hours did not yield
new equilibria. Thus, at 253 K, stepwise pressurization is the only viable route for reaching equilibrium within less
than 2 hours. Such retarded dissociation rates at relatively higher temperatures are indicative of self-preservation. This
phenomenon is well-established for CO2 hydrates [54, 55, 46] but rarely considered in the context of HBCC, although
its effect complicates the regeneration of the CO2 from the hydrate significantly.

The equilibrated values for pressure and mole fraction of CO2 measured after the individual destabilization steps are
visualized in Fig. 4 alongside theoretical predictions and detailed in Table 2.

Figure 4: Pressure and mole fraction of CO2 on the vapor-ice-hydrate (V-I-H) coexistence curve. Equilibrated states
obtained in this work by sequences of semi-batch and batch experiments at 233 K, 243 K, and 253 K (filled markers)
are compared to theoretical values (solid, dashed, and dash-dotted curves) calculated using CSMGem [26, 58]. For
comparison with conventional HBCC, mixed CO2-N2 hydrate equilibrium states at 275 K with and at 274 K without
promoters [41] are provided using open markers.

There are three conceivable mechanisms for CO2 separation in our system: liquefaction, adsorption, and hydrate
formation. A comparison between the V-I-H equilibrium values for the mixed-hydrate and the liquefaction line for
the N2-CO2 mixture (cf. Fig. S2 in ESI†) clearly rules out the possibility of misinterpreting liquefaction for hydrate
formation; the two equilibria are simply too far apart at all temperatures and gas compositions considered in this
work. This divergence already displays the advantage of the HBCC process with respect to cryogenic carbon capture
which requires significantly larger pressures to attain similar reductions in mole fraction of CO2. Yet, at high pressures
and mole fractions of CO2 the stability regions for the liquid and the hydrate do overlap. This potentially allows for
a combination of the cryogenic and hydrate-based capture process and offers an additional pathway for improving
efficiency and performance. Adsorption, on the other hand, can take place at all conditions for which hydrate growth
can occur. Hence, a misinterpretation is possible. However, because adsorption and hydrate formation exhibit distinctly
different dynamics and capacities for CO2 uptake, these two effects are successfully distinguished in our experiments
and the data in Fig. 4 is clearly associated with hydrate formation.

A comparison between the measured equilibria with those obtained using the software CSMGem [26, 58] shows
generally good agreement with the theoretical predictions for all reactor temperatures studied (cf. Fig. 4). Hence, as the
predictive quality of CSMGem has been already confirmed for temperatures above 270 K [59], it can now be extended
to lower temperatures. For CO2 fractions larger than 10 mol%, deviations between the theoretical and experimental
values are always smaller than 1 mol%. For CO2 fractions smaller than 10 mol%, deviations between experiment
and the CSMGem model are considerably larger but do not exceed 2 mol%. Especially at such small mole fractions,
deviations can be attributed to insufficiently long relaxation times which lead to an overestimation of the equilibrated
mole fractions. Besides, due to the size of the reactor the formation conditions are not as ideally controlled as in
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lab-scale reactors specifically designed for equilibrium measurements. Consequently, the deviation could also be linked
to an inhomogeneous temperature distribution in the reactor.

Disregarding the minor deficiencies of the setup for measuring accurate equilibria the data clearly illustrates the
importance of the low temperature route for HBCC, especially in the case of small mole fractions of CO2. An
equilibrium value of just 1.5 mol% CO2 in the vapor phase, measured at 57.4 bar and 233 K (cf. Fig. 4) demonstrates
that HBCC from a feed gas with as little as 5 mol% CO2 is feasible even at such moderate temperature and pressure.
To the best of our knowledge, CO2 fractions lower than 5 mol % have so far only been achieved by Chazallon and
Pirim [59] who were capturing minute amounts of CO2 from a 1 mol% feed gas in their in-situ Raman cell. Due to
their use of liquid water, which translated to a formation temperature of roughly 271 K, more than 140 bar of pressure
had to be applied for capture. This is in strong contrast to the pressure requirements shown in Fig. 4, highlighting the
leverage gained when transitioning to sub-zero Celsius. For instance, to obtain a CO2 fraction of less than 10 mol% in
the product gas a pressure of at least 35 bar and 13 bar is required for a temperature of 253 K and 233 K, respectively.
Hence, by simply reducing the temperature by 20 K, the pressure can be reduced by more than half. This massive
reduction in equilibrium pressure is evidently even more pronounced when comparing with HBCC from liquid water,
where more than 100 bar are required for a similar product gas concentration [41, 59]. Further, at 233 K, the unpromoted
system’s equilibrium pressures are even comparable to those of the same system at 274 K when promoted with the
well-known and efficient thermodynamic promoter tetrahydrofuran (THF) [41].

233 K 243 K 253 K
p (bar) y (mol%) p (bar) y (mol%) p (bar) y (mol%)

57.4 1.5 − − − −
41.25 2.55 41.10 4.82 42.62 7.54
38.11 2.78 33.90 6.20 36.5 8.96
35.04 3.18 29.36 7.34 32.98 11.16
30.37 3.89 25.36 8.73 29.74 12.65
24.64 5.01 22.55 10.08 26.38 14.22
20.62 5.78 20.55 11.27 22.83 17.29
16.79 8.18 17.88 13.25 20.96 18.19
13.22 10.41 15.99 15.19 19.12 21.70
7.17 22.26 12.66 19.26 17.82 23.25
4.71 36.66 9.77 26.46 15.28 29.1

Table 2: Measured equilibrium pressure and mole fraction of CO2 in the gas phase for three temperatures.

As the attainment of CO2-lean product gas at minimal pressure and related energy input is highly desirable from an
economic point of view, the low-temperature route of HBCC is tempting at first sight. However, the slower formation
kinetics associated with lower temperatures and mass transfer limitations are drawbacks that have so far prevented
a broader consideration of this path for HBCC. Therefore, to ensure viability of HBCC at such process conditions,
kinetics must be promoted. In the following section, it is investigated whether the combined effect of the high surface
area of the packed bed of solidified dry water and the promoting abilities of silica [60] are sufficient for enhancing rates
of formation to a degree viable for the industrial application.

3.2 Formation kinetics

While there are alternatives for enhancing the surface area to promote hydrate formation (e.g. polyurethane foams [61]
and nanoparticles [28]), preparation of a packed bed of ice from dry water is an obvious choice due to several factors.
Firstly, fumed silica is cheap, widely available, harmless, and dry water is rather simple to fabricate. Secondly, dry
water has been subject to a few studies already [51, 53, 62], all of which confirm the kinetically promoting effect of
the high specific surface area. Therefore, it is likely that this beneficial effect will also be found at lower temperatures.
On the other hand, studies [51, 62, 63] also showed that formation rates cannot be sustained over multiple formation-
dissociation cycles and that additional stabilizers (e.g. hydrocolloid gelling agent) are helpful to maintain formation
rates. Since a poor cycling behavior is detrimental to an economic operation of the HBCC process, in this section, both
formation rates as well as their evolution upon continuous cycling are investigated.

Formation kinetics are investigated in semi-batch operation for different reactor pressures and for multiple capture-
regeneration cycles. In these cycles, the capture phase is according to the description of a semi-batch experiment while
for the regeneration phase the reactor vessel is depressurized and remains open for at least 12 h to ensure complete
dissociation of the hydrate. Fig. 5 shows the mole fraction of CO2 in the gas mixture during the capture phase obtained
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from consecutive cycles. Each series begins with a fresh packed bed and is designed to operate at a specific pressure
level — specifically, either 40, 30, or 20 bar. After the start of the experiment, the CO2 fractions start to decrease from
their initial value of 15 mol% and approach thermodynamic equilibrium. While the CO2 fraction decreases fast at the
beginning of the experiment, the rate of change almost vanishes in the final third of it. Despite the fact that the mole
fraction continues to decrease by the experiment’s end, Fig. 5 illustrates clearly that extending the duration further is
simply impractical for the purpose of this study. Hence, the steady-state definition of thermodynamic equilibrium used
in this work always overestimates the actual values which could be more accurately approximated by extending the
duration of the experiment significantly.

Figure 5: Mole fraction of CO2 during capture in semi-batch operation at (a) 40 bar, (b) 30 bar, and (c) 20 bar. All
experiments shown are done at 233 K using a N2-CO2 feed gas containing 15 mol% CO2. Subscripts i in ni denote
the number of capture-regeneration cycles of the packed bed in operation. Dashed and dash-dotted lines mark the
equilibrium concentration according to this work (see above) and CSMGem [26, 58], respectively. The shaded regions
in blue mark induction periods observed during the first cycle.

For reactor pressures of 40 bar (cf. Fig. 5(a)), the mole fraction of CO2 in the gas phase decreases almost immediately
after pressurization, regardless of the number of cycles conducted. This suggests a very brief or completely absent
induction period, indicating almost immediate formation of mixed hydrates even in a freshly packed bed of ice.
Conversely, with reduced pressure, i.e., smaller driving force for hydrate formation, an induction period becomes
apparent at the beginning of the capture experiment, which seems to be restricted to the first cycle (cf. Fig. 5(b) and (c)),
though. During the initial cycle, the mole fraction of CO2 remains quite stable for approximately 40 min and 10 min at
20 bar and 30 bar, respectively, before gradually decreasing. A closer look at the very first few minutes still reveals a
small drop in CO2 fraction occurring practically immediately after pressurization. This small drop, which gets more
pronounced as the pressure increases, can be attributed to the selective adsorption of CO2 on the solidified dry water.
Yet, the drop due to adsorption can be clearly discriminated from the subsequent and significantly larger drop occurring
as a result of hydrate formation. Subsequent cycles do not exhibit a pronounced induction period, suggesting a much
faster hydrate nucleation in the regenerated packed bed of ice at low formation pressures. The significant reduction
in the induction period observed for hydrate formation when starting from ice (or liquid water) with a prior hydrate
history [64] is a well-known phenomenon, commonly referred to as the "memory effect". Although the underlying
mechanisms behind the memory effect are not fully understood [29], yet, our results clearly indicate its usefulness in
the application of HBCC, where numerous formation-dissociation cycles are required. A more nuanced perspective on
the interplay between adsorption, hydrate formation, and the memory effect at the initial phase of capture is provided in
the following section on continuous experiments.

Focusing again on the rate of change of CO2 fractions with time and cycle number, the semi-batch data suggest that
kinetics improve with each cycle at all pressures studied. In every set of semi-batch experiments conducted at a specific
pressure, the CO2 fraction approaches its equilibrium value more rapidly with each subsequent cycle, until it stabilizes
at a maximum rate where no further changes between cycles are observed. The difference between capture rates is most
pronounced from the first to the second cycle. As the thermodynamic conditions remain consistent across cycles and
nucleation can be ruled out as a factor in this phase of formation, the increased rate of CO2 uptake is likely linked to
a growing solid-gas interface area. This growing interface area can be explained by the creation and evolution of a
pore network that forms due to local energy differences [44] and density differences between ice and the water host
network of the hydrate [46]. This restructuring takes place every formation-dissociation cycle leading to an increase of
the specific surface area until a stable porosity is achieved. Long-term cycling experiments are essential to confirm the
proposed stable porosity and to assess its dependence on the initial conditions of a fresh packed bed and the operating
parameters. If the impact of the operating conditions proves significant, this finding could lead to substantial cost
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reductions in bed preparation as it could imply that regardless of the initial setup, the ultimate effectiveness of the
process is controlled by the pore network that naturally forms through repeated cycling.

3.3 Industrial application in continuous operation

The extrapolation of the capture rates obtained from semi-batch experiments to an industrial process, which is
presumably continuous, is challenging. In semi-batch experiments not only the mode of processing differs, but also the
mechanism of mass transfer. While mass transfer by diffusion dominates in semi-batch, convection is the main driver in
a continuous process. To account for this fundamental difference, this section studies whether the behaviors observed
in semi-batch operation are consistent in continuous operation. Further, KPIs of continuous operation are assessed to
explore the feasibility of developing and scaling the low-temperature route of HBCC to power plant levels.

3.3.1 Capture

To compare with formation kinetics in semi-batch experiments, Fig. 6 shows the initial phase of carbon capture in
continuous pressure swing experiments performed using three different N2-CO2 feed gas mixtures. All experiments are
performed at 233 K using a formation pressure of 40 bar and a mass flow of 1.0 slm. In Fig. 7, the effect of varying
mass flow rates is investigated in otherwise identical experiments for a single feed gas composition of 15 mol% CO2.
Like in the semi-batch cases, the same packed bed of solidified dry water is used for a whole series of cycles to explore
the effect of cycle number, i.e., bed age. Cumulative masses of captured CO2 are shown in addition to the CO2 fractions
at the reactor inlet and outlet to ease the discussion on absolute capture rates. Note that the pressurization period is
excluded from the integration of the cumulative masses, as they are not directly associated to gas hydrate formation.

Figure 6: Initial phase of HBCC in continuous runs at 233 K, 40 bar, and 1.0 slm with a N2-CO2 feed gas with (a)
5 mol%, (b) 10 mol%, and (c) 15 mol% of CO2. The top and bottom row show the mole fraction of CO2 at the reactor
outlet and the cumulative mass of captured CO2 in terms of measurement duration, respectively. Dash-dotted lines
mark the CO2 fraction at the reactor inlet and are shown for reference. Dashed lines represent linear fits to the entire
data from 20 to 60 minutes, excluding the primary cycles. Subscripts i in ni denote the number of capture-regeneration
cycles of the packed bed in operation. Induction times of the first and second cycle are labeled as ti with the subscript
indicating the cycle number.

Mechanisms of capture. Focusing on the CO2 fraction at the reactor outlet, the same general behavior can be
observed in all experiments. The behavior can be best explained using a superposition of two distinct phenomena
which follow two different time scales. The first phenomenon features an immediate drop of the CO2 fraction by a
small amount proportional to the CO2 fraction of the feed gas and to the reactor pressure and can be best explained
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Figure 7: Initial phase of carbon capture in continuous runs at 40 bar, 233 K, a N2-CO2 feed gas composition of
15 mol% CO2, and varying mass flow rates. (a-b) show the mole fraction of CO2 at the reactor outlet, and the captured
mass of CO2 in terms of measurement duration, respectively. The dash-dotted line in (a) marks the CO2 fraction at
the reactor inlet and is shown for reference. Subscripts i in ni denote the number of capture-regeneration cycles of the
packed bed in operation. Every run is labeled using a distinct marker and accompanied with a repeated run to test for
reproducibility. Repeated runs are labeled using identical markers but are displayed semi-transparently. Vertical dashed
lines with labels tṁ in (a) denote theoretical residence times calculated for the inlet mass flow rate investigated.

as the selective adsorption of CO2 on the gas-solid interface. The second phenomenon features a significantly larger
decrease of the CO2 fraction. It occurs at a much later and more random time, pointing towards the stochastic nature of
hydrate nucleation and growth. In cases of particularly long induction periods, the CO2 fraction at the outlet gradually
increases and eventually approaches the concentration of the feed gas. This effect is most pronounced during the initial
cycle when using a feed gas with 5 mol% of CO2 (cf. Fig. S3 in ESI†). There, no hydrate nucleation can be observed
within the first hour. In consequence, the gas composition at the reactor outlet must approach that of the feed gas
once all available adsorption sites are occupied. The only way the CO2 fraction can decrease again afterwards is the
nucleation and subsequent growth of mixed hydrates, which in this case actually happened after increasing the reactor
pressure from 40 to 50 bar, thus amplifying the driving force for hydrate nucleation. The pressure increase almost
instantaneously triggered hydrate growth and led to a pronounced decrease in CO2 fraction at the reactor outlet, similar
to the ones observed in subsequent cycles. For all other cases, induction times are significantly shorter and, remarkably,
for the subsequent cycles, a pressure of 40 bar eventually becomes sufficient to trigger hydrate growth (cf. Fig. S3 in
ESI†). Induction times decrease most significantly from the first to the second capture-regeneration cycle and remain
nearly identical for all subsequent cycles. This behavior is similar to the observations made in semi-batch experiments
and can again be attributed to the previously mentioned memory effect [64].

Driving force. When examining the mass of CO2 captured, the reproducibility of the HBCC process becomes evident.
With the exception of the first cycle, where nucleation significantly impacts the process, the mass of captured CO2
follows an almost identical linear relation across all experiments conducted under identical conditions (cf. Fig. 6).
Remarkably, even after 18 cycles the same relation can be observed, indicating a highly robust and stable process across
numerous capture-regeneration cycles. The minor deviations observed between the second and later cycles can be
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attributed to imperfect process control, particularly variations in the annealing periods occurring between cycles, when
the reactor was maintained at a low temperature but not pressurized.

Fitting a straight line to the mass of CO2 captured from 20 to 60 minutes for all cycles except the first yields capture
rates of 0.062± 0.003 g/min, 0.193± 0.004 g/min, and 0.295± 0.017 g/min, for 5 mol%, 10 mol%, and 15 mol%,
respectively. These values are based on a reactor with 1200 g of water. For larger systems with an equivalent flow path
length, they can be simply scaled by multiplying with the volume of water used.

The reproducibility observed under identical conditions is a direct consequence of the consistent residence time of the
gas in the reactor and the consistent rates of formation due to similar driving forces. The effect of driving force can
be studied by comparing the capture rates of different feed gas compositions. Our data indicates that, under studied
conditions, the formation rates at 10 mol% and 15 mol% are 3.1 and 4.8 times, respectively, that at 5 mol%. This
relation is strikingly similar to 1:3.1:5.1, which is the corresponding ratio between yfg − yeq , i.e., the differences
between feedgas and equilibrium concentration in the gas. This observation suggests that formation rates are directly
proportional to the concentration difference between feed gas and equilibrium, which agrees well with kinetic models
using that difference as the driving force for hydrate formation [26, 65]. Consequently, process conditions that enable
small concentrations of CO2 in the gas phase are automatically beneficial for achieving high capture rates, as are high
CO2 concentrations in the flue gas.

Residence time. Besides the driving force and associated formation rates, the residence time crucially determines
the degree of CO2 depletion in the gas phase. The effect of the time it takes for a control volume of gas to flow from
the reactor inlet to the outlet, can be investigated by varying mass flow rates while keeping all other parameters the
same. To this end, Fig. 7 shows the gas composition at the reactor outlet together with cumulative masses of captured
CO2 versus time for mass flow rates ranging from 0.5-2.0 slm. To allow for a good comparison with Fig. 6, the process
conditions used are identical. This time, however, all experiments are conducted with the same packed bed of solidified
dry water. Additionally, the packed bed has already been cycled seven times before this investigation to mitigate the
random nature of nucleation.

The molar ratio of CO2 at the reactor outlet exhibits a recurring behavior. Right after the capture phase is started, the
CO2 fraction decreases rapidly until it hits a minimal concentration and rises steadily after that. The time it takes to
reach the minimum coincides well with the theoretical residence time, which is computed by dividing the approximated
gas mass in the reactor by the mass inflow rate. This behavior can be explained using the remaining capacity for hydrate
formation in the packed bed. The very first control volume entering the reactor will encounter a fresh packed bed. It
takes exactly the residence time for this volume to propagate to the outlet. Every other control volume of gas following
after will encounter a more reacted bed which offers less sites to be occupied as well as diffusion barriers limiting the
uptake rate. The gas already present in the reactor at the start is also exposed to a fresh packed bed, however, can react
with the downstream fraction of the bed only.

A comparison between residence time and minimal CO2 fraction at the outlet suggests that significantly lower CO2
fractions of the stripped gas could be realized by increasing the residence time (cf. Fig. 7). In practice, this can be
done by either using smaller flow rates or a larger reactor volume. Ideal reactor dimensions can thus be identified by
weighing the increased CO2 capture rate with reactor size against the associated costs of larger reactors.

Focusing on the mass of CO2 captured, the effect of the concentration difference as an important driving force for
hydrate formation becomes apparent once more. Higher mass flow rate results in higher CO2 fraction in the gas along
its path through the bed. Since a larger deviation from the equilibrium concentration implies a greater driving force, the
driving force for hydrate formation is also larger. This effect naturally supports maintaining capture rates. A smaller
capture rate implies a higher CO2 fraction in the gas, which in turn implies a higher driving force and stabilizes the
capture rate. The effect of this feedback loop can be seen in Fig. 7(b), which shows an almost linear increase in captured
CO2 over 3 hours of experiments. Likewise, capture dynamics remain highly reproducible over the full duration of the
experiments and 15 capture-regeneration cycles. The slightly higher deviation between cycles observed in the mass
signal is due to the amplifying effect of mass flow rates only.

3.3.2 Full cycles and regeneration

Until now, the emphasis of the continuous experiments has primarily been on capture. However, in a continuous
process, the role of regeneration is equally essential. To study the dynamics of regeneration, measurements over full
capture-regeneration cycles are done using N2-CO2 feed gas compositions of 5, 10, 15, and 40 mol% of CO2. With
the exception of the 40 mol% case, all experiments are conducted at 233 K, 40 bar, and 1.0 slm of inlet flow rate. The
40 mol% case is done using the same temperature but at 20 bar and 0.5 slm to prevent the liquefaction of CO2. The
capture phase is identical to that discussed in the previous section. Regeneration is triggered by reducing the reactor
pressure slowly to 1 atm by closing the reactor inlet while maintaining a constant flow rate at the reactor outlet. This is
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preferred over a more rapid decompression to avoid self-preservation [46, 54, 55], which is assumed to play a major
role in the regeneration phase but has not been addressed in detail.

Exemplary, Fig. 8(a-b) shows the results obtained from the feed gas with 15 mol% CO2. Results for the other
compositions can be found in the ESI† (cf. Figs. S4-S7). When it comes to the capture phase, all previous observations
recur. Focusing on the regeneration phase, the CO2 fraction at the outlet remains almost unaltered until the pressure
drops below the equilibrium pressure. Consequently, the mixed hydrate dissociates and releases large amounts of the
previously captured gas rich in CO2. This process is accompanied by a sharp rise in CO2 concentration at the outlet,
peaking at approximately 70 mol% once the reactor pressure drops to 1 atm. Since no gas is fed during the entire
regeneration period, this concentration can be understood as an upper bound to the composition of the gas captured in
the hydrate.

Figure 8: (a-b) Complete capture-regeneration cycle at 233 K and 40 bar using a N2-CO2 feed gas with 15 mol% of
CO2 at a flow rate of 1.0 slm. The shaded regions in blue and gray denote the pressurization and regeneration period,
respectively. Different line styles are used to distinguish between pressure, mole fractions, and aggregated masses. (c)
Comparison of aggregated and released masses as well as gas compositions in the hydrate between cycles performed
using N2-CO2 feed gas with 5.0, 10.0, 15.0 and 40.0 mol% CO2 fraction. With the exception of the 40 mol% case
which is executed using 233 K, 20 bar, and 0.5 slm, all other measurements are conducted at 233 K, 40 bar, and 1.0 slm.
The error bars originate from the uncertainty of the flow and CO2 sensors and are computed using error propagation of
independent variables. Colors red and blue are used to distinguish between aggregated and released masses of CO2 and
N2, respectively. Subscripts hyd, cap, and reg label total masses captured in the hydrate, aggregated in the reactor, and
released from the reactor, respectively, and allow for the differentiation between the effect of pressurization and hydrate
formation. Green bars and circle markers denote the steady state CO2 fraction in the hydrate and the maximum CO2
fraction measured at the reactor outlet, respectively.

As is shown in Fig. 8(b), the aggregated masses of CO2 and N2 are increasing during capture and decreasing during
regeneration. After a full cycle, the aggregated masses return to nearly zero, providing a reliable indicator for the
accuracy of our measurements. Since for all four different feed gas compositions the regeneration period is significantly
shorter than the capture phase - when executed at these conditions - an HBCC twin process is constrained by capture
and not regeneration rates.
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The quantitative comparison in Fig. 8(c) shows that significant amounts of CO2 can be captured across the compositions
studied over a duration of 180 minutes. The total amount of captured CO2 increases with the CO2 fraction in the feed
gas due to a stronger driving force for hydrate formation. With approximately 80 g of captured CO2 (and approximately
15 g of captured N2) in the run with the 40 mol% feed gas, almost 20 % of the theoretical maximum capacity of 510 g
of gas uptake has already been reached. In a similar run, even 154 g of gas are captured by extending the capture period
to 500 minutes (see ESI† Fig. S9). In both cases, capture rates remain significant towards the end of the capture period.
Hence, the limits of CO2 uptake do not appear to have been reached. Note that the theoretical maximum capacity
has been derived assuming a hydration number of 5.75 for the CO2 in the sI hydrate, 1200 g of water, and pure CO2
occupancy of all cages. In reality, many of the cages will be either occupied by N2 or not occupied at all. A more
realistic value for uptake capacity is thus significantly smaller, however, still needs to be experimentally determined for
the systems and conditions studied in this work. Regardless of that, more than 100 g of captured CO2 per kilogram of
water is strong evidence for capture in the volume of the ice and cannot be attributed to adsorption alone.

The accurate time-resolved mass fluxes of individual species further allow us to estimate the composition of the gas
captured in the hydrate. In absence of other sinks for CO2 or N2, the steady state composition of the flow being captured
- readily computed from the difference between inlet and outlet flow of the individual species - is identical to the steady
state composition xhyd,ss of the mixed hydrate (cf. Fig. S8 in ESI†). As is shown in Fig. 8(c), xhyd,ss ranges from 28.2
mol% (flue gas with 5.0 mol% of CO2) to 82.4 mol% (flue gas with 40.0 mol% of CO2) and increases steadily with
increasing mole fraction of CO2 in the feed gas. These values are smaller than the maximum fractions of CO2 measured
at the reactor outlet at the end of the regeneration period but lie well above those at the theoretical phase envelope
calculated using CSMGem [26, 58] for the respective conditions. The same observations are made in a comparative
experiment using a single feed gas with 15 mol% of CO2 but varying pressures (cf. Fig. S10 in the ESI†). Clearly,
the majority of the hydrate forms in contact with a gas whose composition contains more CO2 than the equilibrium
concentration on the V-I-H coexistence curve at the given pressure and temperature. Consequently, the CO2 fraction
at the phase envelope in many cases significantly underestimates that of the gas in the hydrate and is therefore of
limited usefulness for the planning and modeling of the HBCC process. Instead, the planning and modeling would be
more accurately based on the ternary phase diagram of H2O-N2-CO2 and other systems relevant for gas separation.
Unfortunately, to our knowledge, no such diagrams have yet been published.

3.3.3 Key performance indicators

To effectively evaluate the potential of the process under investigation, it is essential to compare it with (a) other
state-of-the-art technologies, and (b) similar hydrate-based technologies for CC. To this end, SEC, S.Fr., and S.F. are
calculated using experimental data gathered from complete cycles conducted at 233 K, a mass flow rate of 0.5 slm, a
feed gas CO2 fraction of 15 mol%, and across five distinct reactor pressures.

Except for the SEC, all KPIs can be directly derived from the experimental data (refer to subsection 2.5.2). For the SEC,
both adiabatic and isothermal compression are examined to encompass the full spectrum of conceivable values. This
includes the more realistic adiabatic scenario with an isentropic efficiency of 0.85 and the ideal scenario of isothermal
compression, approachable through multistage compression.

Fig. 9 illustrates performance metrics for the low-temperature approach of HBCC being studied, depicting (a) the KPIs
at various pressure levels, and (b) the relative power consumption of critical components as a function of pressure. The
components analyzed are (1) the cooling necessary to remove the enthalpy associated with hydrate formation, (2) the
pre-cooling, and (3) both isothermal and adiabatic compression of the flue gas. These figures can now be benchmarked
against those of conventional and alternative CC technologies. For this purpose, Table 3 lists the KPIs in question for
adsorption, absorption, membrane-based, and hydrate-based technologies. Upon analyzing the data, the following
conclusions - grouped according to the individual KPIs - can be made.

Table 3: Comparison of KPIs critical to CC: SEC, S.Fr., and S.F.
CC Technology SEC (GJ/tCO2) S.Fr. (%) S.F. (-) Refs.
Absorption 3 80-95 - [13, 15]
Adsorption 2.2-3.6 74-98.5 - [15, 66]
Membrane 0.26-11 80-99.99 - [15, 67, 68, 69]
HBCC 1.3-4.7 9-67.3 2-15.7 [15, 70, 71]
This study (HBCC) 2.9-6.9 32.0-73.3 11.6-30.7 -

SEC. A close examination of Fig. 9(b) reveals that the majority of the power required to operate the process is
consumed by compression. Even in the idealized isothermal case, which requires only half of the power needed
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Figure 9: Process performance metrics at 233 K using a N2-CO2 feed gas with 15 mol% CO2 and a mass flow rate of
0.5 slm. Panel (a) depicts SEC for adiabatic and isothermal compression, S.Fr., and S.F. for various pressures. Panel
(b) shows the power consumption of critical process components relative to the maximum power case of adiabatic
compression at 50 bar as a stacked area plot: cooling of flue gas, removal of latent heat of hydrate formation, and
adiabatic or isothermal compression.

for adiabatic compression, the energy used for compression still surpasses the combined total of all other process
components. This underscores the fact that while achieving ideal isothermal compression may be practically unattainable,
significant reductions in SEC can still be achieved through multistage compression with intermittent cooling stages.
Not surprisingly, the SEC shown in Fig. 9(a) is significantly influenced by process pressure and the technology used for
compression. In the cases considered, the SEC decreases with increasing reactor pressure up to about 30 bar. Beyond
that it starts to rise again because the marginal gains in CO2 capture from 30 to 50 bar do not offset the additional power
required for compression.

The SEC figures in Table 3 show that the process investigated is competitive with state-of-the-art technologies, closely
matching the performance of adsorption and absorption processes and fitting within the spectrum of alternative HBCC
processes — which make use of promoters — when assuming isothermal compression. Membrane-based separation
holds the potential for the lowest SEC among the technologies considered, but achieving values below 1 GJ/tCO2

requires highly selective membranes and flue gases with more than 20 mol% CO2 [69]. Promising asymmetric
membranes exhibiting similarly promising characteristics regarding permeability and selectivity are still in development
and face challenges in up-scaling [72]. In general, the wide range of SECs, influenced by variations in flue gas
composition and specific process and plant details, complicates direct comparisons. Therefore, the economic feasibility
of our process appears promising, but must be carefully evaluated on a case-by-case basis to determine its practicability.

S.Fr. As apparent in Fig. 9(a), higher reactor pressure enhances the S.Fr. across the entire pressure range investigated.
Additionally, S.Fr. benefits from a higher residence time, which can be achieved by reducing the mass flow rate (as
illustrated in Fig. 7(c)) or by increasing the reactor dimensions. In the theoretical limit, these actions yield a S.Fr. of
100%. In practice, achieving higher values of S.Fr. typically results in a higher SEC. This trade-off between efficiency
and energy use is a common challenge across all CC technologies, complicating direct comparisons with competing
methods. This, again, necessitates evaluations on a case-by-case basis to accurately account for varying conditions and
scenarios.

S.F. The separation factor - defined for HBCC technologies specifically - exhibits a trend opposite to that of the other
KPIs examined, demonstrating that it is enhanced by lower reactor pressure. This is best understood by examining
the composition of the mixed hydrates forming during capture (cf. Fig. S10 of the ESI) and perfectly in line with
theoretical predictions according to CSMGem [26, 58]. At lower pressures, mixed hydrates show a strong preference
for incorporating CO2 molecules over N2, with a significant margin. Conversely, as pressure increases, the captured gas
becomes increasingly enriched with N2. In general, S.F.s determined in this study are significantly higher than those
reported in other HBCC studies [15, 70, 71]. This improvement can be attributed to the lower operating temperatures
of this novel HBCC route, confirming the suspected advantage of higher selectivity within the investigated parameter
ranges.
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4 Conclusion

In this comprehensive study, a novel approach for the industrial separation of gas mixtures through gas hydrate
formation was extensively investigated, specifically targeting the capture of CO2 from emissions released in combustion
plants. Unlike other hydrate-based processes that operate with liquid water, this innovative method leverages the
advantageous thermodynamics of hydrate formation at sub-zero temperatures, where CO2 capture and regeneration
prove particularly energy-efficient due to the neutral energy balance in the breaking and forming of hydrogen bonds
during ice-hydrate transitions. Main drawbacks generally associated with the low temperature and the solid state of
the ice, e.g., difficulties in handling the solid, poor formation kinetics, cycling performance, and a reduced uptake
capacity, have been anticipated but could be successfully addressed using a fixed bed reactor with silica-stabilized
ice. The bed offered exceptionally high surface area which could not only be maintained but, in some instances, even
enhanced during repeated low-temperature formation-dissociation cycles—presumably due to pore formation processes
upon cyclic solid-solid transitions [44, 46]. To confirm the theoretical advantages and demonstrate the successful
navigation of anticipated challenges, the process underwent thorough testing across various operational modes, focusing
on thermodynamic equilibria, formation kinetics, and practical, continuous capture-regeneration cycles in an industrial
setting.

Regarding thermodynamics, equilibrated states were measured for three reactor temperatures below the ice point and
found to agree well with theoretical values computed using CSMGem [26, 58]. To our knowledge, this is the first
experimental data of this kind on the N2-CO2 system for temperatures lower than 260 K. Remarkably, even though no
chemical additives were used in these experiments, the formation pressures achieved are comparable to those obtained
when using tetrahydrofuran, a well-known and established promoter. With equilibrium concentrations as low as 1.5%,
the process under consideration enables post-combustion capture of CO2 from the lean gas mixtures typical of gas
turbine emissions—a feat highly desirably for any carbon capture process.

Regarding kinetics, the focus has been set on the capture period, i.e., the period of hydrate formation. Capture rates
were consistently high, with 4-25 gram of CO2 captured per hour and liter of water at 233 K in the reactor used. Next
to the residence time, which can be easily adjusted by modifying the flow rate or reactor design, capture rates appear
to be primarily driven by the difference between the CO2 fraction in the feed gas and the equilibrium composition of
the hydrate. Similarly, hydrate nucleation appears to be governed by the same driving force, as increases in pressure
and feed gas concentration both lead to shorter induction times. Consequently, achieving equilibrium compositions
that are very lean in CO2 supports both high capture rates and shorter induction times. Remarkably, induction times
further decreased from first to second cycles and remained stable thereafter. Likewise, capture rates increased from
first to second cycles and stayed consistent for numerous cycles after that. This suggests the so-called memory effect
being at play and that the same bed can be reused for many capture-regeneration cycles, greatly simplifying operations.
Regardless the cycle number, the regeneration of the captured gas from the hydrate through dissociation occurred almost
instantaneously at low temperatures around 233 K. However, at temperatures nearing the ice point, self-preservation
can hinder rapid regeneration and must be carefully managed.

Regarding the industrial applicability of the process, numerous continuous capture/regeneration cycles were performed.
These experiments allowed for the derivation of key performance indicators, enabling a thorough comparison with the
state of the art. Even under conservative assumptions, the comparison demonstrates that our process matches current
state-of-the-art absorption and adsorption methods and surpasses traditional liquid-water based HBCC processes in
several metrics, particularly in terms of the split fraction and separation factor.

These features, along with the avoidance of thermodynamic promoters, highlight the considerable potential of the
process for hydrate-based carbon capture and underscore the urgent need for expanded research efforts. On the practical
side, conducting sensitivity analyses at both bench-scale and pilot-scale levels is essential for effectively scaling up
the process. From a theoretical standpoint, it is crucial to further investigate the equilibria and kinetics of various gas
mixtures, especially those originating from diverse CO2-rich sources. Additionally, examining the role of fumed silica
as a stabilizing agent is imperative, aiming to reduce or completely eliminate its usage.

In conclusion, the notable stability of the process, coupled with moderate operational conditions, straightforward
material handling, and impressive performance metrics observed so far, strongly advocate for continued exploration
of this technology. We believe it represents the most promising avenue for advancing hydrate-based carbon capture
technologies to date.
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