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ARTICLE INFO ABSTRACT

Editor: S. Yi Gigascale carbon capture and sequestration (CCS) is increasingly seen as essential to meeting the targets of the
Paris Agreement. As an alternative to conventional CCS approaches, carbon dioxide (CO3) hydrates have received

Keywords: attention as materials which can enable new approaches to carbon capture as well as carbon sequestration. CO5

€O, hydrate formation hydrates (ice-like materials of CO, and water) form at medium pressures (<400 psi) and temperatures of >0 °C

Bubble column reactor

Flue gas

Conversion factor

Carbon capture and sequestration

from a water-CO3 mixture. Bubble column reactors (BCR) have been studied as a preferred way of forming CO5
hydrates. This study uses an inhouse, recently-developed modeling framework to predict performance of a BCR
for CO; hydrate formation from flue gas (CO2/N32), and pure CO, streams. We highlight and analyze specific
aspects of hydrate formation that are important for CO2 sequestration, and for COy separation/capture. In
particular, two performance parameters are analyzed: i) gas consumption rate for hydrate formation (normalized
with reactor volume), and ii) fraction of CO; that converts to CO, hydrates in a single pass (conversion factor).
The first metric quantifies the overall productivity of a BCR by obtaining the net CO5 that can be sequestered or
separated from the flue gas stream. The second metric relates to the efficiency of the system by quantifying the
need for recirculation and the quality of the exit stream after a single pass. Extensive parametric analysis is
conducted to study the influence of pressure, temperature, CO5 mole fraction at inlet, gas flow rate and reactor
geometry on hydrate formation. Across the range of simulations conducted in this study, the highest gas con-
sumption rate per unit reactor volume was 28.9 ton/yr/m> and the highest conversion factor was 67.8 %. Both
parameters increase with increasing pressure, decreasing temperature and increasing inlet mole fraction of CO».
Increasing gas flow rate increases the gas consumption rate (i.e., hydrate formation rate) but reduces the con-
version factor. This suggests that the overall productivity of BCRs increases with gas flow rate at the expense of
its efficiency. Reduced efficiency increases recirculation-related costs and high flow rate increases compression
and cooling costs. For flue gas, increasing the reactor volume by increasing the height or diameter increases
conversion factor but significantly reduces the gas consumption rate per unit reactor volume. For pure CO,
increasing the reactor height increases the conversion factor without changing the volumetric gas consumption
rate. Decreasing the diameter increases volumetric gas consumption rate without changing the conversion factor.
These findings suggest that compact reactors are more suitable for CO, hydrate slurry production (on a volu-
metric basis), while larger reactors are suitable for CO, separation/capture applications. Overall, this study
provides a basis for the design and operation of BCRs for CO; hydrates-based CCS applications.

technologies have significant limitations associated with them, high-

1. Introduction lighting the need for novel approaches throughout the entire CCS
ecosystem. This study focuses on CCS from flue gas streams, noting that

Gigascale carbon capture and sequestration (CCS) is increasingly over 60 % of CO; emissions are generated by power plants [3], where
being considered as critical to meeting the goals of the Paris Agreement ~ the exhaust is predominantly a mixture of N3 and CO3 (alongside Hy0
[1,2]. Current operational CCS capacity is ~40 Mton/yr, which is and O3). While the CO3 concentration in flue gas ranges from 10 to 20 %,
negligible compared to the projected need for upto10 Gton/yr capacity certain exhaust gases produced have CO concentrations of up to 95 %
by 2050 [2]. This highlights the need for rapid deployment of CCS [4,5]. Flue gas from the oxy-fuel combustion of a fuel in a mixture of
technologies which are at a commercial stage. However, existing oxygen and recycled flue gas can contain CO; concentrations as high as
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Nomenclature

Ap Surface area of bubble

Acs Reactor cross sectional area

Af Hydrate film area

c Gas concentration of CO5

Ceq Equilibrium gas concentration of CO5
Cp Drag coefficient

D Reactor diameter

g Acceleration due to gravity

& Growth factor (=0.25)

AH Heat of hydrate formation

H Height of water column in reactor
Rside Heat transfer coefficient on the side
heop Heat transfer coefficient on the top
k Thermal conductivity of water

km Mass transfer coefficient

M Mass of hydrate on the bubble

My, Molar mass of hydrate

Mco, Molar mass of CO,

Mgy Gas consumption rate of the reactor
ny, Moles of non-participating gas (N»)
N Number density of bubbles

P Total pressure inside the bubble

Py Equilibrium pressure

Py, Operating pressure of the reactor

Q Gas flow rate per unit area or gas flux
Q Gas flow rate

r Radial coordinate

R Radius of the reactor

R Universal Gas Constant

t Film thickness

T Temperature

Tins Temperature of coolant

Tiop Temperature at top in the headspace of reactor
Ty Temperature of inlet gas

Tamb Operating temperature

v Velocity of the bubble

Vierm Terminal velocity

Vr Total volume of the reactor

X Mole fraction of CO4

X; Mole fraction of CO, at inlet

z Axial coordinate

Z Compressibility factor

Zoq = Z(Peg,T) Compressibility factor at equilibrium
y Gas water surface tension

n Bubble radius

Uley Percentage conversion factor

ns Bubble radius at sparger exit

Pw Density of water

Pg Density of gas

70 % [6]. Flue gas from refineries, cement, and steel production plant
have CO2 concentrations ranging from 10 to 35 % [7,8]. It is noted that
the major components of flue gas are always CO» and N3; CO needs to
be separated (captured) from this stream before being sequestered.

This manuscript focuses on the use of CO, hydrates for CCS from flue
gas (represented by CO5/Ny mixtures). Clathrate hydrates are water-
based crystalline solids consisting of a guest molecule (e.g., methane,
CO», ethane, tetrahydrofuran, cyclopentane, etc.) trapped in a lattice of
water molecules [9-11]. Depending upon the lattice structure, upto 6
water molecules can be needed to trap 1 molecule of CO5. CO3 hydrates
visually resemble ice and form at medium pressures (400 psi) and low
temperatures (04 °C) in a water and CO3 environment [10]. Hydrates
can enable several applications in the areas of CCS, water desalination,
gas separation, storage and transportation [12]. This manuscript studies
COs hydrates from both carbon sequestration as well as CO5 separation/
capture standpoints [13-15].

The current state-of-the-art for CO, sequestration is CO5 injection as
supercritical CO, in depleted oil reservoirs [16,17]. Although a well-
established technology, it has multiple limitations and challenges
which include high pressure requirements, high monitoring cost to
prevent leakage, lack of available storage sites, requirements for high
purity COy, etc. [16,17]. Other sequestration options being developed
include CO5 mineralization, biologic approaches and embedding CO5 in
materials. While all these approaches are very promising, they all have
their disadvantages. There is enormous scope for the development of
novel sequestration approaches to add to the existing basket of solutions,
particularly in view of the gigascale capacity requirements.

The solid, immobile nature and relatively lower pressure require-
ment of CO2 hydrates makes it a viable option for CO; storage. 1 kg of
solid CO, hydrate can sequester upto 290 g of CO5 (i.e. 150 L of CO5 at
25 °C & 1 atm) [18]. Potential pathways for CO, storage as hydrates
have been discussed in detail in recent literature [14,19]. Sequestration
sites for CO3 hydrates include seabed locations with appropriate P-T
conditions, sub-seabed storage, permafrost regions, and depleted gas
fields [14]. Another option involves injecting CO5 into CH4 hydrate
reservoirs to achieve COy hydrate formation and methane production

simultaneously [20,21]. COq storage efficiency as high as 96.7 % (irre-
spective of initial methane hydrate saturation) was reported using this
approach [22]. Laboratory tests for CO5 hydrate formation have shown
that hydrates form more easily from CO4 gas as opposed to liquid CO,
[23]. Field tests with CO2 hydrates have also been conducted [16]. It
was found that this concept is suitable when the produced hydrate does
not have trapped gas, in which case it is denser than seawater [16,24].
Hydrate formed from water saturated with CO; is also much more
denser than otherwise [25]. Field experiments have been conducted at
ocean depths of 1000-1300 m in Monterey Bay, CA, using liquid CO»,
water, and solid COy hydrate [26]. Importantly, to make this concept
economically viable, rapid formation of compact CO, hydrates is
needed.

Hydrates have also been explored for applications in the separation
or capture of CO, from gas mixtures [14,27,28]. Hydrates-based CO4
capture has been studied for separation from syngas (COy/Hy mixture)
[29,30], biogas [31 32], natural gas (CO/CH4 mixture) [33,34], and
flue gas (CO2/Ny mixture) [35-37]. Separation of as much as 80 % of the
inlet CO; in syngas was reported using Tetrabutylammonium bromide
(TBAB) as a chemical promoter [38]. This is possible since the formation
of CO; hydrates is easier (thermodynamically) than hydrates of Hy, Nj,
CHy4, CoHg, etc. The dissociation heat and equilibrium curve for hydrate
formation with CO2/N5 mixtures in the presence and absence of chem-
ical promoters like tetrahydrofuran (THF) and TBAB have been reported
[5,27,39,40]. Even for COs-lean mixtures (as lean as 87 % Nj, 13 %
COy), the hydrate formed is expected to have a molecular formula of
5.43C0,.1.89 N3-46H50 [39,41]; this shows high selectivity of CO4
absorption from CO,/Ny binary hydrates. It was found that CO5 selec-
tivity reduces upon adding chemical promoters like THF and TBAB.
While promoters reduce the required pressure and induction time for
CO4 hydrate [30,37], they also reduce CO; selectivity, reduce growth
rate [37] and can pose environmental challenges.

Rapid hydrate formation is critical for all hydrates-based CCS ap-
plications [17]. There are various ways to promote hydrate formation,
apart from using chemical promoters. These include bubbling CO,,
stirring, spraying water in a CO5-filled column, and distributing water in
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porous materials [42-44]. As an illustration, the use of silica gel with
different pore sizes has been studied for CO5 capture from flue gas [15].
It was found that larger pore sizes helped increase the total gas con-
sumption and separation. A silica sand bend with water was found to
have a significantly higher formation rate than a stirred vessel [45].
Hydrate formation using a water spraying apparatus has been studied
with different nozzle atomizing angles, water volumes, etc.; it was found
that larger atomization angle favors faster hydrate formation [46]. CO5
separation from flue gas using hydrate formation in fine sediments has
been studied [47]. It was seen that while N5 can also form hydrates
alongwith COs, it is feasible to capture CO5 from COy/N, mixtures using
hydrate formation. A mechanically agitated gas-inducing crystallizer
was developed [48] that combined the benefits of stirring and bubbling;
however the power required for mechanical agitation significantly hurt
the viability of this concept.

Bubble column reactors (BCR) involve bubbling gases into liquids,
which requires much less energy than mechanical agitation [29]. There
exist limited experimental studies of BCR-based COy separation, via
hydrate formation from syngas (CO2 + Hy) [29,30]. In general, most
studies on CO; separation from flue gas use mechanical stirring and do
not involve BCRs [49,50]. The influence of Fe3O4 nanoparticles on COy
absorption from flue gas in a BCR has been experimentally studied [51].
An examination of modeling-based studies again shows limited numer-
ical studies [52,53] on BCRs, especially those related to COy capture
from flue gas. Overall, there is a clearly a lack of experimental and
modeling studies on BCR-based CCS from flue gas.

This modeling study aims at a detailed understanding of various
aspects of BCR-based CCS from flue gas. An inhouse, validated numer-
ical modeling framework [52,53] developed by the present group is used
to analyze BCR-based hydrate formation for CCS from flue gas. In
particular, two performance metrics of BCRs are quantified and
analyzed. The first is the gas consumption rate of CO5 (to form CO,
hydrates) per unit reactor volume (mg). This parameter evaluates the
overall productivity of the BCR and determines the rate at which CO,
can be captured or sequestered. The second metric is the conversion
factor (5cp), i.e., the fraction of inlet COy converted to hydrates in a
single pass. This is linked to the efficiency of the process. While
increasing the overall productivity is important, a reduced efficiency
increases costs related to recirculation, compression, water requirement,
etc. While both these metrics are important for both carbon separation
and carbon sequestration applications, a carbon sequestration applica-
tion would focus more on enhancing my,, as the primary objective is to
rapidly produce hydrates for sequestration.

On the other hand, a carbon separation application would emphasize
ncr, as that governs the need for further separation and recirculation.
Understanding various tradeoffs associated with these two related
metrics is critical. This study considers a wide range of operating con-
ditions, geometry, and inlet CO, concentrations to assess performance
with respect to both of these performance metrics. This study concludes
with simulation results on hydrate formation from pure COj, which
would be the focus of a sequestration application. We note that the use of
seawater for hydrate formation is highly desirable. However, the pres-
ence of salt slows hydrate formation kinetics [54], besides there is no
experimental study on saltwater-based hydrate formation from flue gas
in a BCR. Therefore, this study simulates the use of pure water for hy-
drate formation. We note that even though hydrate formation will slow
down with saltwater, the key trends reported in this work will still be
valid.

It is noted that none of the previous BCR-based studies (for syngas),
analyzed performance as a function of inlet CO2 concentration. This is a
key parameter in the CCS process stream, especially for a hydrates-based
CCS system where the same reactor can be used for both CO, capture
and CO; sequestration applications. In a conventional CCS plant, the
carbon capture site has to refine CO; from flue gas to high purity, which
is then sent for sequestration. Existing sequestration approaches
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(injection, mineralization) require high purity (>95 % COy). The cost of
refining COy to >95 % from lower concentrations (~20-50 %) is a
significant contributor to the overall cost of a CCS project [17]. Also,
separation/capture techniques do not always yield high purity CO3. A
hydrates-based CCS system which can simultaneously purify and
sequester CO5 can reduce the overall cost of CCS by reducing purifica-
tion costs. The findings and insights from this study can facilitate the
design and optimization of BCRs to enable such novel approaches for
CCS of flue gas streams.

2. Mathematical model of hydrate formation

Fig. 1a shows a schematic of a BCR, where bubbles of flue gas are
sparged from the bottom. BCRs involve continuous hydrate formation
where the hydrate slurry can be collected from either the gas-liquid
interface or from the bottom of the reactor (as hydrates settle down).
The mathematical model for hydrate formation in a BCR has been
extensively described in a previous study [52,53] from this group; a
high-level summary of the model is provided ahead. Hydrate formation
from a COy/N; mixture is modeled with the assumption that CO,
selectively forms hydrates while Ny remains non-participatory. The
model uses the equilibrium curve for CO2-pure water-hydrate. Other
assumptions involved in the model are described in [52,53]. Fig. 1b
shows the computational domain where the mathematical model
(described below) is solved under steady-state conditions.

2.1. Governing equations

The governing equations for the system consist of 6 equations and 6
variables, i.e., v, 5, m, x, N, T. Equation (1) describes the velocity field of
the bubble and is based on a force balance involving gravity, buoyancy,
acceleration and drag on the bubble. The bubble is assumed to have
terminal velocity as it escapes the sparger.

4 dv 4 1
(m + gﬂpgnz)va—z = (p, —p,) §ﬂ173g —mg — EprDAbvz

BC : v(0) = Vierm

(€3]

The bubble radius evolution in the reactor is tracked using
compressible gas law while accounting for hydrate crystallization using
equation (2). The Peng-Robinson equation of state is used to evaluate the
compressibility factor (Z) as described in [55,56]. The bubble diameter,
as it escapes the sparger at z = 0 is assumed to be fixed at #; = 150 pm for
all flue gas mixtures considered in this study.

2 3ZRT d Py oT
(313—%)%7 g+

T 0z 2)

0z 4mM, oz
BC :n(0) = n,

Equation (3) uses concentration driving force to evaluate the hydrate
mass attached to the bubble. Hydrate crystallization is evaluated using
film growth model on the surface of the bubble and the hydrate mass is
assumed to be collected and concentrated at the bottom of the bubble
[57]. The bubble is assumed to have no hydrate as it leaves the sparger at
2z = 0; nucleation is assumed to occur at the instant that it enters the BCR.

om

- = k,M,As (xc — c“,),Af = 2mngst,c =
z :

Peq
i

e
ZRT Z.,RT 3)

BC :m(0)=0

Equation (4) is used to evaluate the mole fraction (x) of COy by
assuming N as a non-participating gas and x; as the mole fraction of CO4
in the feed stream at the inlet.

X — M,Ziw/, (1-x)
X = m, BC : x(0) = x; 4)

nn, My,

The reactor temperature is determined by solving the steady-state
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Fig. 1. (a) Schematic depiction of a continuously operating BCR for CO, hydrate formation, with the computational domain marked by the dotted boundary, (b)
Boundary conditions associated with the computational domain. Figures adapted with permission from Ref. [52].

energy equation, which includes a term to account for heat generation
from hydrate crystallization (Equation (5). In this study, the tempera-
tures at the top (Typ) and side (Tiy) of the reactor and that of the
incoming gas (Ty) are all assumed to be the same as ambient, Tqmp, and
is the operating temperature of the system. Heat transfer coefficients are
taken as 10 W/m?K and 5000 W/m?K at the top and sides of the reactor,
respectively. The heat of formation for CO, hydrate (AH) is taken as 60
kJ/mol. Symmetry boundary condition is used at the centerline of the
reactor (r = 0).

orr ror 907 M, o0z

BCs : T(0,r) = Top; —kg—T(H7 r)

= Buop(T(H, ) — Tum) (%)

oT oT
—k—(z,0) =0; —k—

@0 =0k (e

The number density of bubbles can be evaluated using a continuity

equation without a source/sink term, since the model neglects bubble

coalescence or bubble breakage (Equation (6). The pressure inside the

reactor at any given height is evaluated using equation (7).

R) = hy4e(T(2,R) — Tams)

30
4m7 ©®
P(z) =P, +p,8(H—2)+ 2 7

n(z)
2.2. Output parameters

In order to evaluate the performance of the BCR, two key parameters
are defined: i) gas consumption rate per unit reactor volume (my), as
defined in equation (8), and ii) percent conversion factor (ycp) of
participating incoming gas, as defined in equation (9). #¢r is defined as
the ratio of moles of COy consumed for hydrate formation inside the

reactor to the moles of COz in the incoming gas stream. The gas con-
sumption rate directly determines the rate at which CO; is converted to
hydrates, which can then be sent for CO5 sequestration or CO, separa-
tion. This is a measure of the overall volumetric productivity or overall
productivity of the system. On the other hand, the conversion factor is a
measure of the system’s efficiency in capturing CO3 in a single pass. A
low conversion factor means that the gas outlet stream will have higher
CO; concentrations, necessitating recirculation. This would imply more
BCRs functioning simultaneously, accompanied by compressors, in-
tercoolers, etc., thereby increasing the overall cost. Upon assuming a
fixed water replenishment rate with respect to gas flow rate into the
system, a low efficiency would also imply higher water consumption for
the same amount of CO, separated/sequestered as hydrate slurry,
further increasing the cost. Overall, the operating conditions and the
conversion factor largely determine the cost of the process, while the gas
consumption rate determines its total value.

As the mass of hydrate on the bubble increases with axial distance,
the total gas consumed also increases. The rate of gas consumption per
unit reactor volume can therefore be estimated by evaluating the total
consumption at the top of the domain (z = H) using equation (8). The
result is reported in ton/yr/m° noting that such systems will run
continuously. The total volume of the reactor is assumed as 110 % of the
volume of the water in the BCR; the extra 10 % is the volume of head-
space. The influence of operational and design parameters like Py, Tgmp,
X;, Q, H, and D on both performance metrics is quantified in this study.
Simulations are conducted in the P-T region where CO; remains in the
gas phase, water remains in liquid phase and the CO»-water-hydrate
thermodynamic stability is ensured.

m. MC02 N
ger = VRMh

Ner(%) =100

r)v(H, rym(H,r)2zxrdr €]

Mgy

Veor OAwx,P(0)/RT0) ®
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3. Results and discussions
3.1. Influence of pressure and temperature on CO» hydrate formation

A CO2/N3 mixture (50/50 mol ratio), and an inlet gas flow rate of
67.5 ml/s was considered for a cylindrical reactor (height:10 m, diam-
eter: 2 m); this is typical of reactor sizes for industrial applications [17].
It is seen that increasing the pressure and reducing the temperature
increases both gas consumption rate and conversion factor (Fig. 2). This
is due to an increase in subcooling from hydrate equilibrium which leads
to a higher driving force, as per equation (3). While a temperature
reduction continues to significantly increase the conversion factor, the
increase in conversion factor due to increasing pressure stagnates at a
temperature-dependent pressure. On the other hand, the gas consump-
tion rate shows a linear increase with increasing pressure. This implies
that a BCR’s efficiency in separating CO; will stagnate beyond a certain
pressure; however, the rate at which CO, hydrates can be formed will
still continue to rise with increasing pressure. The best working condi-
tion in Fig. 2 shows a conversion factor of 34 % for Tgup =1 °C and Py =
7 MPa. This means that 34 % of the inlet CO, can be converted to hy-
drate slurry and sent for sequestration while the rest would need sepa-
ration via recirculation or via a different process. This corresponds to a
gas consumption rate of ~ 1.5 ton/yr/m> and implies that this BCR
design will circumvent the cost of separating 1.5 ton/yr/m® of CO, from
an otherwise impure stream before eventual sequestration (since CO5
hydrates can be directly sequestered without further purification
needed).

While Fig. 2 quantifies the benefits of higher pressure and lower
temperatures, it should be noted that increasing pressure and reducing
temperatures will also increase overall costs. Higher pressure re-
quirements increase the compression (for gas) and pumping (for water).
It also means that a higher mass flow rate would be needed to obtain the
same volumetric gas flow rate at a higher pressure, further increasing
the compression costs. Lowering temperatures increases the refrigera-
tion requirements. It is noted that an additional gas consumption rate of
~ 0.5 ton/yr/m® is obtained upon reducing the operating temperature
by 2 °C. The rise in gas consumption rate is ~ 30 % of the maximum
value reported in Fig. 2. The marginal increase in refrigeration cost for
an additional 2 °C cooling is not expected to be very significant, high-
lighting the advantages of low-temperature operation. Using saltwater
will allow the system to operate at even lower temperatures. The higher
conversion factor associated with high pressure and low temperature
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suggests that the hydrate slurry will contain more mass of CO5 per mass
of water, reducing water requirements and associated costs. The need
for CO; recirculation and the cost of the corresponding infrastructure
will also reduce when the system is operating at a higher pressure.

3.2. Influence of inlet mole fraction on CO2 hydrate formation

To study the influence of inlet mole fraction, an ambient temperature
of 1 °C and an inlet gas flow rate of 67.5 ml/s was considered for the
previously described reactor. The operating pressure was varied from 4
to 10 MPa, and the corresponding CO, mole fraction at inlet was varied
from 0.15 to 0.55 (Fig. 3). This range was selected to keep CO in
gaseous phase and also stay within hydrate forming conditions. A linear
increase in gas consumption rate with increasing inlet mole fraction is
seen; the slope slightly increased with increased pressure. For 10 MPa,
increasing inlet concentration from 15 % to 35 % increases the total gas
consumption rate tenfold. At the same time, a higher concentration feed
stream will not change the cost associated with refrigeration, compres-
sion, etc.; the cost increase would be for increasing the concentration in
feed streams (whether it be hydrates-based or another purification
process). The obtained hydrate slurry from higher concentration inlet
gas will also contain more CO, per unit mass of water.

On the other hand, although the conversion factor increases with
increasing inlet mole fraction, a stagnation in conversion factor is seen
(Fig. 3). This indicates that the system’s efficiency in separating CO9
stagnates above certain inlet mole fractions (e.g. 35-40 % for 10 MPa).
This suggests that further purifying the stream after > 35-40 % gives
significantly reduced benefits as the recirculation costs stay the same.
This highlights the importance of hydrates-based CCS for medium purity
CO, streams.

3.3. Influence of inlet gas flow rate (at various inlet mole fractions) on
CO3 hydrate formation

The influence of inlet gas flow rate at various inlet mole fractions was
studied for the previously described reactor at a pressure of 10 MPa and
temperature of 1 °C. For low inlet mole fractions (e.g., 0.15), the two
performance parameters do not change substantially with the flow rate.
For a fixed flow rate, both the parameters increase with increasing mole
fraction, as also seen in Fig. 3. Fig. 4 shows that the gas consumption rate
increases while the conversion factor reduces with increasing gas flow
rate. The lowest flow rate corresponds to the highest conversion factor of
67.8 %, at an inlet mole fraction of 45 %. This is expected since higher

45
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Fig. 2. Influence of operating pressure and temperature on key performance parameters for x; = 0.5, Q = 67.5 ml/s, H= 10 m and D = 2 m.
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Fig. 4. Influence of inlet gas flow rate and inlet mole fraction on key performance parameters for Tgmp = 1 °C, Psp = 10 MPa, H = 10 m and D = 2 m.

gas flow rates enhance turbulence-based heat dissipation and mass
transfer in addition to increasing the amount of gas available for hydrate
formation, leading to an increase in gas consumption rate. However,
higher gas flow rates reduce the residence time of individual bubbles
resulting in a lower conversion factor. This corresponds to a higher
water requirement per amount of CO; converted into hydrate slurry. A
higher flow rate is also accompanied by higher compression and
refrigeration costs. The reduced conversion factor also implies an in-
crease in the costs associated with recirculation. This means that the
BCR should be run at low gas flow rates if the goal is to separate COy
from flue gas efficiently in a single-pass BCR. On the other hand, if the
corresponding cost increases at a higher flow rate are minimal, it should
be run at high flow rates to rapidly form hydrates thereby separating/
sequestering the CO». In addition to the flow rate, the gas consumption
rate also increases linearly with mole fraction. It is noted that operation
of a BCR for CO, sequestration will typically involve high purity CO5
feed streams. All these factors indicate that a BCR should be operated at
high gas flow rates for CO, sequestration applications. However, this

approach will increase recirculation-related costs and complexities due
to a reduced conversion factor. A preliminary analysis on this aspect is
presented in section 3.5. The optimum operating conditions can be
decided based on a techno-economic analysis, which factors technical
aspects alongside the economic implications of the technical solutions.

3.4. Influence of reactor size on CO, hydrate formation

The influence of reactor size was investigated for an operating
pressure of 10 MPa, ambient temperature of 1 °C, inlet gas flow rate (Q)
of 67.5 ml/s, and inlet mole fraction of 0.15 and 0.35; results are pre-
sented in Figs. 5 and 6. It is seen that increasing the height or diameter
increases the conversion factor. Increasing the height allows the bubbles
to stay within the reactor for longer, which increases the conversion
factor. A larger diameter reduces the area flux of the inlet gas; the gas is
more spread out within the reactor, which facilitates heat dissipation
leading to a higher conversion factor. This increase was much more
prominent for higher inlet mole fractions. This effect is not equally
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prominent for lower mole fractions because for x; = 0.15, hydrate for-
mation is limited by the lack of CO in the gas mixture, and not by small
residence time or ineffective heat dissipation. It is also noted that
although the conversion factor increases with reactor volume (resulting
from an increase in both height and diameter), the increase is only
20-30 % for a height increase of 50-100 %. This implies that while
increasing the reactor volume will improve gas separation, it may not be
economically beneficial owing to higher costs associated with larger
reactors.

An increase in conversion factor (from the use of a taller reactor) will
reduce the need for recirculation, thereby reducing costs associated with
compression and refrigeration. Furthermore, for a given gas flow rate,
the water requirement will be lower, reducing water costs as well. This
also means that the hydrate slurry generated from a larger reactor will
have a higher CO; mass fraction, increasing its pumping costs etc.
accordingly. On the other hand, the volumetric gas consumption rate
reduces with increasing height or diameter. This is because even though

the overall hydrate formation increases upon increasing reactor volume,
it does not increase linearly with volume. This is due to the fact that as
CO; is removed from the gas mixture, the driving force for hydrate
formation (due to difference in CO3 concentrations presented in equa-
tion (3) reduces, thereby decreasing the rate of hydrate formation with
height. The rapid increase in volumetric gas consumption rate upon
decreasing the reactor volume suggests that compact BCRs will perform
better if recirculation-associated costs are lower than the cost increase
due to a larger reactor. The effect was more prominent for higher mole
fractions due to the increase in available CO; for hydrate formation. This
suggests that sequestration applications that aim to maximize volu-
metric production of hydrates will perform better for smaller reactors, as
discussed in section 3.5.
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3.5. Influence of reactor size and flow rate on CO2 hydrate formation
with pure CO2

This sub-section analyzes hydrate formation with pure CO, an inlet
mole fraction of 0.99 was used in the simulations. Temperature and
pressure of 1 °C and 3 MPa was considered for two flow rates, 27 and
135 ml/s, and a bubble size of 250 um. Figs. 7 and 8 show the influence
of reactor height and reactor diameter on hydrate formation for a height
range of 2.5-10 m, and a diameter range of 0.25-2 m. This range was
selected based on the discussion in Section 3.4 which suggests that
sequestration applications will perform better (on a volumetric basis) for
a lower reactor volume. A taller reactor increases the residence time of
gas. However, since pure CO; is being considered, the driving force for
hydrate formation does not reduce with height as was observed for CO2/
N, mixtures. This results in a nearly constant volumetric gas consump-
tion rate along the reactor height as shown in Fig. 7. The volumetric gas
consumption was also observed to increase with increasing flow rate and
reduced diameter. An increase of 5x in flow rate resulted in a nearly 3
times increase in gas consumption rate. However, it should be noted that
although the total hydrate formation increases with increasing height or
flow rate, it will also increase the total cost.

On the other hand, the volumetric gas consumption rate increases
with smaller diameters (Fig. 8). This is because a reduced diameter in-
creases gas flux, thereby ensuring more availability of CO5 for hydrate
formation per unit area. Smaller diameters also increase turbulence and
mixing. The increase in gas consumption rate with reduced diameters is
more prominent for higher flow rates. A 2.5x increase in gas consump-
tion rate was observed for a 5x increase in gas flow rate. This translates
to 28.9 ton/yr/m? which is the highest gas consumption rate reported in
this study. The increase in gas consumption rate with reduced diameters
is the same for a 5 m reactor and a 10 m reactor. From a techno-
economic perspective, a higher flow rate will also increase the costs of
compression, refrigeration and recirculation. A holistic assessment of
the benefits of increasing flow rate can be provided via a techno-
economic analysis, which is facilitated by this study.

Increasing the reactor height linearly increases the conversion factor
(Fig. 7). This means that if the costs associated with a taller reactor do
not increase substantially, longer reactors are better, as the other per-
formance parameter is constant which implies that the total production
will increase linearly with height, while the need for recirculation de-
creases. A reduced flow rate also increases conversion factor as was also
observed for flue gas mixtures. Reducing the flow rate decreases the
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operating costs by reducing compression and recirculation-related costs.
The water consumption per amount of CO2 converted to hydrate slurry
decreases with increasing height and decreasing flow rate. This means
that if the cost of water is a significant factor in the techno-economic
analysis, then a taller reactor with lower flow rates will be most
attractive from a water utilization standpoint. The influence of diameter
on conversion factor is shown in Fig. 8; it is seen that the conversion
factor is nearly constant for the range of diameters considered. This
implies that spreading out the gas within the reactor volume does not
help in increasing total hydrate formation significantly. This suggests
that the system is mass transfer limiting and not heat transfer limiting.
This also implies that the costs for recirculation, water requirements and
refrigeration will not change significantly with diameter. Increasing the
diameter will increase the amount of material used, thereby driving up
the costs. However, this material can be better used to increase height as
the benefits of increasing the height on conversion factor are much
higher than increasing the diameter (Figs. 7 and 8).

Overall, the trends associated with varying reactor height and
diameter suggest that a high aspect ratio reactor is more favorable for
hydrate formation, especially for sequestration applications, where the
trends were more prominent when pure CO, was considered. This
finding is expected since this model does not account for bubble-bubble
interaction. In actual BCRs, bubble-bubble interactions like hydrate
shell coalescence and subsequent bubble dissociation would be much
higher for high aspect ratio reactors, which can result in issues like
plugging, reduced gas-water surface area, etc.

4. Conclusions

The performance of a bubble column reactor for CO5 hydrate for-
mation from flue gas (mixture of CO2/N2) and pure CO; is modeled and
quantified using two performance metrics: gas consumption (hydrate
formation) rate per unit reactor volume and conversion factor (of inlet
COy). The first metric quantifies the overall volumetric output of the
reactor for CCS applications, while the second metric along with the
operating conditions determines the cost to run the reactor. Conversion
factor also determines the amount of water required and the concen-
tration of the hydrate slurry that will be obtained. It is seen that
increasing the reactor pressure and reducing temperature improves both
the metrics. Hydrate formation rate also increases with increasing inlet
mole fraction of CO,. Increasing the gas flow rate increases the gas
consumption rate but reduces the conversion factor. For flue gas
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mixtures, increasing the channel height and diameter increases the
conversion factor but reduces hydrate formation rate per unit reactor
volume. For pure CO», conversion factor linearly increases with height
and stays constant with increasing diameter. The volumetric gas con-
sumption rate was height-independent but increased significantly with
increasing diameter, resulting in a maximum gas consumption rate of
28.9 ton/yr/m°. This suggests that taller BCRs with smaller diameters
(high aspect ratio) are more suitable for CO5 sequestration applications,
whereas larger BCRs are more suitable for CO, separation applications.
Overall, this study examines various quantitative and qualitative aspects
of BCR operations and sets the stage for optimization and tech-
noeconomic analysis of CO, hydrates-based CCS approaches which use
BCRs.
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