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ABSTRACT

The Thermal Electrochemical Co-drive System
(TECS) has the advantages of high desorption rate and
low energy consumption. However, the fluid flow, heat
and mass transfer performance is still unknown in TECS.
Thus, a comprehensive experiment and simulation work
on TECS is performed to demonstrate the fluid flow,
heat and mass transfer performance in a pilot scale
TECS. The reaction kinetics of the electrolyzed MEA/SG
solution is discussed. A pilot-scale TECS is set up and
gas-liquid two-phase flow model is developed for the
TECS. According to the numerical computation and
experiment, the gas-liquid two-phase flow field was
analyzed under the thermal electrochemical co-drive
conditions. The mechanism of heat and mass transfer
was clearly understood. The synergy of thermal
desorption and electrochemical desorption was
quantified numerically. The results showed that the
temperature of TECS was reduced below 60 ‘C and the
energy consumption amount was determined at 1.3GJ/t
to 2.1GJ/t, which is much lower than the conventional
process. LNG cold energy reduced the desorption
energy consumption.

Keywords: TECS, CO, capture, Numerical, Energy
consumption

NONMENCLATURE

Abbreviations

PCC Post combustion capture

A Drive force for the CO, desorption
a: Effective area,m?m3

B Source term, kg-Vm3s?

B,
Cu
Cs

Ca
Cr

D;
Di,
D,
E
E,

q:q>

Ro

Desorption source term, kg-Vm3s
Mass fraction of Monoethanolamine
Mass fraction of Sodium glycinate

Amine concentration, mol-L?
Specific heat capacity at constant pressure,

J-kg'K?

Diffusivity, m?-s?

Desorption diffusivity, m?-s*
Coefficient of diffusion, m?-s*
Electrical parameter

Activation energy, kJ-mol?
Force, kg-m?s?
Electrochemical force, kg-m2s2
Heat transfer source term, kW-m-3
Gas holdup

Gas holdup at desorption
Current, A

Unit tensor, A

Kinetics

Heat transfer coefficient, K
Pressure, Pa

Electric charge, C

Gas constant

Correlation coefficient

Reaction rate constant

Reaction rate, mol-L?
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r Distance, m

U Velocity, m-s™

U; Gas phase velocity, m-s*

Uy Liquid phase velocity, m-s*

T Temperature, K

Te Electrode temperature, K

Ts Fluid temperature, K

no The amount of initial substance of SG, mol

n SG consumption, mol

Uy Gas phase velocity at desorption, m-s™

Ugr Liquid phase velocity at desorption, m-s*

14 CO; concentrationmol-L*

v, CO; cincentration at equilibrium state
mol-L

v Electrode potential, mV

Vo Initial electrode potential, mV

v, Electrode potential at desorption state, mV

Vo, Initial electrode potential at desorption
state, mV

a Thermal diffusivity, m?-s™

Q Resistance

0] Parameter

p Density, g-cm™

P, Density at desorption, g-cm™

2 Viscosity, kg:m™* s

1. INTRODUCTION

Carbon dioxide (CO;) is seriously produced during
the burning of fossil fuels [1]. The most recognized
methods for CO, capture include chemical absorption,
physical and chemical adsorption, gas-separation
membranes and mineralization. The most commonly
applied technique is chemical absorption by solvents.

The general chemical absorption method is that the
flue gas in the absorber contacts with amine solution
counter currently to proceed the absorption reaction.
After absorbing CO,, the rich liquid is sent to the
stripper. In the stripper, the rich liquid contacts with the
high-temperature  steam  counter-currently  for
desorption. The desorbed CO, is dehydrated and
compressed to about 11MPa before being sent out for
storage. The recycled lean liquid flows out from the

bottom of the stripper and is recycled and fed to the
top of the absorber for recycling absorption.

Although chemical absorption is considered the
most economical PCC technology, energy consumption
and deployment costs are still too high [2,3].The
Thermal Electrochemical Co-drive System (TECS) [4] has
the advantages of high desorption rate and low energy
consumption by our previous theoretical analysis. In
order to conduct an in-depth study of its
electrochemical properties, a pilot-scale TECS was set
up and a series of experiments and simulations were
conducted. Since sodium glycinate (SG) solution has
the advantages of low volatility and fast absorption rate
[5], and the reaction enthalpy between SG and CO; is
lower than that of MEA [6,7], the MEA/SG mixed
solution is adopted in the experiment. Meanwhile, the
CO; capture performance of MEA/SG solution was
studied in the TECS. Finally, LNG cold energy is
discussed for reducing the energy consumption.

2. EXPERIMENTAL
2.1 TECS system

A Thermal Electrochemical Co-drive System (TECS)
experimental device was established in this work, The
reactor is 60 cm high and 6 cm in diameter. As shown in
the Fig. 1, the reactor consists of the main column,
copper electrodes, graphite conductive sheets, and
Pt100 temperature sensors. The jacket is arranged
outside the column to heat the liquid. Several sets of
copper electrodes are arranged inside the column. The
arrangement of the copper electrodes not only reduces
the backmixing, but also increases the turbulence of the
electrolyte solution, and intensifies heat and mass
transfer. A number of temperature sensors are installed
in the column to record temperature changes. The
entire column is made of visualized plexiglass materia.
The CO; desorption process was recorded by the high
speed camera.
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Fig. 1. Schematic of experimental setup of Thermal
Electrochemical Co-drive System (TECS)
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1.Absorber 2.Pumb 3.Copper electrode 4.Jacket
5.Temperature transducer 6.Catharometer 7. Gas tank
8.Reboiler 9.Water bath

2.2 Chemical reaction kinetics reaction experiment of
SG

In order to investigate the desorption reaction
kinetics of SG in the electrochemical condition,
experiments were carried out. In the experiment, a
certain amount of SG solution is prepared, and CO; is
absorbed by the solution to be saturated. The graphite
electrode is used at 335K-347K. When the electricity is
supplied, a large amount of CO, bubbles are generated
on the surface of the anode. The liquid phase mass
spectrometry analysis is used to determine the
components in the solution.

2.3 Reaction kinetics model

During the regeneration process, the reaction
equation for releasing CO, is given as follows, in which
CO> is mainly produced by the equation (1) [8].

RNHCOO +H,0——=CO, T +RNH,+OH (1)

HCO, ——=CO, T+0OH (2)

Following the above reaction mechanism, the

reaction kinetics equation can be written as
dc,

r= =kc
T A 3)
According to the stoichiometry of reaction
formula (1)
an__ kqt (a)
(n'no)

Then equation (5) can be obtained from the
integration of equation (4)
n
In o kt (5)
The experimental results are used to regress the
reaction kinetics model above, which are given Table 1.
The regression results are listed in Table 2.
Table 1 Experimental results of SG-CO, desorption in TECS

Table 2. The reaction rate constant k at different temperature

Reaction kinetics Correlation Kinetics
T/K equation coefficient R constant
q 0 k/min?
-In(1.023/(1.023-
347 n))=(9.504t-23.4) 0.979 0.00095
X 10*
-In(1.023/(1.023-
341 n))=(7.949t+16.7) 0.989 0.00079
X 10*
-In(1.023/(1.023-
335 n))=(6.494 t-40.6) 0.991 0.00064
X 10"

Reaction CO; n t In(n/(n-

No conditions /mol /mol /min No))

T=347.15K 0.0327 0.0327 30 0.0325
1 P=1.0MPa  0.0390 0.0390 50 0.0389
J=800Am?  0.0638 0.0638 70 00644

T=341.15K 0.0281 0.0281 30 0.0279
2 P=1.0MPa 0.0384 0.0384 50 0.0382
J=800A/m? 0.0593 0.0593 70 0.0597

7=335.15K 0.0175 0.0175 30 0.0172
3 P=1.0MPa 0.0268 0.0268 50 0.0265
J=800A/m?  0.0409 0.0409 70 0.0408

It can be seen from Table 2 that the reaction
kinetics equations of the SG rich solution follow the
first-order reaction law at different reaction
temperatures, and the Ry is above 0.97, assuring the
accuracy of the model.

The reaction rate of constants determined as
Ink=-3.0707x10* / RT +3.6833 (6)
where the reaction activation energy is determined

as 30.707kJ/mol.

Finally, the reaction rate constant of the SG rich
solution is correlated as:

k=39.779exp(-3.0707 x10* /RT) (7)

Based on the reaction kinetics model, the CO,
desorption model in the reactor is developed to analyze
the CO; desorption performance in TECS.

3. CO, DESORPTION MODEL
3.1 Gas and liquid two-phase flow model

The CO, desorption model is developed by
considering the CO; concentration Y in the reactor,
which is developed by including the electrochemical
effects

V- phUY =V-V(phDY )+ A (8)

The A term above represents the drive force for
the CO; desorption, which is developed by the reaction
kinetics model in Section 2.2

A=Ka,(Y-Y,) (10)

The continuity equation for the liquid phase is
developed as

V- phU = wA (11)

The parameter @ is determined by the chemical
reaction and molecular weight of the reactant and
product.

Similarly, the electrical potential V in the reactor is
also deduced by considering the effects between the
two electrodes, which is

V-phUV =V.-V(phDV )+B (12)
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The term B presents the source term. it is
developed by considering the fluid flow and
electrochemical effects, which is developed as

B=(V-V,)(VU,-VU,) (13)

The energy equation of the liquid phase is
developed as

V- pc,hUT =V-V( pc haT )+H (14)

The heat transfer source term H is developed by
the heat transfer occurring between the gas and liquid
phases and the heat for the electrochemical drive force,
which is given as

5l
H = K, SAT+ v /dT (T.-T,) (15)

The liquid flow is influenced by the interactive
effects between two phases and electrochemical
effects, which is expressed as

2 —

V- phUU =V -hu| VU +(VU) —=£V.UI

P g ( VU) =3 j (16)
=-hVP+F +F,

F refers to the body force, drag force and gravity. F.
represents the electrochemical force produced by the
electrochemical effects for the liquid phase fluid flow,
which is developed as

F, =%

where E is determined by the electrochemical
potential. g; and g refer to the charge of the ions
influenced by the electrochemical effects.

As for the gas phase equations, only the source
terms are revised by referencing the liquid phase
equations above. For the gas phase continuity, the
source term is the -®wA. For the gas phase energy
equation, the source term is the -H due to the energy
conservation. For the gas phase fluid flow equation, the
source term is the -F-Fe.

The model includes the gas and liquid phase
equations. According to the model, the effect of
voltage, electrode distance and CO; loading are
analyzed, which gives how to operate the CO;
desorption effectively.

The numerical solution is performed for the gas
and liquid two phases in the reactor. The finite volume
method is used to discretize the differential equations.
The SIMPLE algorithm is used to perform the numerical
solution. The additional source term method is
employed to improve the convergence. For the
electrode set in the reactor, the no slip boundary
condition is used. The grid independence analysis is
done for the three sets of grid numbers as 120X 25, 100

(17)

X 20 and 80X 15. It is found that the 100X 20 is
precision enough for the simulation. The mass
imbalance is set at 1X 10, which is the convergence
condition.

3.2 Model validation

In order to test the model, the experiment is
performed at the positions of 5cm (a), 16cm (b), 29cm
(c) and 42cm (d). The temperature is monitored by the
thermal couples set along the reactor. The current, CO,
loading and operating temperature are respectively
varied from 130A/m? to 260A/m?, 0.3mol/mol to
0.5mol/mol 323K to 343K. The simulated temperature
fits the experiment data very well at the points of 3, b, ¢
and d. The CO, desorption efficiency also fits the
experiment data well, with maximum deviation of 5%.
The results well validate the model, which proves its
accuracy.

4. PERFORMANCE OF TECS
4.1 Temperature distribution

The temperature distribution is obtained in Fig. 2.
As shown in Fig. 2, the temperature becomes low at the
electrode zone. The temperature away from the
electrode is higher than the zone around the electrode.
This is due to the fact that the electrochemical effect for
CO; desorption is strong around the electrode zone. It is
found that the temperature difference is only about 5K,
which is much lower than that at the conventional
reactor. This result indicates that the energy dissipation
due to the temperature difference is much lower in the
electrochemical process, which is one of the reasons
that the energy consumption is low.

4.2 CO; distribution

The CO, concentration is also simulated in the
reactor. The results are provided in Fig. 3. As shown in
Fig.3, the CO; concentration is higher in the zone
around the electrode due to the strong electrochemical
CO; desorption. For the upper and downer section of
the electrode, the CO, concentration is higher in the
downer section since the strong contact effects under
the gas second flow. For the CO, concentration along
the reactor height direction, the CO, concentration at
the top of the reactor ranges from 0.85 to 0.92, which
fits the experiment data and validates the high
desorption efficiency. This is due to the strong
electrochemical effects and the accumulation effects of
the two phases.
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Fig. 2. Temperature distribution ~ Fig. 3. CO, distribution
4.3 Fluid flow field

The gas and liquid velocity distribution is studied to
demonstrate the gas and liquid two phases. The results
are provided in Fig. 4 and Fig. 5. As shown in Fig. 4, the
liquid velocity decreases from the top and decreases
rapidly at the electrode section. However, the liquid
accumulated at the electrode and then the liquid shows
the higher flow velocity similar to the dispersion. Thus,
the clear liquid velocity along the reactor height
direction is determined and the low liquid velocity is
identified at the electrode position.

For the gas velocity distribution, the electrode
barricades the gas upper flow and makes the gas
velocity produce second flow. Thus, the gas velocity
shows the smaller velocity at the electrode position.
The electrochemical effects around the electrode
intensify the gas flow in the upper section of the
electrode. This is due to the fact that the
electrochemical effects produce the more CO; bubble
and generate the pressure difference between the gas

and liquid surface.
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Fig. 4. Liquid velocity flow field
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4.4 Electrical potential distribution

The electrical potential is also obtained by the
simulation. The results are given in Fig. 6. As shown in

Fig. 6, the electrical potential is non uniform in the
reactor. The electrical potential is higher at the zone
near the electrode. This is the reason that the CO,
desorption is very fast near the electrode. The
electrochemical potential is highest at the bottom
section and becomes smaller along the reactor height
direction. The reason is that the ion concentrations and
activities become smaller from the top to the bottom
section of the reactor.
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5. DISCUSSION
5.1 Energy consumption

The energy consumption is calculated by
considering the consumption of electrical energy and
heat. Considering the different CO, desorption
temperature of 343K,353K,363K and 373K, the energy
consumption is calculated and the result is provided in
Table 3. As shown in Table 3, the energy consumption
amount is determined at 1.3GJ/t to 2.1GJ/t, which is
much lower than the conventional process in the
literature [9,10].

Table.3. Energy consumption in electrochemical process
for CO; capture

Temperature Energy.
/K consumption Source
/GJ)tt
343 2.1 This work
353 2.0 This work
363 1.6 This work
373 1.3 This work
Assessed by literature
393 3.2 data[9,10]

5.2 LNG cold energy utilization for CO; desorption

In the experiment, the SG and MEA rich liquid was
found to reach the gel state at -40°C . Therefore, the
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solution around the anode and cathode is physically
separated. After that, the desorption operation was
respectively performed for the rich liquid around the
anode and the rich liquid around the cathode. The
desorption amount of the CO, was measured. The
experimental operation flow is provided in Figure 7.

Positive
electrode

Al Electricity Separation

The rich
fluid of
MEA/SG

' The poor
fluid of
MEA/SG

Negative

C0= absorption process electrode

Temperature : -40°C

Desorption
Fig. 7. The flow chart of MEA/SG solution desorption
The experimental results are given in Figure 8.
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Fig. 8. The desorption capacity of the anode and cathode

According to the experimental results, it can be
concluded that the total amount of CO, desorption of
the rich liquid near the anode side is 11.48% higher than
the total amount of the rich liquid near the cathode
side. This is attributed to the fact that the concentration
of RNHCOO", HCO?® and OH" ions around the anode side
is higher than that on the cathode side. Based on high
desorption efficiency, the energy consumption of
desorption can be reduced by using electrodes to
separate the cations and anions.

In general, CO; is captured from the flue gases of
power plant which means the flue gases are cooled by
the LNG cold energy, hence the liquid CO; is obtained
[11]. In the desorption process, we can also use the cold
energy of LNG to enhance the desorption process.

This is quite economical since LNG cold energy is
abundant, and proper utilization of LNG cold energy
intensifies the desorption process without additional
energy consumption [12].

6. CONCLUSIONS

Experiment, reaction kinetics model and developed
gas-liquid two-phase flow model were used to
understand the flow, heat transfer and mass transfer
performance in TECS by MEA/SG. The temperature
distribution, CO, concentration distribution, electrical

— (0

C0-

potential distribution and fluid flow field results in the
tower were obtained. It was found that current density
and CO; loading have great influence on CO;
desorption. In TECS, the desorption temperatures
reduced to below 363K. The energy consumption was
obtained as 1.3GJ/t to 2.1GJ/t at 343K to 363K. The LNG
cold energy is very effective to reduce the energy
consumption in TECS.
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