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ARTICLE INFO ABSTRACT

Keywords: Moving bed temperature swing adsorption (MBTSA) is a promising technology for CO5 capture from flue gases.
Carbon capture and storage (CCS) In a MBTSA unit, a selective adsorbent material is circulated between a low-temperature stage where it removes
TSA

CO;, from the flue gas and a higher-temperature zone where it desorbs CO; at higher purity. The main benefits of
MBTSA are low pressure drops in the adsorption zone and the possibility to heat the adsorbent faster than
Process simulation standard adsorption technologies. This work evaluated via process simulations the use of the MBTSA technology
Waste incinerator for CO2 capture from an industrial-scale waste-to-energy plant. To assess the technology with realistic param-
Heat transfer coefficient eters, we measured heat transfer coefficients in the heating section of a new MBTSA demonstrator unit using
activated carbon spheres. The heating device was produced by 3D printing, and has rectangular channels on the
gas-solid side rotated at 45° to facilitate solid flow. The heat transfer coefficients increased with the flow rate of
activated carbon particles, and the highest value of 120 W/m?K was measured for a sorbent mass flux of 3.5 kg/
m?s. This information was used as input for the process simulations, and allowed a tailored and realistic design of
an MBTSA unit capturing more than 90% of the exhaust CO5 with a purity above 95%. The rather high specific
heat duty of the process (5.7 MJ/kg CO2) can be attributed to the low adsorption capacity of the activated
carbon. In this respect, significant improvements can be expected by employing adsorbents with higher
adsorption capacity and selectivity, such as zeolites or metal-organic frameworks.

Solid sorbent
Activated carbon

energy consumption and environmental as well as corrosion issues
related to solvent degradation (Bui et al., 2018; Sjostrom and Krutka,
2010). Adsorption-based processes make use of porous solids capable of:
i) removing the CO, from the flue gas by selectively adsorbing it onto
their surface and ii) releasing the adsorbed CO, when subjected to a
change of pressure or temperature. The former property enables the
separation of the CO; from the rest of the flue gas components, while the
latter is responsible for the regeneration of the adsorbent, enabling a
cyclic operation and permitting the recovery of CO, in a high purity
stream. When the regeneration of the adsorbent is carried out by
reducing the pressure of the system, the process is referred to as Pressure
Swing Adsorption (PSA) or Vacuum Swing Adsorption (VSA), depending
on the operating pressure, while the term Temperature Swing Adsorp-
tion (TSA) is used to indicate processes where the adsorbent is regen-
erated by an increase in temperature upon external heat supply. In
large-scale post-combustion capture applications, like waste-to-energy

1. Introduction

The production of municipal solid waste is expected to keep
increasing as a result of the rapid grow of population and living stan-
dards around the world (Kaza et al., 2018). Waste-to-energy plants
represent a key technology to manage the increasing quantities of solid
waste, reduce the methane emissions associated with landfilled waste,
and satisfy the rising energy demand (Brunner and Rechberger, 2015).
In addition, the integration of waste-to-energy plants with Carbon
Capture and Storage (CCS) technologies has the potential to make waste
a net-zero or even negative emission energy source (Haaf et al., 2020;
Kearns, 2019; Turan et al., 2021).

In the context of post-combustion CO2 capture, adsorption-based
processes are considered a promising alternative to the current bench-
mark technology based on amine solutions, which suffers from high
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Temperature Swing Adsorptio; VSA, Vacuum Swing Adsorption.
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Nomenclature

Latin symbols

a Fitting constant -

a Particle specific area m?/m?

A; First single-component Virial coefficients kg/mol

Aj First multi-component Virial coefficients kg/mol

Ao Fitting constants of the first Virial coefficients kg/mol

Ay Fitting constants of the first Virial coefficients K kg/mol

A Cross-flow area of the sorbent side m>2

Ay Cross-flow area of the water side m?

A, Heat transfer area of the sorbent side m?

A, Heat transfer area of the water side m?2

b Fitting constant -

B; Second single-component Virial coefficients kg?/mol?

Bijk Second multi-component Virial coefficients kg2/mol?

By Fitting constants of the second Virial coefficients kg?/mol?

Bi; Fitting constants of the second Virial coefficients K kg2/
mol?

Bi; Biot number of the adsorbent particles for component i -

Cpf Specific heat capacity of the heating/cooling fluid J/kg K

Cpe Specific heat capacity of the gas mixture J/kg K

Cppk Specific heat capacity of packing material J/kg K

Cps Specific heat capacity of the adsorbent J/kg K

Cp Specific heat capacity of the heat exchanger tubes J/kg K

Cpw Specific heat capacity of water J/kg K

Cp Molar heat capacity of the gas mixture at constant pressure
J/mol K

Cy Molar heat capacity of the gas mixture at constant volume
J/mol K

G Molar concentration of component i in the gas phase mol/
m3

Cpi Molar concentration of component i in the macropores
mol/m?

Cr Total molar concentration of the gas phase mol/m?

d, Particle diameter m

dyext Equivalent external diameter of the tubes m

dyint Internal diameter of the tubes m

D° Micropore limiting diffusivity at infinite temperature m?/s

Dy Binary molecular diffusivity of components (i,j) m2/s

Dxn.i Knudsen diffusivity of component i m?/s

Dpi Molecular diffusivity of component i m?/s

Dy Macropore diffusivity of component i m?/s

D,; Axial dispersion coefficient of component i m?/s

E,; Activation energy of micropore diffusion of component i J/
mol

hg Heat transfer coefficient between gas and solid W/m? K

hy Heat transfer coefficient between fluid and tube walls W/
m? K

hg Heat transfer coefficient between gas and tube walls W/m?
K

hy Heat transfer coefficient on the sorbent side W/m? K

hy Heat transfer coefficient on the water side W/m? K

Js Sorbent mass flux kg/m? s

ke Film mass transfer coefficient of component i m/s

k, Thermal conductivity of the gas mixture W/m K

ky Thermal conductivity of water W/m K

Ky Henry’s law constant of component i mol/kg Pa

Ky, Henry’s law constant at infinite temperature mol/kg Pa

Length of a single tube m
Total length of the tubes m

Ly Tube length along flow direction m

L, Section length along vertical axis m

m Mass flow rate mol/s

ms Mass flow rate of sorbent mol/s

My Mass flow rate of water mol/s

M,, Molecular weight kg/mol

n Molar flow rate mol/s

Ninod Number of heat exchanger modules -

Npass Number of passes per module -

N, Number of tubes per module -

N pass Number of tubes per pass -

Nu Nusselt number -

P Total pressure of the gas mixture Pa

P; Partial pressure of component i Pa

Pe Péclet number -

Pr Prandtl number -

gi Adsorbed concentration of component i mol/kg

q; Adsorbed concentration of component i at equilibrium
mol/kg

Q Heat flow rate W

re Micropore radius m

L Particle radius m

Tpore Macropore radius m

Tint Internal radius of the tubes m

R Ideal gas constant J/K mol

R, Heat transfer resistance of the tubes K/W

Rt Total heat transfer resistance K/W

R Heat transfer resistance on the sorbent side K/W

R, Heat transfer resistance on the water side K/W

Re Reynolds number -

Sco,/N,  Adsorbent selectivity of carbon dioxide over nitrogen -

Stext External side length of the tubes m

Sci Schmidt number of component i -

Sh; Sherwood number of component i -

t Time s

teyele Cycle time of the MBTSA process s

T Temperature of the gas K

T; Temperature of the heating/cooling fluid K

T Temperature of the sorbent particles K

T, Temperature of the heat exchanger tubes wall K

Ty Temperature of the water K

u Superficial velocity of the gas m/s

us Velocity of the heating/cooling fluid m/s

A Velocity of the adsorbent m/s

Vy Velocity of water m/s

Y; Molar fraction of component i -

Z Coordinate along the section height m

Greek symbols

Qg Ratio of external surface area of tubes to gas-solid volume
m?/m?

Qg ext Ratio of external surface area of tubes to fluid volume m?/
m3

Qint Ratio of internal surface area of tubes to fluid volume m?/
m3

AH; Heat of adsorption of component i J/mol

ATim Logarithmic mean temperature difference K

€ Column void fraction -

& Particle porosity -

Ag Axial heat dispersion coefficient of the gas mixture W/m K

Apk Axial heat dispersion coefficient of the packing W/m K

Hy Dynamic viscosity of the gas mixture Pa s

Uy Dynamic viscosity of water Pa s

& Packing porosity factor -
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Pr Density of the heating/cooling fluid kg/m?>
Py Density of the gas mixture kg/m?

Py Density of the adsorbent particles kg/m?
Pok Density of the packing kg/m?

P Density of the heat exchanger tubes kg/m?>
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P Density of water kg/m?

ojj Lennard-Jones parameter of binary diffusivity m

7 Particle tortuosity -

Qp, Dimensionless collision integral of binary diffusivity -

plants, the CO3 has to be purified from low-concentration, low-pressure
and high volume flow rate flue-gases and regeneration via temperature
swing seems to be the most appropriate option (Bui et al., 2018; Ruth-
ven, 1984; Wankat, 2006). The main reason for this is that TSA processes
have minimal electric power consumption compared to PSA/VSA and
offer the possibility to exploit waste heat from the power plant to
regenerate the sorbent (Plaza and Rubiera, 2019).

In conventional TSA processes, the adsorbent is normally shaped as
beads or pellets and packed in a series of columns that cyclically alter-
nate between the adsorption and regeneration steps. One of the main
drawbacks of fixed bed processes in applications involving large flow
rates, such as post-combustion capture, is the high pressure drop
occurring across the packed-bed, unless the adsorbent pellets are
replaced by especially shaped adsorbents (e.g., honeycomb monolith,
hollow fibers, spaced sheets) (Akhtar et al., 2014; Farmahini et al., 2021;
Masala et al., 2017; Rezaei and Webley, 2010).

Another important factor hampering the commercialization of TSA
systems for post-combustion CO2 capture is that a large temperature
swing is often required (Morales-Ospino et al., 2021; Zanco et al., 2018)
to achieve the demanding product specifications in terms of both COy
purity and recovery (Joss et al., 2017). These large temperature swings
do not only imply high energy penalties and parasitic losses, but also
lead to long cycle times due to the poor heat transfer within the packed
bed (Bonjour et al., 2004; Plaza et al., 2017; Zanco et al., 2021). This, in
turn, results in large sorbent inventories, low process productivity, and
large system footprints, which makes conventional TSA processes less
competitive with respect to other post-combustion technologies (Bon-
jour et al., 2005; Rezaei and Webley, 2010; Zanco et al., 2021; 2017).

One way to overcome the aforementioned challenges is by per-
forming the adsorption-desorption cycle in a moving bed system, rather
than in the traditional fixed bed configuration (Knaebel, 2005). In the
moving bed process, the temperature swing is achieved by circulating
the adsorbent through sections at different temperatures. Each of these
sections has a specific purpose and corresponds to a different step:
adsorption, desorption and cooling. In contrast with fixed bed processes
in which the same column is operated at variable conditions according
to the cycle schedule, each section of the moving bed system can be
designed and operated according to its specific purpose. This offers
interesting opportunities for system optimization, aiming, for example,
to reduce the pressure drop within the adsorption section, or to enhance
heat transfer in the desorption and cooling sections, so that a more
compact design and higher productivity can be achieved.

Furthermore, the MBTSA offers the possibility to internally recover
part of the heat needed for sorbent regeneration and thus reduce the
external energy duty of the process (Kim et al., 2013; Knaebel, 2005;
Morales-Ospino et al., 2021).

Another major feature distinguishing moving bed from fixed bed
processes is that the former can be operated at steady state, avoiding
complex cycle scheduling (Kim et al., 2013; Plaza et al., 2017) and the
parasitic losses associated with intermittent heating/cooling of the heat
exchanger walls (Bonjour et al., 2005; 2004). The possibility to operate
in steady state is also an advantage in terms of process control and
integration (Kim et al., 2013), which is particularly relevant within post
combustion applications where: (i) the flow rate and composition of flue
gases from the upstream power plant can vary over time (Montanés
et al.,, 2018; Raa et al., 2020), (ii) the power cycle can be appositely
modified to supply the heat required by the capture process (Mondino

et al., 2019)

The concept of moving bed was first introduced in the 40s by Berg
(1945) for fractionating hydrocarbons. Only recently the same concept
has been applied for CO; capture purposes, first by Knaebel (2005) who
suggested the use of hot flue gas for indirect sorbent heating, and later
by Hornbostel and co-workers (Hornbostel, 2016; Hornbostel et al.,
2013; 2015), who tested a large bench scale moving bed system
employing steam for direct heating of the adsorbent. Pilot-scale design
and testing of a moving-bed process for CO, capture was performed also
by Okumura et al. (2014, 2017), who used an amine impregnated
adsorbent regenerated by low temperature steam in a direct-contact
type heat exchanger. One of the main advantages of direct sorbent
heating is that it is possible to achieve fast heat transfer rates due to
intense mixing between sorbent particles and heating fluid. In addition,
the steam helps to regenerate the sorbent by acting as a sweeping gas
and as a concentration swing promoter, lowering the partial pressure of
CO,. However, this type of configuration prevents the use of sorbents
materials that are incompatible with the heat transfer fluid and com-
promises the use of internal heat recovery, which is crucial to minimize
the process energy use. In this context, the group of Kim et al. (2013),
Kim et al. (2014), Son et al. (2014) proposed a moving bed process with
an internal heat integration scheme, where part of the energy required
for sorbent regeneration is recovered from the heat generated during the
adsorption step using indirect-contact heat exchangers. The same type of
indirect-contact heat exchanger for MBTSA processes was employed in
the recent study carried out by Morales-Ospino et al. (2021), who
confirmed that internal heat recovery is crucial to limit the process en-
ergy penalty.

The success of this heat integration is largely dependent on the
performance of the indirect-contact heat exchanger employed to provide
and remove heat from the sorbent. In particular, the estimation of the
sorbent-side heat transfer coefficient is crucial for the design of the
MBTSA system because it represents the limiting thermal resistance
between the gas/adsorbent phases and the heating/cooling fluid. The
convective heat transfer to the flowing sorbent is determined by several
factors, including the flow pattern, particle mixing, contact area be-
tween sorbent and hot surfaces, as well as the sorbent residence time.
The effective heat transfer is therefore affected not only by the geometry
of the system (e.g., tube arrangements and shape, hydraulic diameters,
pitching) or operating conditions (e.g., temperatures of heating/cooling
fluid, flow rates), but also by specific properties of the bulk solid that
influence its flowability (e.g., particle shape, size, density). Several
studies investigated the heat transfer mechanisms in moving bed heat
exchangers employing bulk solids as working fluid, both computation-
ally (Campbell, 1990; Isaza et al., 2015; Lee et al., 1998) and experi-
mentally (Al-Ansary et al., 2012; Baird et al., 2008; Baumann and Zunft,
2015; Niegsch et al., 1994). As an example, the recent works by Qoaider
et al. (2017), Dai et al. (2020) analyzed how different materials,
including glass beads, corundum, sand, basalt or mixtures thereof, result
in different flow characteristics. Other studies focused on different sys-
tem geometries and configurations, considering for example moving
packed beds with and without gas flow (Baird et al., 2008), or
comparing horizontal tubes, vertical tubes, parallel plates, and finned
tubes (Al-Ansary et al., 2012). The influence of the tube shapes on the
local heat transfer has also been investigated by Tian et al. (2020), who
compared circular cross-sectioned tubes with elliptical shaped ones. One
of the conclusions from the surveyed literature is that the convective
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heat transfer coefficient of flowing solid particles in moving bed heat
exchangers is case-specific and hard to estimate without experimental
data (Obuskovic, 1988).

Another factor hindering the development of the MBTSA technology
is the lack of an established method to design a process for a given flue
gas specification. The design of an MBTSA system is a complex task that
involves a large number of inter-related process parameters such as the
choice of adsorbent material, process configuration, size and geometry
of the different components, and operating conditions. In this context,
process modelling and simulation is an essential tool for the conceptu-
alization and analysis of new MBTSA systems. Provided that the model
captures all relevant physical mechanisms, process simulations can be
used to evaluate the system performance under different conditions.
This, in turn, can help the designer to gain a better understanding of the
process and serve as a basis to improve the design until the desired
performance targets are met. In view of these advantages, process
simulation has been a popular tool for the design of post-combustion
PSA/VSA (Farmahini et al., 2021; Krishnamurthy et al., 2014; Liu
et al.,, 2011) and TSA cycles (Joss et al., 2017; Lillia et al., 2018; Plaza
et al., 2017). By contrast, modeling and simulation of MBTSA processes
has lagged behind due to the early stage of development of this tech-
nology. In fact, only a handful of recent computational studies

MEASURING SECTION

Cold sorbent in
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attempted to design and evaluate the performance of the MBTSA process
for CO4 capture in coal-fired power plants (Kim et al., 2013; Mondino
et al., 2017; Morales-Ospino et al., 2021; Son et al., 2014) and natural
gas combined cycle power plants (Mondino et al., 2019; 2020). How-
ever, to the knowledge of the authors’, the utilization of the MBTSA
technology for CO, capture in waste-to-energy plants has not been
studied yet.

The aim of the present work is to design and evaluate an MBTSA
process for capturing CO» from an industrial-scale waste-to-energy
power plant. To assess the technology with realistic parameter values,
we have measured heat transfer coefficients in the heating section of a
new MBTSA demonstrator unit using activated carbon spheres with 0.7
mm diameter. In addition, a detailed computational model previously
developed by the authors (Mondino et al., 2020) has been extended to
include the experimentally measured heat transfer coefficients and to
account for the internal heat recovery achieved by coupling the pre-
heating and precooling sections. The feasibility of the proposed MBTSA
process is evaluated based on different performance indicators including
system footprint, energy duty, CO, separation performance, and process
productivity.
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Fig. 1. Experimental set-up used for heat transfer measurements: schematic diagram of the lab-scale moving bed (right), details on the measuring section (top left)
and heat exchanger modules with a sectioned three-dimensional view, a cross-section and a picture of the three modules (bottom left).
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2. Heat transfer measurements

A series of experiments were carried out in a lab-scale apparatus
replicating a full MBTSA process with the aim to analyze the heat
transfer performance of the desorption section.

2.1. Experimental apparatus

The MBTSA apparatus, schematically shown in Fig. 1, is composed of
three main sections, namely the adsorption, the desorption and the
cooling sections, through which the adsorbent circulates in a continuous
manner. The adsorbent is released into the adsorption section at a
controlled flow rate from a feeding system placed at the top (ZD22B
Standard Feeder, ThreeTec, Switzerland). The adsorption section con-
sists of a 1.5 m high, 5 cm internal diameter polycarbonate column filled
with structured packing (Mellapack™ 500Y, Sulzer, Switzerland) that
ensures uniform distribution of the sorbent flow.

After passing through the adsorption section, the sorbent enters a
rotary valve (ACS valve, CI series) activated by a three-phase induction
motor connected to the power supply by a WEG frequency inverter
(CFW500 vector inverter/series). The rotary valve discharges the sor-
bent into the desorption section indicated as “measuring section” in
Fig. 1. This part consists of a series of three heat exchanger modules
(shell-and-tube), in which the sorbent is indirectly heated by a thermal
fluid. More specifically, the adsorbent moves downwards in the shell-
side of the heat exchanger while the heating media flows within the
horizontal tubes in a cross-flow mode. In addition, the lateral surfaces of
the heat exchanger modules are insulated with a glass wool layer to limit
the heat losses to the surroundings.

Each heat exchanger module contains a bundle of 55 horizontal
tubes through which the heating fluid is distributed in a multi-pass
configuration. As shown on the bottom left side of Fig. 1, the tubes
present an inner circular cross section (6 mm in diameter) and an outer
squared cross section with a square side of 8 mm. Such configuration and
tube shape were adopted to ensure good contact between the sorbent
particles and the heating surface, enhancing the heat transfer rate. In
particular, staggered horizontal tube arrangements promote a better
particle mixing in comparison with vertical tubes or plate configurations
(Baumann and Zunft, 2015; Takeuchi, 1996; Tian et al., 2020), espe-
cially when the tube pitch is narrow (Baumann et al., 2014). Further-
more, using a squared cross-section alleviates the local formation of
stagnant and void zones above and below the tubes, respectively. This
phenomenon typically occurs on circular tubes and limits the perfor-
mance of the heat exchanger (Baumann and Zunft, 2015; Niegsch et al.,
1994). The numerical values of the geometrical parameters of the heat
exchanger are listed in Table 1.

Water is used as thermal fluid, supplied by a SE-6 JULABO heating
circulator. The temperature of the water at the heat exchanger inlet is
controlled by adjusting the set point on the heating circulator. The flow
rate is measured with a turbine flow meter (F110P-AU model, HP series,
KEM - Germany) installed between the heating circulator and the heat
exchanger. The mass flow rate cannot be directly controlled as it de-
pends on the balance between the pressure drop in the circuit and the
charateristic of the Julabo circulator pump.

The sorbent temperature is measured with four thermocouples
located at different positions within the heat exchangers, see Fig. 1 (top
left). The thermocouples are installed within the spacers separating the
modules to ensure a good contact with the bulk of the sorbent flow. Four
additional thermocouples are used to measure the water temperature at
the inlet and outlet of the measuring section and between the heat
exchanger modules. All thermocouples are connected to a data acqui-
sition system to record the temperature data in a LabVIEW interface
LabVIEW. Moreover, a series of powder level sensors are installed within
the spacers separating the heat exchanger modules and connected to the
LabVIEW program for monitoring the level of adsorbent inside the heat
exchangers and ensure that the bed is packed during operation.
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Table 1
Geometry and material properties of the heat exchanger used for the heat
transfer measurements.

Parameter Symbol Unit Value
Number of modules Ninoa - 3
Number of tubes per module N, - 55
Number of passes (water side)” Nopass - 5
Number of tubes per pass (water side) Ni pass - 11
Internal tube diameter dint m 0.006
External tube square side Stext m 0.008
Single tube length L m 0.1
Total tube length Lot m 16.50
Heat transfer area - water side Ay m? 0.311
Heat transfer area - sorbent side A m?2 0.528
Cross flow area - sorbent side” At mm? 6857
Cross flow area - water side* Actw mm? 311
Tubes material - - TiAl6V4
Specific heat capacity of TiAl6V4 [ J/kg K 526
Thermal conductivity of TiAl6V4 k¢ W/m K 6.6
Density of TiAl6V4 P kg/m? 4420

@ The flow is directed into separate passes by four baffles placed in the lateral
heads.

b Calculated as the volume available for the sorbent flow divided by the
module height.

¢ Calculated as the internal cross section of a single tube multiplied by the
number of tubes per pass.

The bottom outlet of the heating section is connected to an adjustable
transport screw driven by a stepper motor (M1343031, LAM Technol-
ogies) that discharges the sorbent into the cooling section. The speed of
the screw is adjusted through the LabView program while monitoring
the powder level indicators so that the level of adsorbent inside the heat
exchanger can be kept as desired.

The cooling section is similar to the heating one, but has only two
modules and employs water as cooling media supplied by a Julabo
CORIO™ CD-300F Refrigerated Circulator. After passing through the
cooling section, the sorbent finally reaches a collector funnel at the
bottom of the unit from which it is transported back to the top feeder by
means of a vacuum conveyor system.

2.2. Experimental procedure

The heat transfer measurements were carried out using a commercial
activated carbon shaped as 0.5-1.0 mm spherical beads supplied by
Bliicher (Germany). The physical properties of the adsorbent are sum-
marized in Table 2.

The system was loaded with approximately 10 kg of adsorbent. As
previously mentioned, the adsorbent flow rate is controlled by the upper
feeding system through a double screw that can be operated at different
rotational rates. As the actual feeding rate does not only depend on the
apparatus specifications, but also on the type of sorbent material and its
flowing properties, the feeding system was calibrated prior to the ex-
periments. To this aim, the sorbent flow rates were measured at different
rotating speeds of the feed screw within the experimental range (7-24 g/

Table 2
Physical properties of the adsorbent material.

Parameter Value Unit

Activated carbon* -
Spherical beads -

Adsorbent type
Particle shape

Particle diameterf 0.7 mm
Bulk density 452 kg/m®
Particle densityf 904 kg/m?
Heat capacityt 880 kJ/kg K
Particle porosityf 0.50 -

* Provided by Bliicher (Germany). 1 Input value for the MBTSA simulations.
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s).

All experimental data were collected upon reaching steady state,
which was assessed by monitoring the system temperatures via the
LabVIEW interface. The sorbent feeding system was activated starting
from the lowest flow rate and operated for several minutes until a new
steady state was reached. At this point, the temperature measurements
were recorded in LabVIEW with a frequency of 30 readings per minute.
The sorbent flow rate was then changed to the next set point and the
procedure was repeated. Each data point was obtained by averaging the
readings over a period of least 5 min to reduce the influence of instan-
taneous random fluctuations.

2.3. Determination of the heat transfer coefficient

The heat transfer coefficient is determined from the governing
equations of the heat exchangers. The main assumptions underlying this
analysis are: steady-state operating conditions, one-dimensional flow,
negligible changes in the potential and kinetic energy of the fluids,
constant transport properties, no fouling on internal heat exchanger
surfaces, uniform heat transfer coefficients, and negligible heat loss to
the surroundings. The latter assumption was verified by estimating the
heat loss due to the natural convection of air on the vertical surfaces
exposed to the surrounding. Based on the actual temperature of the
exposed insulation layer and the room temperature, the heat loss was
estimated to be less than 1 % of the total heat transfer rate in all cases.

Under the assumption of negligible heat loss, the heat transfer from
the water is equal to the heat transfer to the sorbent. If, in addition, the
specific heat of water is assumed to be constant, the heat flow rate can be
calculated from the measured data according to:

Q = mwcp,w(Tw,in - Tw,oul)7 (1)

where the subscript w stands for water.

Using the mean logarithmic temperature difference approach (Cen-
gel et al., 1998), the heat transfer rate can be related to the heat transfer
resistances as:

Q = AgLMa
tot

(2)

where Ry is the total heat transfer resistance and ATy is the loga-
rithmic mean temperature difference for the counter-flow arrangement.
The total thermal resistance, R, is the sum of the contributions due to
internal convection (water-side), conduction across the tube walls, and
external convection (sorbent-side). The average heat transfer coefficient
between the flowing sorbent and the tube walls, h;, can be solved from:

1 In (d!,ex& /dt.im) 1
Ayhy, * 2mkily tor * M’

Rt =Ry + R+ Ry = (3)

where the subscript t stands for tubes and s for sorbent, whereas A; is the
heat transfer area on the sorbent side, given by:

As = 4Siext ll Ninoa Ny (4)

Concerning the internal convective resistance (water side), the heat
transfer area A,, is calculated directly from the system geometry as:

Ay = Zﬂ-r‘zjm 1[.[0(7 5

where [ 1o is the total length of tubes in the heat exchanger and rijn is
the internal tube diameter. Moreover, the internal heat transfer coeffi-
cient, hy, is estimated from an empirical correlation. As the water flow is
laminar in all the tests (Reynolds numbers between 1178-1638), the
following correlation for internal laminar flow was adopted (Cengel
et al., 1998):
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Nu = Mmoo 0.065 (djn /1) Re Pr . ©
ky 1+ 0.04[ (dyjn /1) RePr]

The water conductivity, k,,, and the dimensionless numbers appearing in
the correlation were evaluated at the bulk mean water temperature (i.e.,
arithmetic average of the temperature at the inlet and outlet).

Lastly, the tube walls resistance, R, was directly calculated from the
thermal properties of the tube material (TiAl6V4 alloy) and the system
geometry. For this purpose, the square profile of the tubes (with a side
length s ext) Was converted into an equivalent circular profile (with
diameter d, ¢x) with the same cross-sectional area as the actual profile.

2.4. Experimental results

An example of the collected temperature data is shown in Fig. 2,
where the points in the plots correspond to the temperatures sensed by
the thermocouples, as specified in the schematic diagram on the right
side. It was observed that, in all the experiments performed, the largest
adsorbent temperature gain is achieved within the first module, while
only a small fraction of heat is exchanged in the second module and
almost no heat in the third one. Furthermore, the change in temperature
experienced by the water, is only a few degrees in the first module and
almost negligible in the second and third ones. It was therefore decided
to estimate the heat transfer coefficient using only the data corre-
sponding to the first module, where the majority of the heat exchange
takes place and the results have the least uncertainty.

The numerical values of the measured temperatures and the thermal
parameters used to estimate the heat transfer coefficient are reported in
Table 3. The estimated heat transfer rate, Q, ranged between 249 W and
629 W, corresponding to tests 4 and 9, respectively. With regards to the
thermal resistances, the convection on the sorbent-side was always the
dominating resistance, ranging between 72 and 82% of the total thermal
resistance, while the conductive resistance of the tube walls ranged
between 1.8 and 2.7%.

The convective heat transfer coefficient on the sorbent side was
computed for each operating point solving Eq. (3), and the results were
plotted against the velocity of the solid particles in Fig. 3. As expected,
the heat transfer coefficient increases with the solid velocity (Al-Ansary
et al., 2012; Baumann and Zunft, 2015; Niegsch et al., 1994), while no
dependence was observed on the solid temperature. The measured heat
transfer coefficients ranged between 69 and 117 W/m? K with an un-
certainty below 8% in all cases, which was evaluated using the law of
propagation of uncertainty (Farrance and Frenkel, 2012). The trend of
the experiments suggests that even higher values might be achieved by
operating the system at higher solid velocities. However, this hypothesis
could not be verified due to the limitations of the experimental
apparatus.

In order to correlate the experimental results, the heat transfer co-
efficient and solid velocity were expressed in terms of dimensionless
quantities. The dependence of the heat transfer coefficient on: (i) gas
thermal conductivity, (ii) bulk density, (iii) sorbent heat capacity, (iv)
solid velocity, and (v) tube external side can be expressed as:

f(hs-, kg7 Pos Cpsy Vs, Sl.cxl) =0. )

Since this relationship involves 6 variables and 4 physical dimensions (i.
e., time, length, mass, and temperature), dimensional analysis yields two
independent dimensionless groups:

g(Nu, Pe) = 0, (8
where

h& EXI
Ny = Jeltext ©)

kg
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Fig. 2. On the left, example of experimental results obtained for two test runs (2, left and 4, right): Plot of the measured sorbent (orange) and water (blue) tem-
peratures. On the right, schematic diagram of the experimental set-up indicating the position of each thermocouple. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

is the Nusselt number and

Pe — PuCp.sVsStext (10)
kg

is the Péclet number. The Nusselt and Péclet numbers can be interpreted
as the dimensionless heat transfer coefficient and solid velocity,
respectively. Using these dimensionless numbers, the experimental re-
sults were correlated by means of least-squares regression analysis, and
the following equation was obtained:

Nu = aPe’ = 0.808 Pe’*¥. an

This correlation is used to estimate the heat transfer rate within the full-
scale MBTSA model described in the following section. As shown in
Fig. 3 (right), the relative deviation between the heat transfer co-
efficients determined experimentally and the values predicted by Eq.
(11) is below 5% for all cases. In addition, the coefficient of determi-
nation obtained from the regression analysis is R? = 0.995. This sug-
gests that the proposed correlation is adequate to predict the heat
transfer coefficient for flowing adsorbent particles within cross-flow
shell-and-tube heat exchangers, provided that they are geometrically
similar and operated within the range of particle velocities considered in
these experiments.

In addition, Fig. 3 (left) compares the heat transfer coefficients
measured in this work against those reported by Obuskovic (1988) for a
single tube immersed in a moving bed of solid particles. The heat
transfer coefficients obtained for the activated carbon particles consid-
ered in this work are comparable with those obtained by Obuskovic
(1988) for glass and sand particles of different diameters. In addition,
the variation of the heat transfer coefficient with the velocity of the solid
particles follows the same trend as the data from Obuskovic (1988). In
particular, the exponent of the Péclet number obtained in the present
work (b = 0.455), see Eq. (11), agrees well with the exponent reported
by Obuskovic (1988) for their low-velocity experiments (b = 0.4), and
with the theoretical value suggested by Mickley and Fairbanks (1955)
for an homogeneous moving bed of infinitesimally small particles (b =
0.5).

Finally, the heat transfer coefficients measured in this work are
significantly higher than those typically encountered in fixed bed con-
figurations. For example, Marx et al. (2016) reported heat transfer co-
efficients between 20 and 40 W/m? K when performing TSA
experiments on a indirectly-heated packed bed filled with a zeolite 13X
adsorbent shaped as spherical beads with diameters between 1.6 and
2.0 mm. Similarly, Bonjour et al. (2002) obtained heat transfer values up

to 50 W/m? K when measuring the heat transfer performance of a co-
axial packed bed heat exchanger filled with activated carbon beads of
0.65 mm mean diameter. This confirms that the moving bed configu-
ration has the potential to address one of the main limitations of the
fixed bed TSA process, namely, the low productivity due to the slow
heating and cooling of the adsorbent.

3. Application of the MBTSA process to a waste-to-energy plant
3.1. Case study definition

The second part of this study considers the application of the MBTSA
process to capture CO5 from a Combined Heat and Power (CHP) waste-
to-energy plant with a net power output of 16.8 MW, and a thermal
output of 64.6 MWy,. The power plant was modeled in Thermoflex
software Thermoflow Version 27 using a built-in waste-to-energy plant
model. The flue gas specification required to design the MBTSA process
were obtained by simulating the plant at its nominal operating point. In
order to reduce the computational effort of the MBTSA simulations, the
composition of the exhaust gas was simplified to a binary mixture of Ny
and COy, assuming that: (i) the flue gas is dried prior to the capture
process, and (ii) O3 and Ar behave similarly to N in terms of adsorption
equilibrium and kinetics (Plaza et al., 2014; 2017). The resulting flue gas
specifications, used as input for designing and simulating the MBTSA
process, are listed in Table 4.

3.2. Adsorbent material

The adsorbent used for the case study was the same activated carbon
employed in the heat transfer experiments.

The physical properties of the adsorbent used as basis for the MBTSA
process simulations are summarized in Table 2.

In addition, the adsorption equilibrium data for CO, and Ny were
measured experimentally and fitted with a suitable adsorption isotherm
model as described below.

Pure-component adsorption isotherms of CO; and N, were measured
on a sample of the activated carbon using a volumetric adsorption
apparatus (Belsorp Max, MicrotracBEL, Japan). The data were collected
at six different temperatures between 30 and 150 °C. Prior to the mea-
surements, overnight degassing of the sample was performed at 150 °C
and vacuum conditions.

The experimental isotherms data were fitted with a Virial model
truncated at its second term (Barrer, 1981; Grande et al., 2008):



Table 3
Overview of experimental results: measured data and calculated heat transfer parameters.
Test ID
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Sorbent
Flow rate my g/s 7.72 7.72 16.99 7.34 16.82 16.82 21.70 23.29 23.84 7.73 11.78 12.28 21.92 12.60 23.02 21.65 21.65
Mass flux Js kg/m?s 1.13 1.13 2.48 1.07 2.45 2.45 3.16 3.40 3.48 1.13 1.72 1.79 3.20 1.84 3.36 3.16 3.16
Velocity Ve mm/s 2.49 2.49 5.48 2.37 5.43 5.43 7.00 7.51 7.69 2.49 3.80 3.96 7.07 4.07 7.43 6.98 6.98
Inlet temp. Tsin °C 25.1 24.2 26.4 22.7 24.9 26.7 27.7 28.8 26.4 21.2 24.4 22.6 26.9 23.2 25.9 31.0 27.5
Outlet temp. T out °C 66.2 65.1 55.8 52.2 45.5 46.0 43.5 52.0 51.1 66.6 60.8 59.0 53.5 48.2 41.2 45.8 43.2
Water
Inlet temp. Twin °C 87.5 87.3 85.7 66.2 65.3 65.3 64.7 84.7 84.6 87.3 86.7 86.4 84.9 65.7 64.2 64.9 64.5
Outlet temp. Ty out °C 84.2 83.6 80.6 64.0 62.0 62.1 61.2 79.2 78.9 83.7 82.4 81.8 79.4 62.8 60.5 61.7 61.0
Flow rate my, g/s 27.65 25.09 25.21 26.57 26.58 26.58 26.59 26.51 26.51 25.67 25.68 25.69 25.70 27.07 27.09 27.08 27.09
Velocity Vw mm/s 91.88 83.39 83.72 87.16 87.16 87.16 87.16 87.96 87.96 85.31 85.31 85.31 85.31 88.79 88.79 88.79 88.79
Density Pw kg/m® 967 968 968 980 981 981 981 969 969 968 968 968 969 980 981 981 981
Viscosity Uy mPa s 0.326 0.326 0.332 0.428 0.433 0.433 0.435 0.335 0.335 0.326 0.329 0.330 0.334 0.431 0.438 0.435 0.437
Heat capacity Cow J/kg K 4202 4202 4201 4188 4187 4187 4187 4200 4200 4202 4202 4202 4201 4187 4187 4187 4187
Conductivity ky W/m K 0.671 0.671 0.670 0.656 0.656 0.656 0.655 0.670 0.670 0.671 0.671 0.671 0.670 0.656 0.655 0.655 0.655
Reynolds Re - 1638 1483 1466 1198 1185 1185 1178 1528 1526 1517 1507 1504 1485 1212 1193 1202 1197
Prandtl Pr - 2.04 2.04 2.08 2.73 2.77 2.77 2.78 2.10 2.10 2.04 2.06 2.06 2.09 2.75 2.80 2.78 2.79
Nusselt Nu - 5.19 5.08 5.09 5.17 5.17 5.17 5.17 5.14 5.14 5.11 5.11 5.11 5.11 5.19 5.19 5.19 5.19
Heat balance
Heat load Q w 385.1 383.2 544.6 248.8 361.3 352.7 387.5 609.4 629.4 386.9 465.1 498.6 597.2 3239 423.5 362.9 396.9
Mean log AT ATiym - 37.05 37.82 40.87 25.21 27.54 26.54 26.88 40.91 42.25 37.82 39.74 41.28 41.07 27.09 28.37 24.41 26.92
HTC water hy W/m2K 581.0 568.0 568.1 565.4 564.9 564.9 564.7 574.4 574.3 571.0 570.8 570.7 570.4 567.6 567.0 567.3 567.1
HTC sorbent hy W/m2K 73.0 71.1 101.0 68.9 99.0 100.7 112.5 117.0 117.0 71.9 85.1 88.6 113.5 87.6 117.9 117.3 115.9
Thermal resistances
Total Riot K/kwW 96.19 98.70 75.03 101.30 76.24 75.27 69.38 67.13 67.13 97.76 85.45 82.79 68.76 83.65 66.98 67.25 67.83
Water side Ry K/kw 16.60 16.98 16.98 17.06 17.07 17.07 17.08 16.79 16.79 16.89 16.90 16.90 16.91 16.99 17.01 17.00 17.01
Tubes walls Ry K/kW 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79
Sorbent side R K/kwW 77.80 79.93 56.26 82.45 57.37 56.40 50.51 48.54 48.54 79.08 66.76 64.10 50.06 64.86 48.18 48.46 49.03
% water side Ry % 17.3 17.2 22.6 16.8 22.4 22.7 24.6 25.0 25.0 17.3 19.8 20.4 24.6 20.3 25.4 25.3 25.1
% tubes walls Ry % 1.9 1.8 2.4 1.8 2.3 2.4 2.6 2.7 2.7 1.8 2.1 2.2 2.6 2.1 2.7 2.7 2.6
% sorbent side R % 80.9 81.0 75.0 81.4 75.3 74.9 72.8 72.3 72.3 80.9 78.1 77.4 72.8 77.5 71.9 72.1 72.3
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Fig. 3. Experimental heat transfer coefficients and fitted correlation (left). Comparison of the heat transfer coefficients measured in this work against the values
reported by Obuskovic (1988) for a single tube immersed in a moving bed operated with glass and sand particles of different diameters (right).

Table 4

Flue gas specifications of the waste-to-energy CHP plant.
Parameter Value Unit
Mass flow rate 55.9 kg/s
Temperature 30 °C
Pressure 101.5 kPa
Simplified composition:
molar fraction of CO, 11 %
molar fraction of Ny 89 %

P — q; Aa 4 B.a? 12)
i*KfH_eXP( iq; +Biq; )7

i

where subscript i indicates the adsorbate (CO3 or Ny), P; is the partial
pressure, g; the amount adsorbed at equilibrium, and Ky ; the Henry’s
law constant. The temperature dependence of the Virial coefficients A;
and B; was expressed by

By,

Ay ,
A = Ao + 715 and B; = By; + . 13)

while the dependence of the Henry’s law constant with temperature was
given by the Van’t Hoff equation:

—AH;
Ky = K]‘_’l"_iexp( BT ), 14)

where Ky, is the adsorption constant at infinite temperature, AH; the
heat of adsorption at zero coverage, and R the universal gas constant.
The values of the fitted Virial model parameters are summarized in
Table 5, and they serve as basis for prediction of adsorption equilibrium
in the MBTSA model, where the multi-component extension of the Virial
model (Grande et al., 2008; Shen et al., 2010; Taqvi and LeVan, 1997) is

Table 5

Virial model parameters fitting CO5 and N adsorption isotherms on the acti-
vated carbon at temperatures between 30 and 150 °C and pressures up to 105
kPa.

Kgmol / — AHkJ/  Aokg/ A1Kkg/  Bokg?/  BiKkg?/
kg kPa mol mol mol mol? mol?
CO, 269691077  30.006 — 43235 14740 1.4239  — 465.20
N, 5.5486-107  21.934 —22982 7121.1  51.644  — 15756

implemented to account for competitive adsorption of the two gases (see
Appendix A).

The results of the CO, and N5 isotherms measurements are shown in
Fig. 4, together with the isotherms fitting, which was satisfactory for all
the temperatures and pressures considered. As expected, the adsorption
capacity of COj is higher than that of N in the whole temperature and
pressure ranges examined. Nevertheless, the equilibrium selectivity
expressed as

ScouNs = qco, / Pco, (15)
gN, / PN,

and calculated at the feed gas conditions is just above 11. This value is
significantly lower than that of other widely used CO; capture adsor-
bents, such as 13X and 5A zeolites, for which the selectivity can be as
high as 96 and 90, respectively (Merel et al., 2008). Indeed, the CO,
adsorption capacity at the feed gas conditions (11 kPa and 30 °C) is
much lower for the activated carbon evaluated, being less than 0.4
mol/kg, compared to a value larger than 2 mol/kg for the zeolites
(Cavenati et al., 2004; Mulloth and Finn, 1998). The CO5 adsorption
capacity of the material evaluated is also lower than that of other acti-
vated carbons reported in the literature at similar conditions (15 kPa and
30 °C): 0.6 mol/kg for a commercial BPL carbon, 0.9 mol/kg for a
commercial Norit R2030C0O2, and 1.0 mol/kg for a carbon honeycomb
monolith (Plaza et al., 2017).

With regards to the heat of adsorption, the values obtained by fitting
the CO, and Ny isotherms are in agreement with literature data reported
for other carbon adsorbents (Lopes et al., 2009; Mondino et al., 2017;
Plaza et al., 2017).

3.3. MBTSA process configuration

The MBTSA process configuration considered in this work is illus-
trated in Fig. 5. The system comprises five main sections through which
the adsorbent circulates, namely the adsorption, preheating, desorption,
precooling and cooling sections. The separation of the CO, from the rest
of the flue gas takes place within the adsorption section, where the gas
flows upwards in a counter-current way with respect to the adsorbent
that moves downwards. While the CO; is preferentially adsorbed onto
the activated carbon, the non-adsorbing Ny is vented to the atmosphere
from the top outlet of the adsorption section. In order to ensure uniform
distribution of the sorbent flow, the adsorption section is filled with
structured packing consisting of corrugated and perforated metal plates,
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Fig. 5. Schematic diagram of the simulated MBTSA process.

similar to those used in absorption columns.

The adsorbent reaching the bottom outlet of the adsorbent section is
loaded with COy and needs to be regenerated. The thermal energy
required for sorbent regeneration is provided within the preheating and
desorption sections, both operated as indirect-contact heat exchangers.
Pressurized water is used as heat transfer fluid. The preheating section is
used first to heat the adsorbent to a certain extent by means of internally
recovered heat, while the desorption section is used to provide addi-
tional heat to the sorbent until reaching the target desorption temper-
ature. The desorbing COs is collected in a COy-rich stream at the bottom
end of the desorption section. Light vacuum (about 90 kPa) is applied to
assist the desorption and direct the desorbing gas towards the extraction
point.

The remaining sections, precooling and cooling, are used to bring the
adsorbent back down to the adsorption temperature. If complete
regeneration is not achieved within the desorption section, the
remaining CO; is recovered by purging the adsorbent in the cooling and
precooling sections with a small fraction of the CO,-free product. Ulti-
mately, the regenerated adsorbent is transported back to the top of the
unit, closing the cycle.

10

3.4. Design of the MBTSA process

Based on the given flue gas specifications and adsorbent character-
istics, the MBTSA process was designed to achieve a CO, purity of at
least 95 % and a capture rate higher than 90 %, as typically required in
CCS application (Joss et al., 2017; Nord and Bolland, 2020).

The design of the MBTSA process was accomplished using the one-
dimensional model documented by the authors in previous publica-
tions (Mondino et al., 2017; 2019; 2020). The model is based on the
mass, energy and momentum balances applied to the different MBTSA
sections, and it was implemented in the gPROMS environment
(gPROMS Model Builder Version 6.0, 2019). The dynamic simulations
were performed until a steady state was reached, and all results pre-
sented here refer to the steady state solution. Compared to previous
works, the model was extended to include the equations of the hea-
ting/cooling media of the heat exchangers and to accommodate the
sorbent-side heat transfer coefficients determined experimentally. The
complete set of model equations, together with the underlying as-
sumptions, is reported in Appendix A.

Several design parameters including the system dimensions (height
and diameter of each section) and operating conditions (amount of
circulating sorbent, adsorption and desorption temperatures, and CO»
extraction pressure) were adjusted until the target CO, purity and cap-
ture rate were achieved. The design parameters of the final configura-
tion are listed in Table 6. A very large amount of sorbent (650 kg/s)
relative to the flue gas (56 kg/s) was required because of the low CO;
capacity of the adsorbent. The limited working capacity of the adsorbent
was partially compensated by adopting a large temperature swing. In
particular, the cooling and regeneration temperatures, i.e., the mini-
mum and maximum temperatures experienced by the adsorbent, were
18 °C and 184 °C, respectively.

With regards to the system dimensions, the length and diameter of
the adsorption section were selected as a trade-off to reduce the foot-
print of the column and limit the gas and sorbent velocities to avoid
fluidization, guarantee a sufficient residence time, and limit the pressure
drop. The cross section area of the other sections (preheating, desorp-
tion, precooling and cooling) was determined by scaling up the heat
exchanger modules of the experimental apparatus to the actual sorbent
flow rate, while maintaining the same tube shape and diameter (i.e.,
same heat transfer area per unit volume). The length was then adjusted
so that the desired temperatures were reached by the end of the section.

3.5. Simulation results - concentration and temperature profiles

Figure 6 shows the computed concentration and temperature profiles
along the five MBTSA sections, where the left and right limits of the plot
correspond to the bottom of the cooling section and the top of the



G. Mondino et al.

Table 6
MBTSA design and process parameters.

Operating conditions
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adsorption section, respectively. In agreement with this representation,
the adsorbent flows from the right to the left in each section and the feed
gas flows from the left to the right within the adsorption section.

As seen in the adsorbent loading profile within the adsorption sec-

Sorbent regeneration temperature 184 °C . ionifi £ ni is al dsorbed al ith th
Sorbent cooling temperature 18 C tion, a significant amount of nitrogen is also adsorbed along with the
CO, extraction pressure 90 kPa COs. This is in agreement with the adsorption equilibrium data and
Inlet gas sup. velocity 0.41 m/s corresponding selectivity, which was estimated to be as low as 11. More
Void fraction in adsorption section 07 - specifically, at the bottom end of the adsorption section, i.e., at the gas
Void fraction in other sections 0.5 - . . . . . .
. . feeding point, the fraction of nitrogen in the adsorbed phase is
System dimensions g . . .
Diameter in adsorption section 12.8 m approximately 39% of the total, corresponding to a specific loading
Diameter in other sections 13.3 m around 0.26 mol/kg, versus a CO loading of 0.42 mol/kg. Furthermore,
Height of adsorption section 0.9 m as seen in the temperature profile of the adsorption section, the effect of
Height of preheating section 0.4 m the heat of adsorption is modest and causes an increase in the adsorbent
Height of desorption section 0.8 m £ ab C. A d. in th d . . h
Height of precooling section 0.4 m tern?erature of about 9. C. As expected, in the a .sorptlf)n section the
Height of cooling section 0.6 m maximum temperature is reached at the gas feeding point, where the
Total height 3.1 m adsorption driving force is the highest. The reason for the limited impact
Sorbent inventory of this non-isothermal effect can be attributed to the high sorbent-to-gas
Amount of circulating sorbent 650 kg/s . . . .
. ratio associated to the low adsorption capacity.
Sorbent mass flux in heat exchangers 4.7 kg/m?s . A
Sorbent residence time 42 min Most of the adsorbed nitrogen is released from the adsorbed phase as
Heating/cooling fluids (water) the temperature increases along the preheating section, i.e., moving
Specific heat capacity 4.2 kJ/kg K from right to left along the plot, while the CO, loading remains
Density 1000 kg/m® approximately constant due to its stronger affinity on the adsorbent. The
Flow rate in preheat./precool. sections 160.6 kg/s . : P : : .
. ; - gas that is being desorbed within the preheating section is removed
Flow rate in desorption section 267.6 kg/s . A ) A
Flow rate in cooling section 267.6 ke/s from the top and re-mixed with the feed gas (see Fig. 5). As the Ny is
Inlet temperature in desorption section 187 °C removed, and the adsorbent temperature increases, the CO, fraction in
Inlet temperature in cooling section 10 °C the gas phase gradually increases towards the bottom end of the pre-
heating section. The same trend continues in the desorption section,
where the adsorbent temperature is further increased to the target
Cooling Precooling Desorption Preheating Adsorption
section section section section section
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Fig. 6. Concentration and temperature profiles for each section of the MBTSA system. Position 0 m corresponds to bottom of the cooling section and position 3.1 m to
the top of the adsorption section. The black and gray arrows represent the direction of the gas and sorbent flows, respectively.
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regeneration temperature (184 °C) and CO, molar fraction in the gas
phase reaches a maximum value of 97.2% at the bottom end of the
section, i.e., the CO5 extraction point.

As depicted in Fig. 6, the adsorbent still contains a certain amount of
CO4 (about 0.07 mol/kg) when entering the following section for pre-
cooling. To further regenerate the adsorbent and recover this CO3, a
fraction of the CO,-free product (approximately 15% of the total flow
rate on a weight basis) was used to counter-currently purge the adsor-
bent within the cooling and precooling sections. The use of this purge
gas is also important to avoid the formation of low pressure zones
induced by the decrease in temperature, thus maintaining the pressure
close to atmospheric.

In addition to the gas and sorbent temperature profiles, the bottom
plot in Fig. 6 also shows the temperature of the heating and cooling
fluids along the corresponding sections. In an attempt to maximize the
internal heat recovery, the flow rate of the heat transfer media was
tuned so that its heat capacity rate was as close as possible to that of the
sorbent-gas side and the temperature difference along the heat
exchanger was approximately constant.

3.6. Simulation results - overall system performance

The MBTSA process was evaluated in terms of several performance
indicators, and the results are reported in Table 7. At steady state, the
CO purity corresponds to the molar fraction of CO, in the CO,-rich
product,

CO, purity = 7”?03.C02-rich £2.100,

Niot,CO, -rich gas

(16)

while the capture rate is obtained from an overall system mass balance
as the ratio between the amount of CO; in the COs-rich product (i.e.,
moles of CO5 captured per unit time) and the amount of COs in the flue
gas (i.e., amount of CO, fed to the system per unit time),

Nnco,,CO,-rich gas 100

CO, capture rate = a7)

o, flue gas

The process productivity was calculated as the ratio between the mass
flow rate of CO3 in the CO,-rich product and the total sorbent inventory,

Mco,,Co,-rich gas

Productivity = (18)

mg 'lcyclc

The sorbent inventory is the amount of adsorbent needed to complete a
full cycle and is calculated as the product of sorbent flow rate and the
total cycle time (sum of residence time in each section). Lastly, the
specific heat duty refers to the amount of thermal energy required to
capture one kilogram of CO», and it was calculated by dividing the heat
flow rate provided in the desorption section by the amount of CO,
captured per unit time,

Table 7
Summary of simulations results.

Main performance indicators

CO,, purity 97.2 %vol
CO,, capture rate 90.8 %vol
CO,, captured 8.26 kg/s
Sorbent flow rate 650 kg/s
Process productivity 181 kgco,/tsh
Specific heat duty 5.7 MJ/Kkgco,
Heat loads in MBTSA sections
Preheating (internal recovery) 54.2 MW
Desorption (external heating) 47.0 MW
Precooling (internal recovery) 54.2 MW
Cooling (external cooling) 45.8 MW
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Qdesorplion section

Specific heat duty = 19

Mco,,CO,—rich gas

In spite of the low adsorbent selectivity, the designed MBTSA process
was able to meet the desired target performance in terms of purity and
capture rate, the obtained values being 97.2% and 90.8%, respectively.
With regards to the energy use, the process requires 5.7 MJ/kgco,, which
is higher than other values reported in the literature for TSA capture
processes achieving high CO5 purity and recovery. For example, a value
of 4.28 MJ/kgco, has been reported for a heat-integrated fixed-bed TSA
system employing Zeolite 13X (Joss et al., 2017), while Merel et al.
(2008) estimated 4.5 MJ/kgco, when using 5A zeolite. A slightly lower
value (3.59 MJ/kgco,) was reported by Plaza et al. (2017) referring to a
TSA system based on structured carbon adsorbent and steam stripping.
Nevertheless, the specific heat duty estimated in the present study is
approximately three times higher than that of a similar case study pre-
viously documented by the authors (Mondino et al., 2019), where
zeolite 13X was employed to capture CO; from a natural gas combined
cycle (Mondino et al., 2019). The relatively higher energy duty can be
explained by the much lower working capacity of the activated carbon
(0.36 mol/kg) compared to that of the zeolite (2.8 mol/kg) which im-
plies larger sorbent inventory and contributes to the parasitic duty
associated to the sorbent heat capacity. In addition, to compensate for
the low adsorption capacity towards COo, a high desorption temperature
was adopted, which also led to an increase in the process energy
requirement.

On the other hand, the simulated process seems to be very promising
in terms of productivity, the obtained value being 181 kgco,/t;h. Such
high process productivity can be attributed to the short cycle time (4.22
min) associated with the fast heating and cooling of the adsorbent. For
comparison, Bonjour and co-workers calculated a productivity of 22.4
kgemane/tsh for a fixed bed TSA process with indirect heating for gaseous
pollutant treatment (Bonjour et al, 2005). In the context of
post-combustion CO5 capture, Plaza et al. (2017) reported a productivity
of 35-40 kgco,/tsh when using carbon honeycomb monoliths in a fixed
bed process with direct heating, while Joss et al. (2017) obtained a
productivity between 30 and 60 kgco,/tsh for an indirect heated TSA
process using zeolite 13X achieving similar performance in terms of
energetic consumption (about 4 MJ/tco,), purity (above 95%), and
capture rate (above 90%).

4. Conclusions

The heat transfer coefficient on the sorbent side of a heat exchanger
used for sorbent heating in an MBTSA system was determined in a lab
scale apparatus. For this purpose, an activated carbon material shaped in
spherical beads was circulated through a set of cross-flow shell-and-tube
heat exchanger modules at different operating conditions (sorbent ve-
locity and heating fluid temperature).

The analysis of the results revealed a direct dependence between the
heat transfer coefficient and sorbent flow rate, while no dependence was
observed on sorbent temperature. The trend of the experimental results
suggested that operating the system at higher sorbent flow rates could
lead to even higher heat transfer coefficients. In any case, the heat
transfer coefficients obtained (69-117 W/m? K) are significantly higher
than those typically encountered in fixed bed configurations (10-50 W/
m? K). This confirmed that the moving bed configuration has the po-
tential to address one of the main limitations of the fixed bed TSA pro-
cess, namely, the low productivity due to the slow heating and cooling of
the adsorbent.

The results of the experimental campaign were used to develop a
correlation for the sorbent-side heat transfer coefficient in terms of the
Nusselt and Péclet numbers. This correlation was incorporated into an
MBTSA computational model, which was then used to design and
analyze an MBTSA process for an industrial-scale waste-to-energy CHP
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plant. The adsorbent material was the same commercial activated car-
bon used in the heat transfer experiments. Despite the low selectivity of
the adsorbent, the proposed MBTSA process was able to achieve high
COq, purity (97.2%) and capture rate (90.8%), at the expense of adopting
a high regeneration temperature (187 °C) and solid-to-gas ratio (11.6 kg
of adsorbent per kg of flue gas). These two factors led to a rather high
heat consumption (5.7 MJ/kgco,) compared with the values reported in
literature for other adsorbents. Nevertheless, the designed MBTSA sys-
tem was able to achieve high process productivity (181 kgco,/tadsh).
This can be attributed to the fast temperature swings associated with the
high sorbent-side heat transfer coefficient of the moving bed configu-
ration. Overall, the simulation results indicate that the MBTSA tech-
nology is suited to capture COy at high purity and recovery, while
achieving higher process productivity than fixed bed TSA processes.
However, the energy performance of the capture process was relatively
poor, especially considering that 53.5% of the heat required to regen-
erate the adsorbent was provided by internal heat recovery. In this re-
gard, it is believed that the thermal energy required may be significantly
reduced by replacing the activated carbon material by other adsorbents
having higher capacity and selectivity towards CO», such as zeolites or
metal-organic frameworks.
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Appendix A. MBTSA model equations

The MBTSA process is described by means of a one-dimensional mathematical model obtained by applying the mass, momentum and energy
balances to the different sections (adsorption, preheating, desorption, precooling and cooling), each of which is connected to the adjacent ones
through appropriate boundary conditions. Although the numerical value of certain design parameters (e.g., void fraction, section height, etc.) and
operating conditions differ from section to section, the model equations and the underlying assumptions are the same for each section: negligible
gradients in the radial direction, constant cross sectional area, constant sorbent velocity, uniform and constant void fraction, and ideal gas behavior in
the bulk phase.

Transport equations

The gas phase concentration profiles along the section height are predicted by solving the mass balance in the gas phase for each species:

0C,’ 0(uCl) d <DZJCT0Y,'> _ (178(; — f)ll kf.l'

&y Bi,/5 + 1

807 + 0z 0z

& (€~ Co),

(A1

where the index i corresponds to each component of the gas mixture, t is the time; z the position along the section height; C;, C;, and Y; the con-
centration in the bulk gas, the concentration in the macropores, and the molar fraction in the bulk gas, respectively; . the column void fraction; ¢ the
volume fraction occupied by structured packing; D, ; the axial dispersion coefficient; u the superficial gas velocity; a the adsorbent particle specific
area; k;; the film mass transfer coefficient; and Bi; the Biot number. In addition, Cr is the total concentration in the bulk gas, and it is computed with
the ideal gas equation of state:

P
Cr= Zci =7 (A.2)

where P and T are the pressure and temperature in the bulk gas, respectively, and R is the universal gas constant.
Using the linear driving force (LDF) approximation to express the mass transfer rate from the bulk gas to the pores, and from the pores to the
adsorbed phase, the mass balance in the macropores is given by:

()Cp.i ()Cp.i X lstJ‘ Bl; ISDL! (q,* _qi)7

s = B i_c.i -
R Sk ek i G Dl

(A.3)

&

where r, is the particle radius, D,; the macropore diffusivity, p, the particle density, q; the adsorbed concentration of component i, and v, the velocity
of the adsorbent.

Similarly, the mass balance in the solid phase is given by:
g dg; 15D (a )
- o= i — i),
o Vop T 2 A

(A.4)

where 15D, ;/r? is treated as a single parameter representing the adsorption rate of component i, and g; is the adsorbed concentration of component i in
equilibrium with the corresponding local concentration in the macropore (Cj;). The adsorption equilibrium is described with the multi-component
extension of the Virial isotherm model (Grande et al., 2008; Taqvi and LeVan, 1997) that takes into account competitive adsorption of the
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different species in the gas mixture:

* N N N
qi « .
P = K exp ZA,;,-qj + Z ZB[,'A!]]- q; (A.5)
it j=1 =1 k=1

where the mixing Virial coefficients are calculated based on the fitting parameters from pure component measurements (Table 5) as:
A+ A B+ B+ By

Ay = T’ and By = — (A.6)

The pressure gradient along the sections was computed using the Ergun equation (Ergun, 1952):

oP  150u,(1 — &)’ N L75(1 — &)p,

= A7
PR e " aq, (A7)
where P is the total pressure in the bulk gas, d, is the particle diameter, y, is the gas viscosity, and p, the gas density.

The gas and adsorbent temperatures (T and T) are computed from the energy balance in the gas phase and solid phases, respectively:

. oT _dT 0 /
SCCTC,,E + uCTcl,,a—Z p ( ) —&)a hy (T —Ts) — aghy(T —T) (A.8)
T, 0T 0 0T /
[(1 — & — 5)/)pcp‘s + é/)pkcp.pk} ( 6[ + Vs 0z> = éa_Z </1gpka_z> + (1 — & — Lf) a hgs(T - Tt) +
(A.9)

dgi  0q; P0Gy
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In the previous equations, AH; represents the heat of adsorption of component i, h,, the film heat transfer coefficient between the gas and the solid, hy
the convective heat transfer coefficient between the gas and the tubes wall, ay the heat transfer area per unit volume, T the temperature of the
sorbent, T, the temperature of the tubes wall, ¢, and ¢, the gas molar heat capacities at constant volume and constant pressure, respectively, ¢, ; the
specific heat capacity of the sorbent, ¢p ;« the specific heat capacity of the packing, p,, the density of the packing, 4, the heat axial dispersion coefficient
of the gas, and 4, the heat axial dispersion coefficient of the packing.

In addition, in the sections operated as indirect-contact heat exchanger, the temperature of the tubes wall (T;) and the temperature of the heating/
cooling fluid (T) are respectively given by:

dT,

PiCpr—, o atexthm(T Tl) _almlhl((Tl Tf) and (A.10)
0T L, aT

PeCpi— ot +uf/)prtL 0 atlmhn( Tt) (All)

where the subscript t refers to the tubes wall, the subscript f refers to the heating/cooling fluid, a, xr and a; in; are the external and internal heat transfer
areas per unit of fluid volume, hy, is the convective heat transfer coefficient between the heating/cooling fluid and the heat exchanger tubes, and the
ratio Ly /L, is the distance travelled by the heating/cooling fluid per unit of height.

Equation (A.10) was derived assuming that the thermal conduction resistance of the walls is negligible, while taking into account the effect of the
thermal capacity of the heat exchanger walls. On the other hand, Eq. (A.11) was derived considering a heat exchanger with a cross-flow shell-and-tube
configuration, whereby the heating/cooling fluid flows within horizontal tubes. To this end, the energy balance was applied to a single tube along the
direction of the fluid flow (x). The horizontal coordinate (x) was then converted to the axial coordinate along the section (z) by assuming a linear
dependence of the tube length (L,) with respect to the section length (L,).

Transport parameters

The axial dispersion coefficients (D, ;) controlling the diffusion term of the gas mass balances, Eq. (A.1), are obtained from the correlation proposed
by Wakao and Funazkri (1978):

Dm,[
Ec

D-,':

(204 0.5 Sc; Re), (A.12)
where the Schmidt and Reynolds numbers are defined as

,pgudp

(A.13)
Dm,[ .ug

with p, and p, being the gas density and viscosity, respectively, and d, the particle diameter. The molecular diffusivities (Dy;) are approximated with
the Wilke correlation (Wilke, 1950):
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1-Y
Y isine
where the binary diffusivity (D) is given by Bird et al. (2002):

Dy, = (A.14)

0.01883 77/2 1 1
= T +— (A.15)
TP Oy \IMy ' M,

with M, being the molecular weight of the gas species, o;; the Lennard-Jones parameter, and Qp, the diffusion collision integral.
The source term of the gas mass balances, Eq. (A.1), involves the film mass transfer coefficients (k;;) and the Biot number of the adsorbent particles
(Bi;). The former is estimated with the Sherwood number correlation proposed by Wakao and Funazkri (1978):

_ kf=idp
N Dm,i

Sh; =2.0+ 1.1Re**Sc;'/3, (A.16)

while the Biot number is defined as

rpkfy,'

Bii = )
&Dy,

(A.17)

where 1, is the particle radius, ¢, is the particle porosity and D,; the macropore diffusivity. The macropore diffusivity is computed using the relation
proposed by Yang (1987):

1 1 1
- _— Al
Dy o (DKn‘i + Dm,i7 ) o

where 7, is the particle tortuosity, and Dy, is the Knudsen diffusivity, which is computed according to Ruthven (1984):

2
Dxyi = grpore - (A.19)

Moreover, the rate of adsorption of each component (15D, ;/r?), appearing in Egs. (A.3) and (A.4), is assumed to have a dependency on temperature
given by an Arrhenius equation:

15Dc,i 15D81 _Ea.i
S = exp( ), (A.20)

r2 r?
where the term 15D?, /r? represents the adsorption rate at infinite temperature and E, ; the activation energy of micropore/crystal diffusion.
In analogy with mass dispersion in the gas phase, the axial thermal dispersion coefficient (4,) appearing in the gas energy balance, Eq. (A.8), is

obtained from the empirical correlation proposed by Wakao et al. (1979):

Ay = ko(7+0.5 PrRe), (A.21)

where the Prandtl number is defined as

_ Cpally

P
T I

(A.22)

with k, being the gas thermal conductivity. In addition, the convective heat transfer coefficient between gas and solid (h,,) is computed with the
Nusselt number correlation proposed by Wakao et al. (1979):

— hg»‘ dP

g

Nu =2.0+ 1.1Re"OPr'/3, (A.23)

Lastly, the convective heat transfer coefficient on the sorbent-side of the heat exchanger (hy = h,) was computed with the correlation developed from
the heat transfer measurements, see Eq. (11) in the main text.
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