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ABSTRACT 
We present a steady-state, optimization-based techno-economic study of a continuous fluidized 
temperature-swing adsorption (TSA) system for post-combustion CO2 capture from biomass-de-
rived flue gas, using two adsorption stages and one desorption stage with integrated heat-pump 
thermal management. The GAMS/CONOPT4 model couples molar and energy balances, Toth ad-
sorption equilibrium, fluidized-bed hydrodynamics and literature cost correlations. Optimization 
yields CO2 purity of 96% v/v and 95.5% recovery at low, safe pressures with particle Reynolds 
numbers of 2-11, indicating near-minimum-fluidization operation. The nominal capture cost is 87 
USD/tonCO2 with an internal rate of return of 42%; utilities comprise 49% of annualized costs and 
the adsorption compressor dominates equipment capital. Disabling the heat pump increases mod-
eled capture cost to 124 USD/tonCO2, highlighting the heat pump’s decisive role in reducing energy 
demand and costs. Adding adsorption stages lowers modeled cost further but produces imprac-
tically shallow beds, revealing a trade-off between mass-transfer performance and feasible bed 
geometry. A sensitivity analysis demonstrated a linear positive correlation between electricity cost 
and capture cost, with capture costs potentially as low as 50 USD/tonCO2 and an internal rate of 
return as high as 64%. While results demonstrate the technical and economic plausibility of a heat-
pump-assisted fluidized TSA under the stated assumptions, the study recommends including flue 
contaminants, refined heat-exchanger and pressure-drop models, and experimental validation for 
scale-up. 
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INTRODUCTION 
The 2015 Paris Agreement, ratified by 196 countries, 

established the ambitious objective of constraining 
global mean temperature rise to 1.5 °C through rapid re-
ductions in greenhouse gas emissions — a target that de-
mands substantial technological and policy effort [1]. 
Within the broader decarbonization agenda, carbon cap-
ture and storage (CCS) technologies are frequently iden-
tified as essential pathways to reduce emissions from 
hard-to-abate sectors [2]. In particular, bioenergy with 
carbon capture and storage (BECCS) has attracted at-
tention because it can deliver net negative CO₂ emissions 

by capturing and permanently storing carbon that was 
originally sequestered from the atmosphere during bio-
mass growth [3]. 

Despite this promise, most optimization studies ad-
dressing BECCS have concentrated on linear, system-
level representations of spatial and temporal networks 
(plants, feedstock supply, and transport logistics), while 
paying limited attention to the internal operational dy-
namics of individual capture units [3, 4]. High-fidelity, 
process-level simulation and optimization can reveal crit-
ical interactions among process variables, energy flows, 
and equipment design that are necessary to bring emerg-
ing capture technologies from laboratory concepts to 
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industrially robust, cost-competitive systems. One such 
emerging technology is temperature-swing adsorption 
(TSA) implemented in a fluidized configuration, where a 
moving solid adsorbent circulates counter-current to an 
upward flow of CO₂-rich flue gas. Solid sorbents as 
binder-free zeolite 13X offer attractive properties for this 
application, including high CO₂ selectivity and reduced 
regeneration energy compared with many alternative 
materials [5, 6, 7]. Process-level optimization studies of 
TSA processes are comparatively rare in the literature 
and typically restricted to small-scale demonstrations 
that lack process cost estimates [8].  

The authors’ previous work on optimization of a sim-
ulated fluidized TSA process yielded interesting and po-
tentially cost-saving insights while delivering a capture 
process cost estimate of about 84 USD/tonCO2 [7]. How-
ever, that work relied on the heavy hypothesis of stage-
wise mass-transfer equilibrium reached, and it lacked 
proper energy management between heat exchangers. 
Therefore, this study aims to improve on that previous 
work of an optimization-based process scale-up through 
developing a guidelines framework via in silico simula-
tions.  

This objective also aligns with the Sustainable De-
velopment Goals set by the United Nations for 2030 [9], 
including: 

 7: Affordable and Clean Energy 

 9: Industry, Innovation and Infrastructure 

 11: Sustainable Cities and Communities 

 12: Responsible Consumption and Production 

 13: Climate Action.  

MATERIALS AND METHODS 
The fluidized-bed TSA system simulated and opti-

mized in this study was described in the authors’ previous 
work [5, 6, 7]. It consists of two multi-stage fluidized col-
umns – one for adsorption and another for desorption – 
with continuous adsorbent recirculation between them. 
The desorption column has a heat exchanger at the gas 
stream in its bottom, and each fluidized bed in each col-
umn also has a dedicated heat exchanger to optimize lo-
cal temperature. The recirculating solid adsorbent also 
passes through a heat exchanger between the columns. 
Part of the gas desorbed in the desorption column is 
purged and recovered, and the rest is used as stripping 
gas recycled to the desorption column. 

The number of adsorption stages was optimized 
based on CO2 purity targets and design efficiency con-
siderations. Our initial simulations indicated that only two 
adsorption stages and a single desorption stage could 
obtain CO2 at over 90% v/v purity, a common benchmark 
in the field [10]. As will be discussed, adding more stages 

result in impractically wide and shallow adsorption beds.  
A compressor is used at the bottom of each column 

to propel the gas upwards. A heat pump connects the 
solid-stream heat exchanger between columns to the de-
sorption bed heat exchanger. 

Table 1 presents the hypotheses for the process 
modeling, while Table 2 presents the values and units for 
several parameters. Figure 1 presents the process sche-
matics, including adsorption and desorption stages, heat 
exchangers, compressors, the heat pump and main pro-
cess streams.  

 
Figure 1. Simulated constinuous fluidized TSA process 
schematics. 

Table 1: List of hypotheses for the fluidized TSA simula-
tion. 

No chemical reactions 
No phase changes 
No flue gas contaminants 
Steady state 
Ideal gases 
No gradients within each stage 
Spheric solid adsorbent particles 
Air viscosity independent from pressure 
Taxes and deprecation neglected  
Labor storage and transport costs neglected 
Heat exchangers pressure drop neglected 

The Marshall & Swift index, which adjusts equipment 
prices for inflation, was estimated as 2500 after extrap-
olation from values reported in the literature [12, 13, 14]. 
The monthly adsorbent loss was increased from 10% in 
our previous work [7] to 30% in this study to account for 
both mechanical losses and adsorption sites deactivation 
due to impurities. The flue gas molar flow was left as a 
variable to be fitted. The flue gas and the captured CO2 
molar compositions have also been changed from the au-
thors’ last work [7], which should be taken into consider-
ation when comparing the cost estimates.  

The process model couples molar and energy bal-
ances for each gaseous species in every stage of the ad-
sorber with balances for the external heat-exchange 
loops, and it explicitly incorporates the thermodynamics 
of adsorption and the fluid dynamics characteristic of 
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fluidized beds. Adsorption equilibrium within each stage 
is represented by the Toth isotherm [19], using parame-
ter values taken from prior experimental characterization 
[6]; the heterogeneity parameter for N₂ is fixed at unity 
and treated as temperature-independent for the present 
simulations. Mass and energy conservation equations are 
complemented by algebraic constraints representing 
thermodynamic relations, fluid dynamic closures, equip-
ment efficiencies and cost correlations; together these 
expressions define the nonlinear constrained optimiza-
tion problem. 

Table 2: List of parameters for the fluidized TSA simula-
tion. 

Parameter description Parameter value 
Flue gas temperature  K 
Flue gas pressure  bar 

Flue gas molar composition % v/v CO and 
% v/v N  

CO max molar concentration 
after adsorption % v/v [  ] 

CO min molar concentration 
after desorption % v/v 

Zeolite XBF specific heat  J/kgK [] 
Zeolite XBF bulk density  kg/m [] 
Zeolite XBF spheric particle 
diameter  mm [  ] 

Compressors efficiency % [] 
Overall transfer coefficient in 
each heat exchanger  W/mK [] 

Marshall & Swift inflation index   [  ] 
Work hours per year  h/year [] 
Plant lifetime  years 
Interest rate % 

Cold water cost  USD/GJ [ 
] 

Steam cost  USD/GJ [ 
] 

Electricity cost  USD/GJ 
Zeolite XBF cost  USD/kg 
Adsorbent monthly losses % 

Start-up cost % of fixed capital 
[] 

CO market price  USD/tonCO 
Carbon credit  USD/tonCO [] 
Max column diameter  m [] 
Column height/diameter min 
ratio  

 
The efficiency of CO2 mass transfer between solid 

and gas, defined in Equation 1 (where q is the amount of 
gas adsorbed), was estimated by an empirical correlation 
found via in silico adsorption simulations, as shown in 
Equation 2 [20]. In Equation 2, u is the gas velocity, umf is 
the minimum fluidization velocity, S/G is the ratio 

between solid and gas mass flows, τS is the solid mean 
residence time and T is the temperature. The efficiency 
of N2 mass transfer was left as a variable ∈ [0, 1] to be 
fitted. The fixed capital investment (FCI) consisted in lit-
erature correlations for equipment cost for columns, heat 
exchangers, compressors and the heat pump [18, 21]. 

The heat pump is modeled as an auxiliary energy-
recovery unit that redirects thermal energy from the 
solid-cooling heat exchanger between columns into use-
ful heat for regeneration at the desorption stage [26]. Its 
required output heat duty is linked to the process heat 
demand, while the electrical power consumption is com-
puted from a temperature-dependent coefficient of per-
formance (COP > 1) as shown in Equation 3, where λ is 
the heat pump efficiency, Qout is the heat output of the 
heat pump, W is the electric work supplied to the heat 
pump, Tdes is the desorption stage temperature, and TSout 
is the outlet solid temperature at the heat exchanger be-
tween columns. 

𝜂𝜂�,� = ��,�−��,�+1

��,�
(��)−��,�+1

, 𝑖𝑖 = CO2, N2, 𝑗𝑗 = stage  (1) 

𝜂𝜂CO2 = 1 −

0.1018 � �

���
�
3.298

��
�
�
0.1105

� ��
60 s
�
−0.3055

� �

300 K
�
−0.7377

  (2) 

𝐶𝐶𝐶𝐶𝐶𝐶 = ����
�

= 𝜆𝜆� ����+5

(����+5)−(�����−5)
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The entire model (mass, energy, Toth equations, 
process economics and auxiliary relations) was encoded 
in GAMS (GAMS Software GmbH, release 52.5.0) and 
solved with the nonlinear programming solver CONOPT4 
[22]. The formulation comprises 249 constraints (includ-
ing inequality constraints) and 207 variables, with 58 def-
initional constraints – constraints which can be written as 
a=f(b, c, d, …) and are solved separately after the prob-
lem is optimized. The optimization objective is the mini-
mization of annualized process cost normalized by the 
annual mass of CO₂ captured. 

Because the formulation is nonlinear, solver perfor-
mance depended strongly on variable initializations and 
bounds [23]. To promote convergence we enforced 
physically meaningful upper and lower bounds and initial 
guesses on pressures, temperatures, gas properties and 
Toth parameters (set to their theoretical minima and 
maxima where applicable), and supplied strictly positive 
initial guesses for variables that would otherwise produce 
undefined expressions if equal to null. 

RESULTS AND DISCUSSION 
Tables 3 and 4 present the optimized values of main 

variables. The optimization resulted in no adsorption 
stage having a heat exchanger, with their thermal loads 
being automatically set to null. The external heat ex-
changer at the bottom of the desorption column was also 
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unnecessary to the optimized process. 

Table 3: Optimized values of main global variables. 

Variable Optimized value 
Flue gas flow  mol/s ( Nm/h) 
Flue gas pressure  bar 
Adsorbent flow  kg/s 
Stripping gas flow  mol/s 
Stripping gas temperature  K 
Stripping gas pressure  bar 
Recovered gas flow  mol/s 
CO recovery % 
Internal rate of return % 
Capture cost  USD/tonCO 
Heat pump COP  
Heat pump efficiency  % 
Heat pump electric work  kW 

Table 4: Optimized values of variables per stage. 

Variable 
Adsorption 
bottom 
stage 

Adsorp-
tion top 
stage 

Desorption 
stage 

Pressure  bar  bar  bar 
Tempera-
ture  K  K  K 

CO effi-
ciency % % % 

Porosity  m/m  m/m  m/m 
Minimum 
porosity  m/m  m/m  m/m 

Velocity  m/s  m/s  m/s 
Minimum 
velocity  m/s  m/s  m/s 

Density  kg/m  kg/m  kg/m 
Dynamic 
viscosity 

 
Pas 

 
Pas 

 
Pas 

Solid resi-
dence 
time 

 s  s  s 

Bed height  m  m  m 
Bed diam-
eter  m  m  m 

Stage heat  W  W + kW 
 
The particle Reynolds numbers predicted for both 

adsorption and desorption stages remain low, ranging 
from approximately 2 to 11. These values confirm that the 
solids are readily fluidized and that the column operates 
close to minimum fluidization conditions, particularly in 
the desorption section. They also imply that viscous dis-
sipation and inertial effects contribute comparably to the 
pressure losses associated with gas flow through the 
particulate phase. Under such conditions, a purely 
Stokesian drag description is inadequate, and inclusion 

of both viscous and kinetic terms in the Ergun formulation 
is therefore warranted [24]. 

The minimum fluidization porosity calculated from 
the semi-empirical Ergun correlation is approximately 
0.42, in close agreement with the value of 0.43 reported 
in earlier work [8] and well within the typical 0.40–0.45 
range expected for nearly spherical particles [24]. Super-
ficial gas velocities fall within values commonly reported 
for industrial adsorption operations [25], and the opti-
mized pressure levels across stages further indicate that 
TSA systems can be designed to operate safely at rela-
tively low pressures.  

The findings in this work further support claims that 
capturing CO2 at purities greater than 90% is physically 
as well as economically feasible [10]. Low CO2 mass 
transfer efficiencies in the adsorption stages indicate the 
optimal operating point is a compromise between the 
mass transfer process and economic parameters. 

The objective function value, the CO2 capture cost 
per mass unit, was optimized at 87 USD/tonCO2, a value 
similar to that previously reported by the authors [7] – 
which shows that the economies derived from the effi-
cient thermal management by the heat pump must be ap-
proximately similar to the increased costs of rejecting the 
strong stage-wise equilibrium hypothesis. Increasing the 
number of stages in adsorption resulted in decreased 
capture costs (to ≈76 USD/tonCO2) while producing 
mathematically sound but practically unfeasible beds (of 
a few centimeters high or less). 

In order to evaluate the improvement brought about 
by the energy management through the heat pump in-
stallation, the same process with the same constraints 
and same initial guess was optimized while setting varia-
ble Qout to null. The resulting capture cost was 124 
USD/tonCO2, indicating that the heat pump reduced 
costs by 37 USD/tonCO2 (or about 30%) and is therefore 
essential if the fluidized TSA technology is to find com-
mercial success in the CCS field. 

Figure 2 below shows the annualized costs of equip-
ment, adsorbent and utilities. It is evident that utilities are 
still the main cost drivers for the fluidized TSA CO2 cap-
ture system, comprising approximately half of the total 
annualized cost. However, that is down from 76% of our 
previous estimates [7]. Regarding equipment, the most 
expensive fixed capital investment is the adsorption 
compressor, nearly twice as expensive as its desorption 
counterpart. 

A sensitivity analysis with respect to the effect of 
the electricity cost parameter on the capture cost yielded 
the correlation shown in Figure 3 below. The same initial 
guesses, parameters and constraints were used in each 
simulated process optimization. We observe that the 
overall capture cost increases linearly in a strong corre-
lation with the electricity cost. It also noteworthy that if 
such electricity cost reduces by one order of magnitude 
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from the parameter value used in Table 2, the CO2 cap-
ture cost may be reduced to 50 USD/tonCO2, which sug-
gests that this technology’s economic feasibility may de-
pend on regional utilities availability price.  

 
Figure 2. TSA annualized costs distribution. 

The optimized capture costs obtained in this study, 
spanning approximately 50–87 USD/tonCO2, lie within the 
range reported for several CCS technologies [2, 7] and 
are substantially lower than typical costs associated with 
direct air capture [2, 7]. Although these values remain 
higher than those reported for mature amine-based ab-
sorption processes [7], the corresponding economic per-
formance is encouraging. In particular, the optimized an-
nual internal rate of return reaches about 42% for the 
nominal case at 87 USD/tonCO2 and increases to 64% at 
the lower-cost end of the electricity cost range. These 
results indicate that, despite its current developmental 
stage, fluidized TSA presents a level of economic attrac-
tiveness that justifies continued investigation, detailed 
modeling, and experimental validation. 

 
Figure 3. Sensitivity analysis of electricity cost on 
capture process cost. 

CONCLUSION 
A continuous fluidized TSA with two adsorption 

stages and one desorption stage can reach 96% CO2 pu-
rity and 95.5% CO2 recovery while operating at low, safe 
pressures and near minimum-fluidization hydrodynam-
ics. The optimized nominal capture cost is about 87 

USD/tonCO2, with an internal rate of return of 42%, num-
bers that imply the concept is both physically feasible 
and economically promising. A sensitivity analysis re-
sulted in a positive strongly linear relation between elec-
tricity and capture costs, with the optimized value poten-
tially as low as 50 USD/tonCO2. 

A central technical and economic finding is that ac-
tive thermal management via the heat pump is essential: 
removing the heat pump from the model raises the opti-
mized capture cost from 87 to 124 USD/tonCO2. The op-
timization also reveals trade-offs and practical con-
straints: mass-transfer efficiencies in adsorption stages 
are low, so the economic optimum is a compromise be-
tween increasing contact and the rising equipment and 
utility costs that follow. Increasing the number of adsorp-
tion stages can further reduce modeled capture costs (to 
≈76 USD/tonCO2) but the resulting optimal bed geome-
tries become practically infeasible (very shallow beds). 

In summary, this simulation study supports the 
physical and economic plausibility of a heat-pump-as-
sisted, fluidized continuous TSA system for post-com-
bustion CO2 capture; further model refinement plus ex-
perimental validation is necessary before strong scale-up 
claims can be made. 

Future developments in this work may include add-
ing other costs, considering the effect of flue gas con-
tamination, or enhancing heat exchangers modelling. 
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