
 

1. Introduction 

Anthropogenic carbon dioxide (CO2) emissions remain a pri-

mary driver of climate change and continue to pose a direct chal-

lenge for the power sector and other energy intensive industries. 

Even under accelerated deployment of renewable energy and 

electrification, large stationary point sources such as coal and 

gas fired power plants, cement kilns, steelworks and refineries 

are expected to contribute substantially to residual emissions 

over the coming decades. For this reason, carbon capture, utili-

sation and storage (CCUS) is widely recognised as a key bridg-

ing technology to enable deep decarbonisation while maintain-

ing security of supply and industrial competitiveness. A com-

prehensive review by Markewitz et al. [1] emphasised that 

CCUS deployment must be assessed not only in terms of capture 

efficiency, but also in terms of system integration, energy pen-

alty and the implications for the entire energy chain. 

From an engineering and policy perspective, the major bar-

rier to large‑scale CCUS implementation has consistently been 

the  cost  and  energy  demand  of  capture, particularly for post- 
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Abstract 

This article presents experimental verification of CO2 capture from flue gases generated in a pulverised coal-fired power 
boiler. The tests were carried out using a pilot-scale moving bed temperature swing adsorption system installed in an operating 
coal-fired power plant (Skawina Power Plant). Activated carbon in the form of beads was used as the adsorbent due to its 
developed microporous structure, large specific surface area and excellent mechanical resistance under conditions of contin-
uous circulation. The installation enables treatment of a flue gas stream with a volumetric flow rate of up to 50 m³/h. The 
supplied flue gas, composed mainly of N2 and CO2, was extracted downstream of the plant’s gas-cleaning system. Two recent 
measurement campaigns were analysed under variable inlet CO2 concentrations (4.81–7.16 vol.%; it depends on the operation 
of the power plant, so it cannot be controlled by researchers), different flue gas flow rates and varying sorbent mass flow rates. 
Under quasi-steady-state operating conditions, a capture efficiency of 50–60% was achieved at an inlet CO2 concentration of 
6–7% by volume, with an average energy consumption of 55.3 MJ/kgCO2. A second series of measurements confirmed the 
high sensitivity of capture efficiency to the ratio of sorbent mass flow rate to flue gas flow rate and to regeneration conditions. 
The results demonstrate the technical feasibility of moving bed temperature swing adsorption operation under actual coal-
fired power plant conditions; however, significant optimisation of heat integration, process configuration and sorbent man-
agement is necessary to reduce energy requirements to a level compatible with industrial implementation. 
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Nomenclature 

CO2‒ CO2 concentration in the flue gas, %  

mCC‒ mass of CO2 captured from the flue gas, kgCO2 

Q ‒ thermal energy supplied via steam for sorbent regeneration, MJ 

 

Greek symbols 

ζ – energy consumption of CO2 capture, MJ/kgCO2  

𝜂 – CO2 capture efficiency, % 

 

Subscripts and Superscripts 

in – before contact with adsorbent  

out – after contact with the adsorbent  

 

Abbreviations and Acronyms 

BAC – ball-shaped activated carbon   

CCS – carbon capture and storage  

CCUS – carbon capture, utilisation and storage 

CO2 – carbon dioxide  

IGCC – integrated gasification combined cycle 

MBTSA– moving bed temperature swing adsorption  

MEA – monoethanolamine  

MOF – metal-organic frameworks 

PSA – pressure swing adsorption   

SCADA– supervisory control and data acquisition 

TSA – temperature swing adsorption  

VSA – vacuum swing adsorption  

VTSA – vacuum temperature swing adsorption  

combustion flue gas streams where CO2 is diluted in nitrogen, 

and where the treated gas flow rates are large. Rubin et al. [2] 

showed that capture dominates the levelised cost of carbon cap-

ture and storage (CCS) for power generation and that cost reduc-

tions depend strongly on both process intensification and inte-

gration opportunities at the plant level. For pulverised coal units, 

retrofitting post‑combustion capture remains an attractive route 

because it can, in principle, be implemented without radical 

modifications to the boilers and turbines system.  

Aqueous amine absorption (most commonly monoethanola-

mine (MEA) based) remains the benchmark technology for 

post‑combustion CO2 capture due to its technological maturity 

and demonstrated performance. Rochelle’s [3] widely cited re-

view pointed out that amine scrubbing is robust and industrially 

proven, but also highlighted the fundamental thermodynamic 

minimum work and the practical need to reduce energy con-

sumption through solvent and process improvements. In prac-

tice, the regeneration duty and the associated steam extraction 

reduce power output and may complicate part‑load operation. 

These limitations motivate continuous research into alternative 

capture concepts that could reduce the energy penalty, mitigate 

solvent degradation, and simplify operation and maintenance. 

At the industrial scale, the Shell CANSOLV process pro-

vides an important reference point for post-combustion CO2 

capture based on regenerable amine absorption. The first com-

mercial applications of this technology demonstrated high CO2 

capture performance and high product purity [4]. 

Post‑combustion capture options include chemical absorp-

tion, physical adsorption, membrane separation, and hybrid con-

figurations combining several mechanisms. In a broad review of 

post‑combustion carbon capture, Chao et al. [5] underlined that 

no single technology is universally optimal; instead, perfor-

mance depends on flue gas composition, required CO2 purity 

and recovery, integration constraints, and site‑specific econom-

ics. Within this landscape, adsorption‑based approaches have at-

tracted increasing attention because regeneration can be driven 

by temperature and/or pressure changes, and because solid 

sorbents can potentially avoid some drawbacks of liquid sol-

vents (corrosion, solvent losses, and oxidative/thermal degrada-

tion). 

The viability of adsorption‑based CO2 capture depends on 

two coupled elements: the intrinsic properties of the sorbent (ca-

pacity, selectivity, kinetics, stability) and the process design 

(contactor configuration and regeneration strategy). Choi  

et al. [6] provided an early, influential review of sorbent classes 

for large point sources, discussing activated carbons, zeolites, 

alkaline oxides, hydrotalcites, amine‑functionalised solids and 

metal‑organic frameworks (MOFs), and highlighted that process 

design constraints often dominate material selection when mov-

ing from laboratory to industrial scales. In a later review focused 

specifically on post‑combustion capture using solid sorbents, 

Samanta et al. [7] stressed the importance of cyclic stability, tol-

erance to moisture and impurities, and the practical challenges 

of scaling fixed‑bed systems, including pressure drop and heat 

management. More recently, Raganati et al. [8] summarised the 

state of adsorption‑based post‑combustion capture, emphasising 

that regeneration strategy and heat integration determine much 

of the overall energy penalty and capture cost. 

The development of advanced sorbents remains an active 

area of research, especially for low CO2 partial pressures where 

high selectivity is required. D’Alessandro et al. [9] discussed the 

prospects and limitations of new porous materials for CO2 sep-

aration, noting that improved materials must be evaluated under 

realistic operating conditions, including temperature, humidity 

and exposure to contaminants. In a recent review, Kong  

et al. [10] compared carbon sorbents, zeolites and MOFs for 

post-combustion capture, highlighting recurring trade-offs: zeo-

lites and some MOFs exhibit high efficiency and selectivity but 

can be sensitive to water, while carbonaceous materials are gen-

erally more resistant to moisture and contamination but may ex-

hibit lower selectivity and operating efficiency under flue gas 

conditions. 

From a process standpoint, adsorption cycles can be broadly 

classified as pressure swing adsorption (PSA), vacuum swing 

adsorption (VSA), temperature swing adsorption (TSA), and 

combined VTSA cycles. TSA is particularly relevant for 

near‑atmospheric flue gas because it avoids deep vacuum oper-

ation and can allow us to use waste heat; yet, TSA can suffer 

from slow heating and cooling rates, large thermal inertia and 

high heat demands. Clausse et al. [11] performed a numerical 

parametric study on indirect TSA for post‑combustion capture, 

and demonstrated that cycle performance is strongly affected by 

the regeneration temperature, purge conditions and heat transfer 

characteristics, with energy consumption being a central con-

straint for industrial relevance. Earlier, Bonjour et al. [12] inves-

tigated a TSA process with indirect heating and cooling, and dis- 
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cussed how internal heat exchanger design and scaling influence 

specific heat consumption, providing a process‑intensification 

perspective directly relevant to pilot‑ and industrial‑scale sys-

tems. 

Thermodynamic analyses of integrated gasification com-

bined cycle (IGCC) systems with pre-combustion, post-combus-

tion and oxy-fuel configurations make a significant contribution 

to the assessment of the efficiency of coal-fired power plants in-

tegrated with CCS systems. Kindra's et al. [13] work provides  

a comparative analysis of these variants using simulation mod-

els, showing that the highest net efficiency (47.2%) can be 

achieved in an IGCC system with pre-combustion capture, as-

suming effective thermal integration of the synthesis gas prepa-

ration section, while the oxy-fuel configuration minimises CO2 

emissions (approx. 9 g/kWh), but at the cost of a significant drop 

in efficiency to 36.3%. These results clearly indicate that the 

competitiveness of CCS technology is primarily determined by 

the energy balance of the system and the extent of heat recovery. 

However, it should be emphasised that the presented analyses 

are model-based and refer to fixed operating conditions, which 

justifies the need for experimental research conducted under real 

conditions, allowing for the verification of the assumptions 

made and the assessment of operational limitations, in particular 

with regard to adsorption processes. 

Beyond the choice of the cycle, it is increasingly recognised 

that meaningful comparisons between the capture technologies 

require consistent performance metrics: capture rate, product 

purity, productivity and specific energy consumption (thermal 

and/or electrical), ideally evaluated under comparable boundary 

conditions. Zhao et al. [14] proposed performance analysis 

frameworks for TSA systems and emphasised the role of ther-

modynamic benchmarking when interpreting reported energy 

demands. In a comprehensive evaluation of TSA for post‑com-

bustion capture, Zhao et al. [15] further highlighted that the ap-

parent energy penalty depends not only on the heat of adsorption 

but also on the heat capacity of the sorbent and the overall heat 

management of the contactor and auxiliaries. This is particularly 

important for systems aiming at continuous or quasi‑continuous 

operation, where thermal integration is an explicit design objec-

tive. 

Moving bed temperature swing adsorption (MBTSA) has 

been proposed as an approach to overcome some intrinsic limi-

tations of fixed‑bed TSA. The key concept is continuous circu-

lation of the adsorbent through spatially separated sections for 

adsorption, heating (desorption) and cooling, which can reduce 

pressure drop in the adsorption zone and potentially improve 

heat transfer by decoupling the thermal front from the gas‑phase 

pressure constraints. Mondino et al. [16] developed and ana-

lysed MBTSA configurations for post‑combustion capture in 

a coal‑fired power plant context and showed that process modi-

fications, particularly gas recirculation from the desorption sec-

tion, can substantially improve CO2 purity and capture rate com-

pared to simple baseline configurations. In a later study, Mon-

dino et al. [17] investigated MBTSA as an alternative to absorp-

tion for natural gas combined cycle plants, where the CO2 partial 

pressure is typically low, demonstrating that MBTSA can be 

competitive when integrated at the plant level and when the cap- 

ture process auxiliaries are fully accounted for. More recently, 

MBTSA was assessed for a waste‑to‑energy application, with 

a clear focus on internal heat recovery and experimentally in-

formed heat‑transfer correlations, reinforcing that heat transfer 

and thermal integration remain decisive factors for the practical 

feasibility of the concept [18]. 

A concept utilising a fixed sorbent in continuous mode for 

CO2 capture has also been developed by Kawasaki; in this sys-

tem, the process relies on a porous, amine-impregnated material 

regenerated with low-temperature steam, which differs signifi-

cantly from the spherical activated carbon used in the current 

MBTSA plant. In early moving-bed tests, CO2 was captured 

from coal-combustion exhaust gas using steam at approximately 

60°C, with a reported CO2 product concentration of at least 95%, 

whereas later parametric tests were performed on a 5 tCO₂/day 

moving-bed unit [19,20]. These studies indicate that the mov-

ing-bed configuration itself can be technically feasible, but they 

also show that process performance is strongly dependent on 

sorbent chemistry, regeneration strategy and heat integration.  

While modelling studies provide critical insights into pro-

cess design space, experimental evidence under real flue gas 

conditions remains essential. Flue gas contains water vapour and 

trace contaminants, exhibits temporal variability and imposes 

operational constraints that are often simplified or ignored in 

simulations. Pilot scale adsorption capture using multi-layer 

VSA/VPSA or MBTSA configuration (described in the next 

chapters) has been demonstrated at coal-fired power plants, 

providing valuable benchmarks for actual performance. Liu  

et al. [21] reported on onsite CO2 capture from coal‑fired flue 

gas using an adsorption process after dehydration, demonstrat-

ing high CO2 purity and recovery in a multi‑bed cycle and re-

porting experimentally measured energy consumption under 

plant integrated conditions. In a related short communication, 

Wang et al. [22] experimentally evaluated adsorption capture in 

an existing coal‑fired power plant and showed that dehumidifi-

cation and real‑gas operation are central to stable performance 

and energy consumption. These studies underscore the im-

portance of plant‑level constraints and provide context for inter-

preting energy metrics obtained in pilot systems. 

For adsorption‑based capture from flue gas, moisture is 

a dominant factor affecting cycle performance. Activated car-

bons are often considered advantageous in wet conditions due to 

their relatively hydrophobic character compared to many zeo-

lites. Xu et al. [23] investigated the effects of water vapour on 

CO2 capture using activated carbon in VSA operation and 

demonstrated that, even when CO2/N2 separation remains feasi-

ble, moisture can increase energy consumption and complicate 

cycle optimisation. Consequently, pilot‑scale evaluation under 

real flue gas conditions should clearly consider humidity man-

agement, thermal inertia and the stability of the sorbent under 

repeated cycling. 

Another central but frequently underestimated contributor to 

energy penalty in TSA/MBTSA systems is the sensible heat re-

quired to raise and lower the temperature of the circulating solid 

phase. Even when the heat of adsorption is moderate, a high 

sorbent heat capacity or excessive thermal mass in the contactor 

can lead to large regeneration duties. Querejeta et al. [24] sys- 
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tematically measured heat capacities of activated carbons in the 

temperature range relevant for TSA‑based CO2 capture and con-

cluded that selecting and/or modifying carbon materials to re-

duce heat capacity can be an effective strategy to lower regener-

ation energy demand. This insight is directly relevant for mov-

ing bed concepts, where continuous sorbent circulation ampli-

fies the impact of solid‑phase thermal properties. 

In addition to the international studies discussed above, 

Polish pilot and demonstration projects provide important quan-

titative benchmarks for assessing post-combustion CO2 capture 

processes under real-world flue gas conditions. Pilot tests based 

on the amine process, carried out at the Łaziska Power Station, 

enabled the removal of over 19 000 kg of CO2 over approxi-

mately 550 hours of operation and demonstrated the practical 

significance of mobile pilot installations integrated with coal-

fired units [25]. Earlier Polish studies on amine-based post-com-

bustion CO2 capture reported a pilot plant capacity of up to  

200 Nm³/h of flue gas [26].  

These studies are complemented by national energy and eco-

nomic analyses of CO2 capture installations using monoethano-

lamine and ammonia, which indicate that the choice of absor-

bent significantly affects the heat demand for regeneration and 

the cost of the process [27]. In the case of adsorption-based cap-

ture methods, Polish research into DR-VPSA was carried out 

using actual flue gases, a four-column adsorption system and 

a complete gas pre-treatment line, comprising dust removal, 

cooling, desulphurisation, denitrification, drying and compres-

sion [28]. The long-term performance of activated carbon in 

a pilot DR-VPSA plant was also analysed over 808 hours under 

real flue gas conditions [29]. These results are relevant to the 

present MBTSA study, as they show that capture efficiency 

must be interpreted in conjunction with gas conditioning, 

sorbent durability, regeneration stability, pressure drops, heat re-

covery and auxiliary energy requirements.  

In the next chapters, this paper presents an experimental per-

formance of CO2 capture using a pilot MBTSA system installed 

in an operating pulverised coal-fired power plant (Skawina 

Power Plant, Poland). The installation processes actual flue gas 

taken from the end of the existing purification installation and 

uses ball-shaped activated carbon (BAC) as a mechanically ro-

bust sorbent suitable for continuous circulation. The scope of the 

experiment focuses on determining the capture efficiency at dif-

ferent CO2 inlet concentrations and flow conditions, and calcu-

lating the energy consumption associated with thermal regener-

ation using a heat source integrated with the power plant and 

operating data recorded by the SCADA system. This experi-

mental analysis complements previous work comparing 

MBTSA simulations with experimental observations for the 

same installation [30]. 

2. Description of the research facility 

As part of the conducted research, a specially designed pilot in-

stallation for CO2 capture from flue gas was employed. The sys-

tem enables treatment of a flue gas stream with a volumetric 

flow rate of up to 50 m³/h. The process was implemented using 

the MBTSA technology. The installation was connected to the 

flue gas duct of a pulverised coal-fired boiler downstream of the 

existing gas-cleaning units. As a result, the supplied gas stream 

consisted predominantly of N2 and CO2. A specially prepared 

ball-shaped activated carbon (BAC), manufactured by Kureha 

[31], was used as the adsorbent. The sorbent circulates continu-

ously between three main process sections: the adsorption sec-

tion, where CO2 and partially N2 are captured; the regeneration 

section, in which the sorbent undergoes thermal desorption; and 

the cooling section. Material transport between the columns is 

carried out by insulated belt conveyors, which receive the 

sorbent after its passage through each process section. 

2.1. Description and purpose of individual sections  

of the facility 

The pilot installation consists of three main process sections en-

abling continuous CO2 capture from flue gas using the tempera-

ture swing adsorption concept. Each section is equipped with 

a rotary valve that ensures controlled sorbent flow by allowing 

gradual discharge at the bottom of the column. The combination 

of bed level sensors and frequency inverters enables automatic 

adjustment of the rotational speed of the rotary valves. Since the 

belt conveyors operate at constant speed, regulation of sorbent 

dosing via the rotary valves makes it possible to vary the sorbent 

mass flow rate while maintaining predefined filling levels in 

each process section. 

The three principal sections of the installation (Fig. 1) are 

described below in the order corresponding to sorbent circula-

tion, excluding mechanical transport elements: 

1. Adsorption section (reactor).  

The adsorption section consists of a sealed, cylindrical col-

umn with plastic walls and filled with Mellapak™ struc-

tured packing. Within the column, upward-flowing flue gas 

comes into contact with adsorbent particles descending un-

der gravity, resulting in adsorption of CO2 onto the sorbent 

surface. The flue gas is introduced at the bottom of the col-

umn and, under slight overpressure, exits at the top. The 

sorbent is supplied from the top and flows downward to the 

bottom of the column. The application of Mellapak™ 

structured packing ensures uniform distribution of both gas 

and solid phases and extends gas–solid contact time.  

2. Regeneration/heating section.  

The regeneration section consists of a thermally insulated 

column in which the sorbent undergoes thermal desorption 

at a temperature of approximately 180°C, required for ef-

fective regeneration of the activated carbon. Three shell 

and tube heat exchangers are installed inside the column. 

The upper heat exchanger forms part of a closed internal 

heat recovery loop. It transfers energy between the regen-

eration and cooling sections, enabling preheating of the in-

coming sorbent while simultaneously recovering heat from 

the cooling column. The remaining two heat exchangers 

operate in series. Saturated steam extracted from the tur-

bine, with parameters of approximately 190°C and  

1.3 MPa, is supplied to the lower exchanger. The steam 

condenses while transferring heat to the sorbent. The re-

sulting condensate is then directed to the middle exchanger, 

where its temperature decreases to approximately 121°C. 

The desorbed gas stream, consisting primarily of CO2 and 
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N2, is removed through an outlet equipped with a fan gen-

erating slight underpressure, ensuring stable evacuation of 

the desorption gases from the system. 

3. Cooling section.  

The final section of the installation is a thermally insulated 

column designed to reduce the sorbent temperature to re-

store its adsorption capacity prior to re-entry into the ad-

sorption section. Two shell and tube heat exchangers are 

installed within this column. The upper exchanger is inte-

grated into the previously described internal heat recovery 

loop, while the lower exchanger provides direct cooling of 

the sorbent. Cooling water at approximately 15°C flows 

through the lower heat exchanger, enabling reduction of the 

sorbent temperature to below 25°C before it returns to the 

adsorption section. 

Figure 1 presents the pilot installation viewed from the con-

veyor connecting the cooling section, visible as the insulated 

column on the left, with the adsorption section, visible as the 

column on the right. The regeneration section is located on the 

opposite side of the facility and is only partly visible in the pho-

tograph. One belt conveyor transfers the activated carbon from 

the adsorption section to the regeneration section, while another 

conveyor transports the regenerated sorbent from the regenera-

tion section to the cooling section. The silver-coloured cladding 

visible on the regeneration section, the cooling section and the 

conveyor between these sections protects and stabilises the min-

eral-wool insulation, ensuring continuity and high effectiveness 

of thermal insulation. Due to the presence of supporting struc-

tures and other power plant equipment, capturing a complete 

view of the installation in a single photograph is not feasible.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A simplified process scheme of the installation is shown in 

Fig. 2. The scheme illustrates the main circuits present in the 

CO2 capture system, including the flue gas path, sorbent circu-

lation loop, heating medium circuit, cooling-water circuit and 

CO2-rich gas outlet. The sections connecting the bottom of one 

column with the top of the next column represent belt conveyors 

used for transporting the activated carbon between the process 

sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The flue gas is introduced into the lower part of the adsorp-

tion reactor and is withdrawn from the upper part of the reactor 

under a slight negative pressure. In the upper parts of the regen-

eration and cooling sections, heat exchangers filled with circu-

lating water form an internal heat-recovery loop between these 

two sections. In the middle and lower parts of the regeneration 

section, additional heat exchangers are installed. Saturated 

steam extracted from the turbine is supplied to the inlet of the 

lower heat exchanger, where it condenses while transferring 

heat to the activated carbon. The condensate then flows through 

the middle heat exchanger and is subsequently discharged to the 

condensate tank, where it is cooled before being released to the 

drainage system. The CO2-rich gas released from the activated 

carbon during thermal desorption is extracted by a small fan and 

discharged from the installation. In the lower part of the cooling 

section, a heat exchanger supplied with cold water is used to re-

duce the temperature of the regenerated sorbent before it returns 

to the adsorption section. After leaving the cooling section, the 

water is directed to the condensate tank, where it assists in re-

ducing the condensate temperature before discharge to the drain-

age system. 

2.2. Structural layout of the research facility 

The pilot installation was designed in a triangular configuration, 

in which the three main process sections (adsorption, regenera-

tion and cooling) are located at the vertices of a triangle, while 

the sorbent transport system forms its sides. This arrangement 

enabled efficient utilisation of the available space and ensured 

compliance with structural constraints associated with installing 

the system inside an existing building. The adopted layout also 

provides protection of the installation components against ad-

verse environmental conditions and facilitates operation and 

maintenance. A vertically stacked configuration was initially 

considered, as it would have theoretically reduced the number 

of required belt conveyors. However, this option exceeded the 

available floor height and permissible structural load limits, and 

was therefore rejected at the design stage. 

 

Fig. 1. Illustrative photograph of research facility. 

 

Fig. 2. Scheme of research facility. 
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2.3. Characteristics of flue gases feeding the system 

The flue gas supplied to the adsorption section originated from 

a power boiler operating under real plant conditions. Conse-

quently, its chemical composition exhibited continuous variabil-

ity, resulting in significant fluctuations in the carbon dioxide 

(CO2) concentration within the analysed stream. The recorded 

volumetric CO2 concentrations ranged from 4,81% to 7.16%, 

which is considerably lower than the values assumed at the de-

sign stage of the pilot installation. The CO2 concentration in the 

flue gas was measured using a Vaisala CARBOCAP® GMP251 

probe based on infrared (IR) absorption technology. 

2.4. Information about the adsorbent 

Activated carbon was selected as the sorbent material primarily 

due to its favourable thermo-physical properties, in particular its 

relatively high heat transfer coefficient on the solid side, re-

ported in the range of 69–117 W/(m2·K) [17]. An additional fac-

tor influencing this choice was its superior mechanical strength 

compared with alternative sorbents such as zeolite 13X. 

Although zeolites exhibit more favourable adsorption char-

acteristics, resulting in lower specific energy consumption in 

MBTSA processes, their practical applicability remains limited. 

Simulation studies indicate that the specific energy demand for 

zeolite 13X may reach approximately 2.3 MJ/kg CO2 [16], 

whereas for activated carbon it is estimated at approximately  

5.7 MJ/kg CO2 [17]. However, commercially available zeolites 

are characterised by relatively low mechanical strength and high 

brittleness, leading to rapid degradation under continuous circu-

lation conditions. This makes their application in MBTSA sys-

tems currently impractical. 

The thermo-physical properties of the activated carbon have 

been reported in the literature [17,31]. Its principal characteris-

tics are summarised in Table 1, while a photograph of the mate-

rial in its original packaging is presented in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Analysis of experimental results  

The experimental results are presented in graphical form and in-

clude both direct measurements obtained from the pilot installa-

tion and values calculated on the basis of these measurements. 

All data were acquired and archived using a SCADA (supervi-

sory control and data acquisition) system, which enables contin-

uous monitoring of process parameters based on signals from 

sensors installed throughout the installation. 

Figures 4 and 5 present selected measurement data recorded 

during operation of the pilot unit, including: 

 CO2 concentration in the flue gas at the inlet and outlet of 

the adsorption section (Figs. 4a and 5a), 

 mass flow rate of the activated carbon (Figs. 4b and 5b), 

 volumetric flow rate of the supplied flue gas (Figs. 4b  

and 5b). 

In addition, two key performance indicators were deter-

mined based on the recorded data: 

 CO2 capture efficiency (η), defined as the relative reduction 

in CO2 concentration in the flue gas after contact with the 

sorbent. This parameter was calculated according to the fol-

lowing equation: 

 𝜂 = 1 −
CO2,𝑜𝑢𝑡

CO2,𝑖𝑛
, (1) 

where: η  CO2 capture efficiency [%], CO2,out  CO2 con-

centration in flue gas after contact with the adsorbent [%], 

CO2,in  CO2 concentration in flue gas before contact with 

the adsorbent [%], 

 energy consumption of the CO2 capture process (ζ), defined 

as the ratio of the total heat supplied for sorbent regenera-

tion to the mass of captured CO2: 

 ζ =
𝑄

𝑚𝐶𝐶
, (2) 

where: ζ  energy consumption of CO2 capture 

[MJ/kgCO2], Q  thermal energy supplied via steam for 

sorbent regeneration [MJ], mCC  mass of CO2 captured 

from the flue gas [kgCO2]. 

Figure 4 presents the results of measurements and calcula-

tions performed on 8 March 2024. Although these are not the 

earliest available datasets, it should be noted that the activated 

carbon used during this campaign had already been subjected to 

significant prior operation (several dozen hours of circulation 

within the system). Consequently, partial sorbent degradation 

and a reduction in adsorption performance were expected. 

The results presented correspond to an approximately 30-mi-

nute segment of measurement data selected from the analysed 

day. This period was chosen because it represented the longest 

uninterrupted operation of the installation under a constant acti-

vated carbon mass flow rate and a relatively stable flue gas vol-

umetric flow rate (Fig. 4b). This approach limited the influence 

of transient operating conditions on CO2 capture efficiency and 

specific energy consumption. As shown in Fig. 4a, the CO2 con-

centration in the flue gas entering the adsorption column varied 

within the range of 6–7%, while the outlet concentration aver-

aged approximately 3%. This corresponded to a capture effi- 

 

Fig. 3. BAC-type activated carbon: a) in its original packaging;  

b) spilled out on a paper. 

Table 1. Selected parameters of activated carbon [32].  

Shape Specific surface area 
Average particle 

diameter 
Hardness 

Spherical 1100-1300 m2/g ≈0,7 mm ≥95% 

 

https://www.editorialsystem.com/editor/aot/article/580987/view/
https://www.editorialsystem.com/editor/aot/article/580987/view/
https://www.editorialsystem.com/editor/aot/article/580987/view/


Experimental verification of the effectiveness of CO2 capture from flue gas after pulverised coal combustion 

 

11 
 

ciency of 50–60% during most of the analysed interval. At the 

same time, a high specific energy consumption was observed 

(Fig. 4c), with a median value of 55.3 MJ/kgCO2, which must 

be considered unfavourable from the standpoint of energy per-

formance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 presents the results obtained on 17 April 2024. Dur-

ing the period between the two measurement campaigns, the in-

stallation remained inactive, and no fresh sorbent was intro-

duced into the circulation loop, implying further physico-chem-

ical degradation of the activated carbon. In contrast to the rela-

tively stable conditions shown in Fig. 5, the time interval pre-

 

 

 

Fig. 4. Results obtained on 8 March 2024: a) CO2 concentration in the inlet and outlet flue gas streams and corresponding capture efficiency;  

b) volumetric flow rate of the flue gas and mass flow rate of the activated carbon; c) specific energy consumption of the capture process. 
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sented in Fig. 5b exhibits noticeable variability in both the acti-

vated carbon mass flow rate and the flue gas volumetric flow 

rate. These variations directly affected the CO2 concentration at 

the reactor outlet. A decrease in flue gas flow rate or an increase 

in sorbent feed resulted in improved capture efficiency, whereas 

the opposite changes led to a reduction in performance.  

Pronounced changes in specific energy consumption were  

 

also observed (Fig. 5c); however, its response was less immedi-

ate. The specific energy demand exhibited a delayed reaction to 

variations in the sorbent mass flow rate, which can be attributed 

to system inertia, including gradual sorbent dosing through the 

rotary valve and the dynamic behaviour of the internal heat re-

covery loop.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Significant variations in the operating parameters of the in-

stallation may substantially affect data interpretation, particu- 

 

larly when datasets covering periods longer than two hours are 

analysed with a time resolution of 30 s. In contrast, results  
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obtained over shorter intervals with a 15 s sampling step allow 

for more detailed analysis of transient effects occurring after 

changes in key operating conditions. 

4. Conclusions  

The analysis of results obtained from the two measurement se-

ries clearly indicates a significant influence of the activated car-

bon mass flow rate on the efficiency of the CO2 adsorption pro-

cess. Although increasing the sorbent feed appears to be  

a straightforward method for improving capture efficiency, it 

may simultaneously lead to higher specific energy consumption 

and an increased risk of insufficient heating of the sorbent to the 

required regeneration temperature. Under the investigated ex-

perimental conditions, the specific energy demand reached very 

high values, representing a major barrier to potential industrial 

implementation of the technology. For this method to become 

attractive from both economic and environmental perspectives, 

a substantial reduction in regeneration energy consumption is 

essential. Inadequate heating of the activated carbon results not 

only in incomplete sorbent regeneration, leading to reduced ad-

sorption capacity, but also in gradual cooling of the internal heat 

recovery circuit. This effect may further deteriorate the overall 

energy balance of the installation and hinder the achievement of 

stable operating conditions. 

It should also be pointed out that the presented results were 

obtained using the sorbent that had already operated in the cir-

culation loop for several hours, implying a reduction in its initial 

adsorption performance. Previous studies [31] have reported 

significantly higher CO2 capture efficiencies, reaching approxi-

mately 76%, together with lower specific energy consumption 

of about 25 MJ/kgCO2, when partial replacement of activated 

carbon was implemented during operation. 

In light of these observations, further optimisation of the 

MBTSA technology appears justified, both in terms of installa-

tion design and sorbent selection. One potential development 

pathway is the reconstruction of the system into a vertically 

stacked configuration, in which the individual process sections 

would be arranged one above another. Such a layout could re-

duce heat losses associated with sorbent transport between sec-

tions and decrease the risk of leakage through flexible compo-

nents (e.g. seals), which may allow ingress of cold and humid 

ambient air. In parallel, further investigations of alternative 

commercial sorbents are recommended, particularly those offer-

ing lower regeneration energy demand, higher CO2 selectivity, 

and mechanical durability comparable to that of activated car-

bon. 

The obtained results should also be considered in the broader 

context of Polish pilot and demonstration experience. Compared 

with Polish pilot tests based on amine processes, in which CO2 

removal above 90% and large cumulative amounts of captured 

CO2 were reported [25], the results obtained in the present 

MBTSA study confirm the technical feasibility of conducting an 

adsorption-based CO2 capture process using real flue gas from 

coal combustion. At the same time, however, they indicate much 

stronger limitations related to regeneration energy and solid-

phase heat management. The measured capture efficiency of ap-

proximately 50–60% at an inlet CO2 concentration of 6–7 % vol. 

and the median specific energy consumption of 55.3 MJ/kgCO2 

indicate that the investigated configuration is not yet energeti-

cally competitive with mature absorption-based processes. At 

the same time, the previous result of approximately 76% capture 

efficiency and about 25 MJ/kgCO2 after partial replacement of 

the activated carbon shows that this technology is highly sensi-

tive to sorbent condition, heat recovery efficiency and operating 

parameters. Therefore, the practical assessment of MBTSA 

technology should include not only instantaneous capture effi-

ciency, but also sorbent ageing, regeneration completeness, 

steam parameters, cooling demand, heat losses during sorbent 

transport, internal heat recovery, leaks leading to the intake of 

cold and humid ambient air, and long-term operational stability 

[30]. 

Against the background of the international literature, it 

should only be noted that mature amine absorption processes, 

such as Shell CANSOLV [4] and moving-bed systems devel-

oped by Kawasaki [19,20], confirm the key importance of 

sorbent type, regeneration strategy and thermal integration for 

the achieved CO2 capture performance. 

At the same time, the results obtained in the present MBTSA 

installation cannot be directly compared on a one-to-one basis 

with results reported for other pilot and demonstration CO2 cap-

ture installations [25−30]. These installations were based on dif-

ferent capture methods, including primarily amine absorption 

and cyclic adsorption processes, and they also differed in pro-

cess configuration, scale, operating pressure, regeneration strat-

egy, heat source, gas pretreatment requirements and perfor-

mance assessment indicators. Moreover, the experimental cam-

paign described in this study revealed a number of design and 

construction imperfections in the investigated installation that 

may have adversely affected the measured capture efficiency 

and specific energy consumption. These include excessive heat 

losses during sorbent transport, possible air intake through flex-

ible connections and sealing elements, non-uniform heating of 

the circulating activated carbon, incomplete regeneration, limi-

tations of the internal heat recovery system and process sensitiv-

ity to sorbent ageing and dosing stability. Therefore, before the 

obtained results can be used for a reliable quantitative compari-

son with other demonstration studies, the identified design and 

construction problems should be eliminated, and the installation 

should be retested under repeatable operating conditions with 

clearly defined boundary parameters. 
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