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A B S T R A C T   

Due to burgeoning carbon dioxide (CO2) emission, adsorption post-combustion capture technology gathers 
momentum. Cost-effective adsorbents with prominent performance draw more attention. Thus, a novel KOH 
activation biomass-derived activated carbon, i.e. BBC-KOH, is developed and investigated in terms of textural 
properties, adsorption/desorption temperatures, desorption heat and cyclic stability. A techno-economic 
assessment of a solar-assisted coal-fired power plant integrated with temperature swing adsorption process is 
conducted to evaluate potential merits in a practical application. Results demonstrate that BBC-KOH could 
perform an excellent adsorption capacity (1.50 mmol⋅g− 1 at 25 ◦C) with a low desorption temperature (1.42 
mmol⋅g− 1 at 70 ◦C) and could be desorbed completely at 80 ◦C, i.e. 1.54 mmol⋅g− 1. Compared with solar-assisted 
coal-fired power plant systems using monoethanolamine and polyethyleneimine/silica, carbon emission in-
tensity, levelized cost of electricity and cost of CO2 removed of the system using BBC-KOH always show the best 
performance, corresponding to 93.22 g⋅kWh− 1, 59.19 USD⋅MWh− 1 and 14.12 USD⋅tonCO2

-1 , respectively. It reveals 
that BBC-KOH may be a potential solution to carbon capture with low capital cost, low regeneration temperature 
and excellent adsorption capacity.   

1. Introduction 

Greenhouse gases (GHG) trap solar energy and are the crucial link 
between temperature rise and human activities. Emissions from the 
burning of fossil fuels have been trapping heat in the atmosphere since 
the start of industrial era, limiting future incremental increases is 
extremely challenging [1]. Carbon capture from flue gas post- 
combustion is a critical method to mitigate global warming and its 
associated problems, such as melting glaciers, rising sea levels, and 
climate anomalies [2]. 

Among post-combustion carbon capture technologies, adsorption 
draws burgeoning attention which maybe comparable to current mon-
oethanolamine (MEA) absorption [3]. To achieve an efficient and cost- 
effective carbon capture process, adsorbents with high efficiency, 
selectivity, and stability are desirable. Historically, liquid adsorbents (e. 
g. NH4OH, KOH) have been used in industrial carbon capture due to the 
acidity of CO2 gas [4]. Disadvantages of liquid sorbents are unabiding 
working life and etching to facilities [5]. Solid adsorbents for CO2 

capture are also suitable for promising candidates due to their lower 
cost, better stability, and less waste production than liquid sorbents. 
Porous materials such as metal-organic frameworks (MOF) [6], zeolite 
[7], N-doped porous carbons [8,9] and carbonous materials [10,11] can 
act as solid physisorption adsorbents to fix ambient CO2 inside the 
materials. One promising solid sorbent for carbon capture is biochar 
[12]. The report by Lehmann [7] estimated that utilization of biochar as 
sorbents had the potential to absorb up to 1 gigatons tons (Gt) of GHG 
per year, which was more than 10% of total global emissions. As a result, 
biochar is expected to play a significant role in terms of future carbon 
sequestration. 

For biochar, a variety of biomass wastes can be used as a feedstock, 
such as agricultural waste [13], animal husbandry waste [14], and 
municipal sludge [15]. In addition, the use of biochar promotes the 
management of biomass wastes for biochar production, such as corn 
stalks and animal husbandry biological residues. Biochar can be gener-
ated after biomass pyrolysis at high temperatures and inert atmosphere 
[16]; flexibility of capture properties by adjusting the pyrolysis process 
makes the biochar applied in carbon capture. In addition, properties of 
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biochar such as surface area, porosity and surface functional groups 
need to be further improved to enhance CO2 capture [17]. Thereby, 
biochar activation and surface modification are necessary to generate an 
excellent efficiency adsorbent applied in carbon capture. Adsorbents’ 
morphology and textural depend on the choice of activation agents. 
Typically, chemical (e.g. acids, alkalines, molten salts) activation 
[18,19] and physical (e.g. CO2, H2O) activation [12,20] are the main 
activation measures to enhance the adsorbents’ CO2 capacity. Chemical 
activation, in comparison to physical gas activation, generally results in 
more porous biochar materials under more temperate conditions (like 
lower temperature). For example, Mokaya [21] has reported that the 
KOH activation method could be a promising method for generating 
biochar for high-performance CO2 capture and storage. In recent years, 
bamboo charcoal has been recognized as regenerative biochar phys-
isorbed for carbon capture because it is cost-effective and environmen-
tally friendly [22]. Due to the fact that bamboo biochar is a growing 
porous carbonous material with high surface area, it has been used for 
biomass fuel, carbon capture, and containment adsorption [23]. How-
ever, bamboo-derived biochar has not been comprehensively reported 
despite its good CO2 uptake [24]. 

To further promote and apply adsorbents, systematic researches on 
CO2 capture technology based on coal-fired power plant level have been 
conducted. However, researchers focused on integrating with chemical 
absorbents, i.e. MEA. For instance, the technical and economic perfor-
mances of an MEA-based post-combustion capture process integrated 
with a 650 MW coal-fired power station was investigated, with the 
capital investment of US$1357 kW− 1 [25]. However, due to energy 
penalty and environmental impact of MEA during solvent regeneration 
[26], adsorption carbon capture is more competitive for its low invest-
ment cost and simple automatic operation [27,28]. Adsorption tech-
nologies, including temperature swing adsorption (TSA) [29], pressure- 
vacuum swing adsorption (PVSA) [30] and pressure-temperature swing 
adsorption (PTSA) [31] are suggested as effective solutions to the 
retrofit of the plant. Also, it is concluded that the TSA system based on 
the physical adsorbent, i.e. activated carbon is relatively more advan-
tageous than MEA in terms of efficiency and cost for a natural gas 
combined cycle [32]. To further mitigate climate change, strategies in-
tegrated CO2 capture and alternative energy, such as solar energy, could 
offer a bridge towards long-term scenario, one dominated by renewable 
energy generation. Relative researches on integration of MEA-based CO2 
capture and solar energy systems for coal-based power plants have been 
conducted [33–36]. However, few researches have been conducted to 
supply a techno-economic study of a solar-assisted power plant with 
adsorption for CO2 capture. Zhao [37] filled up the blank by integrating 

a solar-assisted PTSA system into an 800 MW coal-fired power plant in 
2019. Considering solar energy availability, which tends to favour the 
TSA system, techno-economic assessment for solar-assisted coal-fired 
power plant (SACFPP) integrated with TSA is necessary for its potential 
promotion. 

Although numerous adsorbents have been studied and reported in 
recent decades, there are still gaps between materials and efficient 
practical application due to expensive material costs, high energy con-
sumption, and other disadvantages. As a result, research focused on 
adsorbents with exceptional economic benefits for large-scale use is 
critical. In this study, KOH is added to activation system in order to 
optimise the morphology of low-cost bamboo charcoal, thereby 
increasing its CO2 capacity. To further simulate the process of CO2 
capture from industrial flue gas, adsorbent performance is detected in 
terms of SEM, textural properties, effects of different adsorption and 
desorption temperatures, as well as the exploration of cyclic renew-
ability. Subsequently, a SACFPP integrated with TSA process is initially 
proposed, which has neither been investigated previously nor covered in 
literature, posing a tremendous potential for further investigation. Also, 
a techno-economic performance of the proposed system is evaluated to 
probe the effect of desorption temperature for BBC-KOH, along with the 
comparison with other different adsorbents. Overall, it describes an 
innovative approach to reducing industrial CO2 emissions and illustrates 
an alternative adsorbent for industrial exhaust gas treatment. 

2. Methodology 

2.1. Materials development 

Bamboo sawdust is pressed to form extremely high density and 
continuously carbonized at a high temperature close to 1000 ◦C from 
Ken Chiku Company. Bamboo charcoal is used as raw material for the 
test. Potassium hydroxide pellet (ACS reagent, ≥85%) and drying pearls 
orange (Aluminosilicate) are purchased from Sigma-Aldrich Company 
Ltd. UK. 

Fig. 1 indicates the activation process of bamboo-derived biochar. It 
is ground and sieved to ensure the size less than 500 μm, and black 
powder is dried in an oven overnight at 105 ◦C. 6 g dried charcoal 
powder (named BBC) is physically mixed with KOH at a ratio of 1:1 
using a pestle and mortar. The mixture powder is loaded into a quartz 
tube and placed at the centre of the horizontal tube furnace. Whereafter, 
introducing nitrogen at a flow rate of 100 mL⋅min− 1, and the tube 
furnace is set at 10 ◦C⋅min− 1 with a heating rate from room temperature 
to 700 ◦C. The calcination is kept for one hour, and make sure the 

Nomenclature 

Abbreviations 
AS almond shell-based carbon 
CEI carbon emission intensity 
COA cost of CO2 removed 
DNI direct normal irradiation 
GHG greenhouse gas 
LCOE levelized cost of electricity 
MEA monoethanolamine 
MOF metal-organic frameworks 
OS olive stone-based carbon 
PEI polyethyleneimine 
PTSA pressure-temperature swing adsorption 
PVSA pressure-vacuum swing adsorption 
SACFPP solar-assisted coal-fired power plant 
SEM scanning electron microscopy 
TSA temperature swing adsorption 

VTC vacuum tube collectors 

Symbols 
q CO2 adsorption capacity (mmol⋅g− 1) 
q0 theoretical CO2 adsorption capacity (mmol⋅g− 1) 
KF/KL constant for Langmuir and Freundlich equation 
Q solar thermal energy (kW) 
G direct normal irradiance (kW⋅m− 2) 
S solar collector area (m2) 
T temperature (◦C) 
n operation year (year) 
r discount factor (%) 
R universal gas constant (J⋅mol− 1⋅K− 1) 

Greek symbols 
ηsolar optical efficiency of solar collector 
α optical efficiency parameter  
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furnace is cooled down at room temperature after the activation process. 
Compounds containing K element are washed out of activated bamboo 
biochar with adequate deionized water and 0.1 mol⋅L− 1 hydrochloride 
until the pH value of the filtrate is neutral, and the sample is dried for 12 
h at 105 ◦C. The sample is termed as BBC-KOH in this work. 

2.2. Materials characterization 

Surface area, pore-volume, and pore size distribution are obtained 
from N2 adsorption and desorption analysis at 77 K based on the 
Brunauer-Emmett-Teller (BET) theory, and relative pressure P/P0 is 0.99 
surface area and porosity analyzer. Prior to the measurement, the 
samples are degassed for 4 h at 300 ◦C to remove trapped gas in porous 
structure. The surface morphology and pore structure of materials are 
detected by scanning electron microscope (SEM) using Quanta FEG 
2500. 

2.3. CO2 adsorption and desorption measurements 

CO2 adsorption isotherms is investigated using ASAP 2020 Micro-
metitics (0.15%) at 40–80 ◦C, and the relative pressure is used from 0.0 
to 1.0 relative pressure (P/P0). CO2 equilibrium adsorption/desorption 
capacities and reaction kinetics of BBC-KOH are investigated with a 
simultaneous thermal analysis apparatus (Netzsch STA 449 F3, Ger-
many, ±0.001 mg). This study fixes around BBC-KOH in the ceramic 
crucible, and it is heated to 120 ◦C for dehydration pre-treatment under 
a N2 flow rate of 40 mL⋅min− 1 and remains for an hour. The sample is 
then cooled to 25 ◦C at a rate of 5 ◦C⋅min− 1 under the N2 flow rate of 40 
mL⋅min− 1. Subsequently, the adsorption process starts with a premixed 
gas containing 15% CO2 in N2 and holds for 1.5 h. Finally, the sample is 
heated to specific temperatures (40–80 ◦C) for CO2 desorption. CO2 
adsorption and desorption capacities of BBC-KOH at different temper-
atures are calculated by mass variation before and after the desorption 
process. Also, relevant desorption heat could be calculated according to 
DSC curves. Besides, three repeated experiments are conducted under 
various desorption conditions to minimize measurement errors. After 
dehydration pre-treatment of the sample at 120 ◦C, cyclical adsorption/ 
desorption experiments are performed with 35 min adsorption at 25 ◦C 
and 30 min desorption at 70 ◦C. 

CO2 isothermal adsorption processes are further investigated to 
detect the relationship between BBC-KOH CO2 uptake and temperature. 

Both Langmuir model and Freundlich model would be used for curve 
fitting. Langmuir model and Freundlich model are expressed as equa-
tions 1–2. 

Langmuir equation: 

q =
q0KLPx

1 + KLPx
(1) 

Freundlich equation: 

q = KFP1/n
x (2)  

where q0 is theoretical CO2 adsorption capacity, mmol⋅g− 1; KL, KF, and n 
are the constants for the Langmuir equation and the Freundlich 
equation. 

2.4. Techno-economic analysis 

2.4.1. System description 
To further explore the potential of BBC-KOH for a large-scale 

application, a techno-economic analysis of a SACFPP integrated with a 
CO2 capture system is conducted. Concept of SACFPP integrated with 
TSA is initially proposed based on our previous work [32] and reference 
[37], which could take full advantage of low or ultra-low temperature 
heat sources, especially for adsorbents with relatively low regeneration 
temperatures in the capture system. Schematic diagram is shown in 
Fig. 2. The proposed system consists of a supercritical coal-fired power 
plant as the basic system, a solar field and a CO2 capture system. 
Adsorption system contains a cooler, an adsorber, a desorber, a cyclone 
and a compressor. The cleaner first treats flue gas from power plant, and 
then flows into the cooler to cool down to the adsorption temperature of 
the adsorbent by cooling water. CO2 in the flue gas is subsequently 
captured by solid adsorbents in the fluidized bed. Meanwhile, residual 
flue gas without CO2 emits into the atmosphere. By circulating contin-
uously between adsorber and desorber in a closed-loop, adsorb-satu-
rated adsorbents could transport to the desorber and start regenerating 
at a high temperature. Regeneration heat required for the desorption 
step is determined based on the basic properties of selected adsorbent. 
High purity CO2 is ultimately compressed for further transportation or 
storage, which is not investigated in this work. The cyclone is used to 
separate CO2 and adsorbent from adsorber. During the desorption pro-
cess, either solar thermal energy or steam bleeding from the turbine is 

Fig. 1. Schematic diagram for activation of bamboo-derived biochar.  
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used for the regeneration of adsorbent. A steam temperature greater 
than the desorption temperature is used, which is heated in solar ther-
mal collectors. When sunlight is insufficient to power solar collectors, 
regeneration energy is supplied by steam extracted from the turbine, 
which has a higher temperature than desorption. Utilizing steam from 
the turbine reduces the amount of electricity produced to a manageable 
level. By combining solar energy and electric energy from power plant to 
regenerate the adsorbent, entire system can operate continuously 
throughout its life. 

2.4.2. Solar field unit 
Solar energy can supply energy consumption for the regeneration 

process of the adsorption capture system. As solar irradiation changes 
dramatically with the passage of time and seasons, and its distribution 
differs all over the world, therefore a detailed city chosen for techno- 
economic research is of great value. One typical city, i.e. Singapore, 
with tropical weather and possessing the actual solar field, is considered 
in this study, and the detailed meteorological data can be seen referring 
to [38]. Annual average direct normal irradiation (DNI), annual average 
sunshine hours and annual average ambient temperature of Singapore 
are 3.04 kWh⋅m− 2 per day, 5.65 h per day and 27.69 ◦C, respectively. 
According to the detailed climatic conditions, solar collector areas could 
be calculated. 

Thermal energy (Q) collected by solar thermal collectors could be 
calculated by equation (3) [39]. 

Q = ηsolar × G× S (3)  

where G is direct normal irradiance on the collectors, W⋅m− 2, S is solar 
collector area, m2, ηsolar is the solar collector’s optical efficiency, which 
could be expressed as shown in equation (4). 

ηsolar = α0 − α1 ×
(Tf − Ta)

G
− α2 ×

(Tf − Ta)2

G
(4)  

where Tf is the working fluid temperature in the solar thermal collectors, 
K, Ta is ambient temperature, K, G is direct normal irradiance on the 

collectors, W⋅m− 2, α0, α1, α2 are the optical efficiency parameters of 
solar thermal collectors. 

Since desorption temperatures of adsorbents taken are not above 
150 ◦C in light of a 5 ◦C difference of heat transfer, belonging to the low- 
temperature range of solar thermal collectors (50–150 ◦C), vacuum tube 
collectors (VTC) are taken into consideration, which are less expensive 
and easier to maintain when compared with other solar thermal col-
lectors [40]. The relevant efficiency parameters of vacuum tube col-
lectors are given in Table 1 [41]. 

2.4.3. Performance indicator 
Techno-economic performance of BBC-KOH at different desorption 

temperatures is investigated. Simultaneously, to show the advantages of 
BBC-KOH for practical applications, overall techno-economic perfor-
mances of coal-fired power plants integrated with TSA system are 
compared with that using MEA and polyethyleneimine (PEI)/silica. 
Absorption capture system using MEA could refer to the reference [39], 
and solar energy system and power regeneration system do not change 
with uniform operation conditions. 

For SACFPP with CO2 capture using BBC, MEA and PEI/silica, 
techno-economic evaluations are conducted in terms of three parame-
ters, namely carbon emission intensity (CEI), levelized cost of electricity 
(LCOE) and cost of CO2 removed (COA). CEI is used to assess different 
system designs, which is significant as a criterion of technical viability 
for various process parameters. LCOE is considered a widely used tool 
when comparing the costs of different technologies during economic 
life. Meanwhile, COA is an important comparison parameter for carbon 
capture and storage (CCS). 

Carbon emission intensity (CEI) can be expressed as equation (4) 
[37]. 

Fig. 2. Schematic diagram of SACFPP integrated with TSA process.  

Table 1 
Performance parameters of vacuum tube collectors.  

Technology α0 α1 (W⋅m− 2⋅K− 1) α2 (W⋅m− 2⋅K− 2) 

ETC  0.71  0.5  0.0035  
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CEI =
CO2,out

Electricityout
(5)  

where CO2,out represents the amount of CO2 emission from the system, 
Electricityout is the net output of electricity produced by the mentioned 
system. 

The formulas used to estimate LCOE and COA are defined in equa-
tions (6) and (7) [37]. 

LCOE =
Σ(Investmentn + O&Mn + Coaln + Soebentn + Dn) × (1 + r)− n

Σ(Electricityn × (1 + r)− n)
(6)  

COA =
LCOEcap − LCOEref
CEIref − CEIcap

(7)  

where Investmentn is the investment costs in year “n”, O&Mn is operation 
and maintenance costs in year “n”, Coaln is coal costs in the year “n”, 
Sorbentn is costs of sorbent in year “n”, Dn is the decommissioning costs 
in year “n” and is assumed to be 0 in this paper, Electricityn is the amount 
of electricity produced in year “n”, (1 + r)-n is considered as a discount 
factor for year “n”. “ref” and “cap” represent the basic system without 
and with capture technology. The values of CEIref and LCOEref are 
780.97 g⋅kWh− 1 and 49.48 USD⋅MWh− 1 in this paper. 

To simplify techno-economic analysis of an 800 MW SACFPP inte-
grated with TSA process, several assumptions are considered when 
referring to the references [32,37]. Based on the equations mentioned 
above, technical analysis and comparison of three SACFPPs with 
different sorbents can be conducted, according to the relevant power 
plant information given in Table 2 [33]. 

3. Results and discussion 

3.1. Morphologies and textural properties 

KOH has been widely used to chemically activate bio-carbonous 
materials to improve their morphologies and textural properties, and 
ratio of KOH to biochar has a variable effect on the construction of 
porous structures. [42] While KOH is effective in activating biochar, 
excessive alkaline is corrosive to activation reactor, particularly quartz. 
As a result, equal mass of KOH and BBC is determined to be the optimal 
ratio to activate biochar in this study. 

Fig. 3 shows the morphological structure of bamboo biochar samples 
by scanning electron microscopy (SEM). Fig. 3a suggests that BBC has 
irregular pore distribution on its surface. However, less pore distribution 
on the surface of the BBC makes it challenging to retain and capture CO2 
when gas passes the sample. SEM images could intuitively suggest that 
adsorbent textural and porous structure are generally conducive to CO2 
capture. Fig. 3b shows that biochar distributes more dense porous 
structures than the precursor (BBC) after introducing KOH as the acti-
vating agent. According to introducing the metallic potassium into the 
biochar carbon matrix, carbonous matter reacts with KOH, thereby 
promoting the expansion of the carbon layers [43]. 

Table 3 summarizes textural characteristics of BBC and BBC-KOH. 
BBC-KOH demonstrates that after activation, the maximum surface 
area could reach 540.31 m2⋅g− 1, and average pore diameter also 

increases to 38.50 Å. In comparison to BBC, which has a specific surface 
area of 374.42 m2⋅g− 1 and an average pore diameter of 28.81 Å, biochar 
activated with KOH increases specific surface area and decreases 
average pore diameter. According to preliminary research, bamboo 
biochar has a lower surface area than other botanical biochars such as 
wood. Lu et al. demonstrated bamboo shell biochar activated chemically 
(carbonate) at 850 ◦C, which only indicated an 843 m2⋅g− 1 surface area 
uptake and a lack of porous structure [44]. However, if an excellent 
textural structure is desired, increasing KOH amount added and 
extending activation time can aid in increasing surface area of biochar 
[45,46]. Nevertheless, corrosive existence of KOH and energy consumed 
during high-temperature activation must be considered if the system is 
to be used in practical plants. As a result of textural properties and 
adsorption results, activating BBC for one hour at a moderate temper-
ature (550 ◦C) is a great option. 

Typically, adsorbents’ surface area and pore structure have correla-
tions with CO2 capture capacity [24]. Quality of adsorption sites usually 
depends on the surface area, and a larger area will provide more areas 
for adsorbent adsorption work to enhance adsorption efficiency. 
Meanwhile, pore diameter also affects adsorbent performance. From the 
point of view of gas adsorption, structure (mainly size) is usually directly 
related to adsorbed gas molecule’s diameter. Research work has 
discovered that mesoporous pores were more conducive to CO2 
adsorption [47], and it may be due to CO2 molecules, with a diameter of 
about 0.33 nm, which are more suitable for being bound by mesoporous 
pores in solid adsorbents [48]. 

3.2. CO2 adsorption isotherms 

CO2 adsorption isotherms on BBC-KOH at six temperatures are 
investigated. While swelling of adsorbents causes errors in CO2 
adsorption isotherms as pressure increases, CO2 adsorption isotherms 
are widely used to determine thermal performance of CO2 adsorption 
under thermodynamics. Additionally, the measurement error for 
adsorption ability is negligible at room temperature and pressure [49]. 
As shown in Fig. 4, CO2 adsorption capacities perform incrementally at 
different temperatures whilst relative pressure increases. Moreover, CO2 
uptake capacities are enhanced under the same pressure when the 
temperature decreases from 80 ◦C to 25 ◦C. For high pressure of 1.0 bar, 
CO2 adsorption performance of biochar at 25 ◦C is significantly better, 
which suggests a capacity of 3.38 mmol⋅g− 1, nearly three times that at 
80 ◦C (1.21 mmol⋅g− 1). 

Table 4 illustrates the parameters of two fitting models. Coefficient of 
determinations from Freundlich shows a good correlation (R2 greater 
than 0.99) of describing CO2 uptake performance under different rela-
tive pressures, which follows the similar rule that the Freundlich equa-
tion implies a perfect fit to carbonous materials on carbon capture [50]. 
Moreover, thermodynamics analysis is also explored in terms of the 
change in enthalpy (ΔH0) and entropy (ΔS0) of the adsorption process 
under different temperatures. Moreover, it is estimated according to 
Van’t Hoff’s equation: 

ΔGo = − RTlnKL (8)  

ΔGo = ΔH0 − TΔS0 (9)  

lnKL = −
ΔH0

RT
+

ΔS0

R
(10) 

As illustrated in Table 4 and Fig. 5, the negative sign of ΔH0 (-35.876 
kJ⋅mol− 1) suggests the exothermic process of CO2 adsorption, whilst the 
entropy (− 11.155 J⋅mol− 1⋅K− 1) expresses the orderliness of the 
adsorption system. It is noted that the value of ΔH0 is lower than 80 
kJ⋅mol− 1 [51], which is recognized as a standard to distinguish physical 
or chemical CO2 adsorption; BBC-KOH mainly follows physical sorption 
to capture CO2. Besides, the turbidity would be reduced according to the 
value of ΔS0, proving the atmospheric CO2 would be captured by 

Table 2 
Performance parameters of the basic coal-fired power plant.  

Parameters Value 

Power plant capacity (MW) 800 
Auxiliary consumption (MW) 42.13 
Coal consumption (kg⋅s− 1) 60.66 
Flow of flue gas (kg⋅s− 1) 164.41 
CO2 concentration of flue gas (%mol) 14.98 
Power consumption by the CO2 compressor (MW) 49.87  
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adsorbents and remain on the surface or in the pore textural to achieve 
the negative sign of ΔH0 [52]. 

Typically, 10–15% CO2 occurs in the industrial flue gas, and it is a 
promising practical application at a large scale to capture CO2 directly 
from flue gas. It is significant to consider CO2 isotherm at 40 ◦C, which is 
because exhaust flue gas is generally 40–45 ◦C without pre-cooling. 
Adsorption performances of BBC-KOH at 15% CO2 partial pressure 
suggest 1.50 mmol⋅g− 1 and 1.05 mmol⋅g− 1 at 25 ◦C and 40 ◦C, as shown 
in Fig. 6a, respectively. In this case, the CO2 adsorption capacity of BBC- 
KOH could play a developable role in practical industrial carbon cap-
ture. To further reveal the promising adsorption capacity of BBC-KOH at 
25 ◦C with 15% CO2, performance of BBC-KOH is compared with other 

Fig. 3. SEM images (a) BBC; (b) BBC-KOH.  

Table 3 
Textural properties of the prepared sorbents.  

Sample BET Surface Area 
(m2⋅g− 1) 

Pore Volume 
(cm3⋅g− 1) 

Average Pore 
Diameter (Å) 

BBC  374.42  0.16  28.81 
BBC- 

KOH  
540.31  0.22  38.50  

Fig. 4. CO2 adsorption isotherm of BBC-KOH at various adsorption 
temperatures. 

Table 4 
Parameters of Langmuir and Freundlich model fittings for isotherms of BBC-KOH.  

Temperature (℃) Langmuir Freundlich 

qm (mmol⋅g− 1) KL (*101 MPa− 1) R2 KF n R2 ΔH0 (kJ⋅mol− 1) ΔS0 (J⋅mol− 1⋅K− 1) 

25  4.183  3.513  0.9851  3.453  2.276  0.9974 − 35.876 − 11.155 
40  3.281  2.854  0.9857  2.559  2.136  0.9992 
50  3.034  1.956  0.9947  2.100  1.838  0.9982 
60  2.836  1.259  0.9989  1.646  1.563  0.9973 
70  2.613  1.100  0.9991  1.421  1.505  0.9978 
80  2.387  1.009  0.9992  1.242  1.472  0.9983  

Fig. 5. Influences of temperatures on coefficients.  
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carbonaceous physical adsorbents reported in the literature (Fig. 6b). As 
shown in Fig. 6b, only almond shell-based carbon (AS) and olive stone- 
based carbon (OS) have potential adsorption capacities of 1.08 and 1.02 
mmol⋅g− 1 compared to BBC-KOH. Generally, both physical adsorption 
and chemical adsorption occur in the process of carbon capture by 
carbonous material at low temperatures (ambient temperature range). 
However, physical adsorption mainly dominates the carbon capture 
process at ambient temperature, whilst it positively correlates with 
textural (mainly micropore volumes) [53]. In contrast, chemical 
adsorption performs primarily at a high temperature, which shows an 
intimate relationship with functional groups (e.g. N content) on the 
biochar surface [16]. Thus, the trend of CO2 uptake decreasing while 
temperature increasing indicates that BBC-KOH mainly performs phys-
ical adsorption, generating less active surface functional groups. 

3.3. Effect of desorption temperature 

Desorption temperature plays a vital role in the practical application 
of CO2 adsorption capture technology in light of energy consumption 
during regeneration process. With a relative low desorption tempera-
ture, energy consumed for regeneration process will decrease. Besides, a 

low-grade heat source such as solar energy and condensation heat of 
heat pump [59] could be integrated with capture process. To further 
investigate the effect of desorption temperature, a temperature interval 
of 40 ◦C to 80 ◦C is selected to explore the adsorption performance of 
BBC-KOH. Experiments are conducted when adsorption temperature is 
25 ◦C with 15% CO2 partial pressure after 120 ◦C pre-treatment in STA. 
Results of the experiments are exhibited in Fig. 7. CO2 desorption ca-
pacity of BBC-KOH increases with the increase of desorption tempera-
ture, which agrees with other solid adsorbents. Ranging from 1.08 
mmol⋅g− 1 to 1.54 mmol⋅g− 1, the desorption performance of BBC-KOH 
indicates a 29.87% increase within 40–80 ◦C. It is also worth noting 
that BBC-KOH can desorb completely at 80 ◦C, which is low and can 
regenerate with renewable energy. 

3.4. Cyclical stability 

Excellent stability is crucial for the efficiency of adsorbents in real 
applications. In light of the joint stability of carbonaceous adsorbents, 
along with harmless recycling for soil or use as raw material for 
barbecue, a simple ten times cyclic thermal adsorption/desorption test is 
conducted using STA to evaluate the stability of BBC-KOH. Moreover, 
the detailed cyclic test steps are described above. Fig. 8 shows CO2 
adsorption capacities of BBC-KOH during ten cycles with 25 ◦C of 
adsorption temperature and 70 ◦C of desorption temperature. It can be 
seen that working capacity exhibits no decrease and even shows a little 
increase during the ten times cycle process, with the biggest increase of 
11.86%. There are two possible reasons for this slight increase in 
adsorbent performance. One is opening adsorption sites during contin-
uous adsorption and desorption cycle. The other could be the experi-
mental error of STA on account of the minute amount of the measured 
sample. Furthermore, mass accuracy of STA is 0.001 mg, very slight 
errors may have a great effect. 

4. Techno-economic results 

For solar energy systems, areas of VTC for the proposed system can 
be calculated in Equations (3) and (4) based on obtained data of solar 
resources. As for adsorption system, total quantity of the required ad-
sorbents is related to CO2 emissions of power plant, adsorption capacity 
and cyclic renewability of materials. As for the amount of adsorption 
column for different adsorbents, quantity and density of adsorbents are 
required, and bed void of adsorption column is considered. Single 
adsorption column chosen for the system is 3.5 m for diameter and 2.0 m 

Fig. 6. The CO2 adsorption performance of BBC-KOH (a) CO2 adsorption ca-
pacity at 15% CO2 partial pressure at different adsorption temperatures; (b) 
Comparison of adsorption capacity for various carbonaceous adsorbents under 
the condition of 25 ◦C and 15% CO2 partial pressure. (BPL: BPL activated 
carbon [54]; Norit AC Extra: activated carbon Norit R1 Extra [55]; VR-5-M: 
vacuum residue [56]; Norit R2030 CO2 [57]; OS: olive stone-based carbon 
[57]; AS: almond shell-based carbon [57]; Darco FGD: activated carbon Darco 
FGD (Norit) [58]). 

Fig. 7. CO2 desorption performance of BBC-KOH at different desorption tem-
peratures when adsorbed at 25 ◦C with 15% CO2 partial pressure. 
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for length [60]. Considering annual maintenance time of the power 
plant, the system does not run in December, which has the worst solar 
radiation over the whole year. Therefore, the proposed system only 
operates 8016 h per year. Then, estimation results are discussed in terms 
of CEI, LCOE and COA to compare the effects of different desorption 
temperatures. Moreover, for technical comparison of system designs 
using three different adsorbents, values of CEI for the different systems 
are in the calculation. Finally, according to the relevant designed in-
formation given in Table 4, economic assessments are also carried out 
based on LCOE and COA. 

Fig. 9 illustrates the variations of CEI, LCOE and COA at different 
desorption temperatures in the range of 40–80 ◦C. The three techno- 
economic parameters rise with the enhancement of desorption temper-
atures, especially with a rapid rise from 70 ◦C to 80 ◦C. Based on the 
definition of CEI in Equation (5), the less electricity generated practi-
cally, and the higher CEI becomes at the same amount of CO2 capture. 
Meanwhile, practical power generation capacity reduction due to steam 
extraction for adsorbent regeneration in the condition of insufficient 
solar radiation depends on the temperature difference between 
adsorption and desorption temperature. As a result, the CEI of BBC-KOH 
increases from 88.29 g⋅kWh− 1 to 99.97 g⋅kWh− 1, with an 11.68% in-
crease, as desorption temperature increases. In the range of 59.02 
USD⋅MWh− 1 to 59.41 USD⋅MWh− 1, the LCOE of BBC-KOH has a mar-
ginal increase over the whole range of temperature increases due to the 
more solar collector areas and hot steam from turbine required. Also, the 
difference value of COA for BBC-KOH increases from 13.77 USD⋅tonCO2

-1 

to 14.58 USD⋅tonCO2
-1 as desorption temperature varied from 40 ◦C to 

80 ◦C. 

Information presented in Tables 5 is used in Equations (5)–(7) to 
estimate the values of CEI, LCOE, and COA for different sorbents, and the 
results are shown in Table 6. When it comes to CEI, its value of MEA 
ranks first. CEI of MEA is 182.90 g⋅kWh− 1, which is signally more than 
that of PEI/silica and 49.0% higher than that of BBC-KOH. With the 
larger temperature difference, for example, 80 ◦C for MEA, thermal 
energy needed from the power system is more, and subsequently 
generated power decreases, and the value of CEI is greater. LCOE of the 
SACFPP using BBC-KOH is notably lower than that using PEI/silica, i.e. 
59.19 USD⋅MWh− 1 compared with 266.34 USD⋅MWh− 1, with 77.78% 
decrease. Because of high desorption temperature and fairly bigmaterial 
cost of PEI/silica, the value of LCOE is large compared with the other 
two systems in magnitude. In terms of MEA, it is a mature and 
commercialized chemical absorbent and studied widely in kinds of 
literature previously when integrated with the power plant. The LCOE of 
MEA is 13.39% greater than that of BBC-KOH due to the high desorption 
temperature and the initial cost of the absorption system. The values of 
COA are connected with the values of CEI and LCOE according to the 
definition of COA in Equation (7). The corresponding values of COA for 
the system using MEA, PEI/silica and BBC-KOH are 31.53 USD⋅tonCO2

-1 , 
329.93 USD⋅tonCO2

-1 and 14.12 USD⋅tonCO2
-1 , respectively. 

Compared with the system using MEA and PEI/silica, BBC-KOH al-
ways performs best in three techno-economic indicators. With the ad-
vantages of low desorption temperature, low capital investment and 
dynamite adsorption capacity over other same class of adsorbents, BBC- 
KOH has the utilization potentiality at a large scale for post-combustion 
capture technology integrated with SACFPP and renewable energy. 

In spite that a cost-effective adsorbent with excellent adsorption and 
desorption performances is obtained, adsorption mechanism of BBC- 
KOH is not clear. To further tap adsorption potential of BBC, different 
chemical agents, e.g. NaOH, K2CO3 and H3PO4, and activated condition 
(temperature and time) could be taken into account. Also, composited 
with amino material may be a good choice for better performance. 
Meanwhile, the effects of pore volumes and pore width on adsorption 
capacity can be conducted with molecular dynamics simulation for 

Fig. 8. Working capacities of BBC-KOH during ten cycles tested using STA.  

Fig. 9. Variations of CEI, LCOE and COA of BBC-KOH at different desorption 
temperatures. 

Table 5 
Performance parameters and comparisons of three different sorbents.  

Technology MEA PEI/ 
silica 

BBC- 
KOH 

Project life (years) [61] 25 25 25 
Construction period (years) [61] 3 2 2 
Operation time (h⋅year− 1) 8016a 8016a 8016a 

Discount rate (%) [61] 7 7 7 
Operation and maintain cost (% of capital 

investment) [60] 
7 7 7 

Equipment salvage value [37] 0 0 0 
Power plant 
Total specific investment (USD⋅kW− 1) [62] 1012.5 1012.5 1012.5 
Price of coal (USD⋅ton− 1) [39] 95 95 95 
Net power output (MW) 323.61a 478.54a 634.91a 

Sorbent system 
Cost of sorbent (USD⋅kg− 1) 0.97 [63] 30.0b 4.57b 

Capture capacity (mmol⋅g− 1) 8.186  
[64] 

2.35  
[65] 

1.574 

Desorption temperature (◦C ) [32] 120 130 70 
Regeneration heat (GJ⋅tonCO2

-1 ) 4.09 [64] 2.46  
[65] 

0.35a 

CO2 adsorption column (USD⋅column-1) [60] N 3606 3606 
Bed void of adsorption column [60] N 0.37 0.37 
Total cost of equipment (million USD) [32] 620 N N 
Cost of compression system (USD⋅kW− 1) [62] 115.7 115.7 115.7 
Approximate cost of exchanger 

(USD⋅exchanger -1) 
1600b 1700b 1400b 

Cost of cyclone (USD⋅kW− 1) [63] 853.1 853.1 853.1 
Solar fields 
Heat collector temperature (◦C ) 125 135 75 
Approximate cost of ETC (USD⋅m− 2) [66] 122.27 122.27 122.27 

Notes:N = none; a: values calculated or measured by the author; b: values ob-
tained from practical purchase. 
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mechanism study. In the end, life cycle assessment will be more 
comprehensive and convictive for techno-economic analysis. 

5. Conclusions 

Performance of a novel KOH activation biomass-derived activated 
carbon, namely BBC-KOH, is developed for post-combustion capture. 
The main parameters are investigated, including textural properties, 
adsorption/desorption temperature, and cyclic stability. Then, a techno- 
economic assessment of TSA technology using BBC-KOH for post- 
combustion capture in a SACFPP is conducted and compared with 
those using MEA and PEI/silica. Conclusions are yielded as follows:  

(1) Potassium hydroxide activation significantly improves the 
morphology of bamboo biochar, and the specific surface area is 
enhanced from 374.42 m2⋅g− 1 to 540.31 m2⋅g− 1; whilst the 
porous structures are obtained obviously from the SEM images, 
and the average pore diameter is also achieved 38.496 Å 
compared to 28.812 Å (BBC). Therefore, the modification of 
surface textural would enhance the CO2 capture working ability 
of the biochar adsorbent.  

(2) CO2 adsorption capacity of BBC-KOH decreases with the increase 
of adsorption temperature. Especially, it performs superior 
working capacity at 25 ◦C with 15% CO2 partial pressure, up to 
1.5 mmol⋅g− 1, prominently higher than carbonaceous adsor-
bents. After curve fittings with the Langmuir equation and 
Freundlich equation, the Freundlich equation shows a superb 
correlation. Also, BBC-KOH can desorb at a low temperature, i.e. 
1.42 mmol⋅g− 1 at 70 ◦C, and it could desorb completely at 80 ◦C 
with 1.54 mmol⋅g− 1 desorption capacity.  

(3) Effects of desorption temperature of BBC-KOH on techno- 
economic assessments are firstly investigated, and the results 
indicate that CEI, LCOE and COA all increase with the increase of 
desorption temperature. With low desorption temperature, low 
capital investment, and terrific adsorption capacity, CEI, LCOE 
and COA values of BBC-KOH are 93.22 g⋅kWh− 1, 59.19 
USD⋅MWh− 1 and 14.12 USD⋅tonCO2

-1 , respectively, which are al-
ways performs best compared with MEA and PEI/silica. 
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