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HIGHLIGHTS

with monoethanolamine, net efficiency using activated carbon is improved.
• Compared
regeneration of activated carbon is lower at higher CO concentration.
• Heat
carbon is cost-competitive for CO capture in natural gas combined cycle.
• Activated
• Adsorption carbon capture can be further improved using enhanced heat/mass recovery.
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As fossil fuel power plants have emitted significant quantity of carbon dioxide (CO2) into the atmosphere which
aggravates climate change, capturing and storing such emissions is key to mitigate the issue. An adsorption
system based on a physical adsorbent i.e. activated carbon is first assessed to capture CO2 emissions from a
natural gas combined cycle. Then a subcritical sequential supplementary firing combined cycle with CO2 capture
is used to analyse the effect of CO2 concentration. Analyses are carried out in terms of power loss and thermal
efficiency. To evaluate the advantages of post-combustion CO2 capture using activated carbon, results are
compared with systems using a commercial absorbent, i.e. monoethanolamine and a chemical adsorbent i.e.
polyethyleneimine/silica. The net efficiency of natural gas combined cycle using activated carbon increases
slightly from 50.8% to 51.1% due to the lower regeneration temperature at 358 K. The performance of the
system using PEI/silica is almost the same as that using activated carbon at 368 K. Although the thermal energy
required to regenerate the activated carbon is relatively high, a significant improvement of net efficiency is
observed with increased partial pressure. Economic analysis indicates that the systems using activated carbon is
a competitive alternative for CO2 capture. It is concluded activated carbon is relatively more advantageous than
monoethanolamine in terms of efficiency and cost, which could be further improved with enhanced heat and
mass recovery.

1. Introduction
In 2014, approximately 23% of carbon dioxide (CO2) emissions
emitted into the atmosphere was from fossil fuel power plants [1].
Electricity production from fossil fuels is predicted to increase by about
30% before 2035 [2]. Although renewable energy is increasingly utilised, electricity generation from natural gas is expected to remain a
significant global power source until at least 2030 [3], primarily due to
the lower capital cost and carbon intensity of the natural gas combined
cycle (NGCC) [4]. Carbon capture and storage (CCS) has the potential
and is recognised for the cost effective for reducing energy-related
emissions in the power sector [5] where some operators of NGCC power

⁎

plants have started to consider CCS, although the current number of
applications is still limited [3]. In addition, the potential of using CO2
for enhanced oil recovery (EOR) has been demonstrated due to its
cheaper price and miscibility with crude oil compared to other miscible
fluids [6]. It is estimated that the CO2 captured from the Petra Nova
project located in Texas has increased the daily oil production from 300
barrels in 2017 to about 4000 barrels to date [7].
Exhaust gas from combustion processes contains CO2, which can be
captured using a range of solvents. The technology is referred to as postcombustion CO2 capture. As applied in coal power plants for both the
Boundary Dam and Petra Nova projects, post-combustion CO2 capture
using amine is the first to reach a commercial scale and is currently the
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Nomenclature
A
AC
C
CCS
CEPCI
CF
D-A
E
EGR
EOR
ESA
Ex
FC
FCF
FOM
H
HP
HR
HRSG
LCOE
LHV
LP
m
MEA
MOF
MP
n
NGCC
P
PEI
PSA
q
Q
r
R
RC
RP
SC

SEGR
SP
SSFCC
T
t
TCO2
TIC
TL
TSA
VOM
VSA
W

adsorption potential (J mol−1)
activated carbon
specific heat capacity (kJ kg−1 K)
carbon capture and storage
chemical engineering plant cost index
capacity factor
Dubinin-Astakhov
characteristic energy (J mol−1)
exhaust gas recirculation
enhanced oil recovery
electric temperature swing adsorption
exergy (MW)
fuel cost
fixed charge factor
fixed operation and maintenance cost
reaction heat (kJ−1 kg−1)
high pressure
heat rate
heat recovery steam generator
levelised cost of electricity
low heat value
low pressure
mass (kg)
monoethanolamine
metal organic framework
medium pressure
surface-structural heterogeneity factor
natural gas combined cycle
pressure (Pa)
polyethyleneimine
pressure swing adsorption
CO2 adsorption capacity (mg−1 g−1)
heat (kJ)
interest rate
universal gas constant (8.314 J mol−1 K−1)
reference cost (M$)
reference case
scaled cost (M$)

selective exhaust gas recirculation
scaled reference
sequential supplementary firing combined cycle
temperature (°C)
time (s)
CO2 transport cost
total investment cost
economic life of the plant
temperature swing adsorption
variable operation and maintenance cost
vacuum swing adsorption
power output (kW)

Greek letter
η

efficiency

Superscript
R

scaling exponent of the capture plant

Subscripts
ad
au
cap
CO2
com
de
e
h
hr
in
L
LP
p
re
S
sat

most advanced technology for capturing CO2 from power plants. This is
mainly because of complementary industrial experience established
from similar processes in, e.g. natural gas sweetening plants [8]. As one
of the main solvents used for post-combustion CO2 capture [9],
monoethanolamine (MEA) is very reactive and can effectively remove a
high volume of acid gas from flue gas. However, during solvent regeneration, MEA is very corrosive, requires a large quantity of energy,
and forms components e.g. formaldehyde, acetic acid, hydroxyacetaldehyde, glycolic acid, formic acid, oxalic acid etc. that cannot
be regenerated by thermal heat [10]. In a NGCC, excess air is necessary
for the operation of the gas turbine, which results in a high concentration of O2 in the gas turbine exhaust gas, i.e. around 15% v v−1.
That consequently stimulates oxidative degradation of MEA and increases operational costs [11,12]. Another problem using MEA lies in
the low CO2 concentration. Some research studies have demonstrated
that the low CO2 concentration in the exhaust gas will increase the
energy required for regenerating the MEA solvent for a MEA-based
post-combustion CO2 capture plant [13,14]. In a NGCC, CO2 is diluted
with nitrogen (N2) which is supplied by 200–300% of excessive air
[15,16]. Thus, several approaches, e.g. exhaust gas recirculation (EGR),
selective exhaust gas recirculation (SEGR), subcritical sequential supplementary firing combined cycle (SSFCC) have been proposed for increased CO2 and reduced oxygen (O2) concentrations in a NGCC with

adsorption
auxiliary
capture
carbon dioxide
compressor
desorption
partial
regeneration
heat recovered
input
latent heat
low pressure
power
reactor
sensible heat
saturation

absorption-based post-combustion CO2 capture using MEA [17,18].
Although EGR can increase CO2 concentration up to 6.7 mol% and
improve the net efficiency of the cycle by 0.5%, the concentration of O2
will decrease from 12 mol% to 8.3 mol% [19]. As a result, the problem
with amine degradation remains unsolved. Whilst SEGR presents the
highest increment of CO2 in the exhaust gas from 4 mol% to 18.6 mol%
and the efficiency is increased by 0.5%, the concentration of O2 remains
high [19]. Subcritical SSFCC increases CO2 concentration from 4.0 mol
% to 8.94 mol% [19]. The volumetric flow is reduced by 50% approximately, leading to the highest reduction in O2 concentration from
12 mol% to 1 mol% [19]. It is worth noting that the quantities of CO2
and O2 mentioned previously are dependent on the assumptions made
in Ref. [19], and therefore they are subject to change in line with the
assumptions defined in a study. In other words, the performance of
these absorption-based post-combustion CO2 capture approaches is affected by CO2 [20], which is usual around 3–4 mol% [21].
Compared with absorption-based post-combustion CO2 capture,
adsorption is a promising and versatile technique, and its performance
is not influenced by O2 concentration [22]. The advantages of adsorption-based post-combustion CO2 capture technology include reduced
costs in CO2 separation, lower regeneration energy requirements, and
minimised pressure losses, which ensure a relatively good performance
in the process of capturing CO2 [23,24]. Operating methods (which
2
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Fig. 1. The schematic diagram of combined cycle power plants integrated with an adsorption system in (a) a conventional NGCC power plant; and (b) a subcritical
SSFCC power plant [42].
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correspond to different carbon capture cycles) and adsorbent materials
are two research hotspots affecting the performance of CO2 capture.
Adsorption-based post-combustion CO2 capture can be classified into
pressure swing adsorption (PSA) [25], vacuum swing adsorption (VSA)
[26], temperature swing adsorption (TSA) [27] and electric temperature swing adsorption (ESA) [28]. PSA operates above atmospheric
pressure, VSA happens at atmospheric pressure whilst desorption takes
place under low pressure. During TSA, a desorber is heated by an external heat source e.g. hot water whilst an adsorber is cooled by a
cooling medium e.g. cooling water. ESA is a type of TSA where electricity is used for fast desorption. In the operating process, adsorption
and desorption happen alternatively to acquire high purity CO2. This
cycle is intermittent, and therefore a second set of the adsorber and the
desorber is required to achieve continuous operation. Moving beds have
been proposed as a regenerator but their heat transfer is poor, leading
to an undesirable overall performance [29]. Recently, fluidized beds
which can continuously capture CO2 have been conceptually designed
but the performance of their amine-based adsorbent is yet to be explored [30]. A novel carbon pump theory used for evaluating CO2
capture processes has been successfully applied to TSA, PSA, VSA and
ESA [28], which provides insights into the thermal performance of CCS
technologies [31,32]. Also, various solid adsorbents, which are classified into physical and chemical adsorbents, can be selected for capturing CO2 in different applications [33]. Physical sorbents e.g. zeolite
5A, zeolite 13X, activated carbon (AC) and silica gel have been widely
investigated for adsorption-based CO2 capture which are inexpensive,
insensitive to moisture and with a large surface area [34,35]. Several
novel physical adsorbents e.g. metal organic framework (MOF) have
attracted attention due to their large adsorption capacity and high gas
selectivity [36]. Nevertheless, their costs are relatively high compared
to those of conventional adsorbents. As for chemical sorbents, aminebased materials are more advantageous due to their lower generation
heat [37]. However, these materials have a similar degradation issue
with high O2 concentration [37]. It is worth noting that adsorption
investigations on CCS have been mainly focused on the characteristics
of materials. However, there is no research study on adsorption technology using AC in a NGCC and a subcritical SSFCC. In this study, simulation for AC covering a range of desorption temperatures, have

been carried out. Thus, the novelty of this work relates in its application
to work in the context and detail of a real-world application.
This paper is original as it aims to evaluate the performance of TSA
technology using AC for post-combustion CO2 capture in NGCC and
subcritical SSFCC power plants, which has neither been investigated
previously nor covered in literature. AC is selected as the adsorbent for
capturing CO2 from flue gas, which is most commonly used for CO2
capture when adsorption characteristics, cost, sensitivity to moisture,
thermal and mechanical stability are taken into consideration [38,39].
Experimental results of previous research have demonstrated its feasibility for CO2 capture by using fluidized bed on top of reporting the
effect of CO2 partial pressure and superficial gas velocity [40]. Adsorption isotherms and reaction heat (H) of AC have been investigated
by various researchers, for instance [22,41] where the established
thermal properties can be used for system design and optimisation of
CO2 capture. Desorption heat is calculated based on carbon pump
theory [31]. The overall performance of the NGCC integrated with TSA
system using AC is compared with the systems using MEA and another
amine-based adsorbent i.e. polyethyleneimine (PEI)/silica respectively.
How CO2 concentration of the flue gas affects regeneration heat is also
evaluated by using the SSFCC as a case study to show the advantages of
AC in dealing with flue gas which has high CO2 concentration. The
framework of this paper is as follows. The novel system is introduced in
Section 2 where both power generation and CO2 capture cycles are illustrated. Then methodology applied in the study is presented in
Section 3. Section 4 shows simulation results and analysis, followed by
conclusions in Section 5.
2. Power plants with carbon capture
2.1. System description
A schematic diagram of the NGCC integrated with TSA is shown in
Fig. 1(a). The power generation system is composed of a 9FB General
Electric gas turbine with a heat recovery steam generator (HRSG), and a
steam turbine. The steam produced in the HRSG flows into the steam
turbine to generate power. Three pressure levels of steam are generated
in the HRSG, i.e. high, medium and low steam pressure which

Fig. 2. Steam turbine diagrams showing thermal processes of (a) the NGCC; and (b) the SSFCC.
4
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corresponds to the high pressure (HP), medium pressure (MP) and low
pressure (LP) turbines respectively. Unlike the NGCC using MEA where
thermal energy for regeneration is extracted from the crossover pipe,
steam required for desorption of AC is extracted from the LP steam
turbine. As desorption temperature is lower than 105 °C, low-grade
steam or hot water can be used as the heat source.
Similarly, a schematic diagram of the SSFCC is presented in
Fig. 1(b). The power generation system is composed of a 9FB General
Electric gas turbine with HRSG, and a steam turbine. Only high pressure
steam is generated in the HRSG. A detailed SSFCC process could refer to
Reference [42]. It is indicated that the main difference between the
SSFCC and the NGCC lies in the HRSG. Sequential combustion reduces
O2 concentration and generates additional CO2 in flue gas. Supplementary firing in each step is limited by keeping the flue gas temperature after each duct burner to approximately 820 °C. Fuel is burned
in five steps through the HRSG, resulting in an improved power output
but reduced efficiency. The last stage brings O2 around to the stoichiometric limit i.e. approximately 1% v v−1. Although the efficiency is
lower than that of the conventional NGCC, the increment in the power
output of the combined steam cycle leads a reduction of gas turbines, at
a similar power output generated for a conventional NGCC. This leads
to a lower investment cost of the post-combustion CO2 capture plant.
For countries with cheap natural gas i.e. $ 2–4 per million British
Thermal Unit (MMBTU), the SSFCC presents a marginal reduction on
the levelised cost of electricity (LCOE) as reported by Reference [42].
The concept design and feasibility of this adsorption-based CO2
capture system is detailed in Reference [30]. The system mainly consists of a cooler, an adsorber, a desorber, a cyclone and a compressor, as
shown in Fig. 1(a) and (b). A circulating fluidized bed is adopted as the
adsorber whilst a bubbling fluidized bed is chosen as the desorber. This
integrated compact system enables the adsorbent to be continuously
circulated in a closed loop. Flue gas is first cooled by cooling water.
Then CO2 in the flue gas is adsorbed by solid adsorbents. The cyclone is
used to capture the adsorbent entrained by the adsorber while the CO2
free flue gas is released into the atmosphere through the stack. The
adsorbent is regenerated in the desorber by using thermal heat from the
power plant. The high purity CO2 is collected at the exit, compressed,
transported and stored away. Similar to MEA, the solid adsorbent used
in the system is also recirculated in a closed loop. During desorption,
energy required by AC is determined based on its basic properties. The
fluidized reactor is used for the adsorber and the desorber. A centrifugal
compressor, with a pressure ratio of 80, is used to compress CO2 to
approximately 150 bar for EOR application. The compression system
consists of seven stages; each involves inter-cooling and water removal

equipment. The compressor is simulated in Aspen plus.
2.2. Thermal cycles
Steam from an extraction of the LP steam turbine instead of the
crossover pipe of the steam cycle is used to regenerate AC. Fig. 2(a) and
(b) show thermal processes of the NGCC and the SSFCC respectively (as
indicated by the underlying blue lines) and steam extraction to regenerate the amine solvent (i.e. the red dotted lines). As the temperature/heat diagram for heat recovery steam generator (HRSG) is typical
and common, see [42,43], detailed illustration is not further presented
here.
Based on the carbon pump theory, the Clapeyron schematic of a TSA
cycle for the NGCC power plant is shown in Fig. 3(a). Desorption
temperatures of AC ranging between 293 K and 358 K are evaluated to
observe the working processes. In real application, two processes
happen simultaneously, i.e. desorption (3–4) proceeds with heating
(2–3) whereas adsorption (1–2) proceeds with cooling (4–1). The partial pressure of adsorption is 0.0372 bar according to the CO2 proportion of flue gas. Desorption starts at a temperature of 322 K at Point 3.
Thus, the 4-step TSA cycle is plotted as 1–2–3–4–1. When desorption
temperature varies from 348 K to 358 K, the TSA cycle will become
1′–2–3–4′–1′, which indicates a slight increase in the cycle sorption
capacity. Similarly, Fig. 3(b) illustrates the Clapeyron schematic of a
TSA cycle for the subcritical SSFCC power plant, which is used to indicate the effect of CO2 partial pressure i.e. molar concentration of CO2
in flue gas. The TSA cycle for the conventional NGCC power plant is
plotted as 1–2–3–4–1 where the desorption temperature is 358 K and
adsorption pressure is 0.0372 bar. Comparably, the TSA cycle for the
SSFCC power plant becomes 1′–2′–3′–4–1′ when adsorption pressure
increases to 0.0894 bar. It is worth noting that sorption capacity increases remarkably with CO2 concentration, which reveals the vase
potential for improving the performance of CO2 capture.
3. Methodology
3.1. Chemical process flowsheet model
The power plant is simulated in Aspen plus using information
available in Refs. [44,45]. The information revealed in Refs. [44,45]
presents realistic market conditions, and the power plant simulation is
validated with information generated by Thermoflow, which is based
on the performance map provided by the manufacturer. A flow diagram
of the steps applied in developing the models for the case studies is

Fig. 3. The 4-step TSA cycles at various desorption temperatures for (a) the conventional NGCC power plant; and (b) the subcritical SSFCC power plant.
5
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shown in Fig. 4. The base methods used in the simulation are PengRobinson for gaseous phase parameters [46] and Aspen Plus libraries
(stmnbs2) which can be applied to calculate thermodynamic properties
of water and steam. Steam required for regenerating AC is extracted
from the LP steam turbine at 150 °C and 1.2 bar. Schematic diagrams of
Aspen plus simulation are shown in Fig. 5(a) and (b) for the NGCC and
the subcritical SSFCC respectively. Due to confidentiality, it is impossible to disclose commercial data of CO2 capture plants (amines and
activated carbon at industrial site). Therefore, the validation of this
study, like many others in literature, is carried out based on a comparison in modelling presented in literature. In the case of the power
plant without CO2 capture, comparison is carried out using information
available in Thermoflow™, which is a software suite that mainly consists of GT PRO, GT MASTER and Thermoflex software. GT PRO is the
leading gas turbine and combined cycle modelling software used by
electricity generation industry. It represents realistic market conditions
as it offers gas turbine databases with mapped performance curves. The
main reason of simulating the NGCC in Thermoflow is to ensure all case
studies could be performed using the same platform where all models
can be easily developed and modified in Aspen Plus. The same power
plant, flue gas and CO2 concentration are used in the NGCC with CO2
capture using MEA and AC. Similarly, all the key boundary conditions
applied for the SSFCC with CO2 capture using MEA and AC including
the capture level of 90%, as well as water and environmental conditions
have been kept the same. With this, the comparison is conducted on a
fair platform and boundary conditions are equal. The schematic diagrams of the NGCC and SSFCC simulated in Aspen Plus are shown in
Fig. 5.

(3) Finally, to achieve 90% of CO2 capture, the circulation rate of the
MEA solvent is varied.
The capacity of one train is defined as 331 kg s−1. To cover the total
flue gas of the NGCC, two trains are required.
The performance evaluation of this study focuses on the adsorption
process as the performance of the NGCC has been widely assessed in
previous researches. For adsorption and desorption processes, equilibrium reactions are considered for AC as the total system efficiency is
the main subject of investigation in this study. For post-combustion CO2
capture using AC, the nonlinear expression of a Dubinin-Astakhov (D-A)
model is applied to evaluate sorption capacity (q), as shown in Eq. (1).
Relevant important parameters i.e. the limiting volumetric adsorption
capacity (q0), characteristic energy (E), and the surface-structural heterogeneity factor of adsorbents (n) are evaluated using adsorption
isotherms data. The above parameters used for the D-A model in this
paper can refer to Refs. [22,48]. The CO2 capture rate is defined as
90%.

q=

q0
e
va

n

( EA )

(1)

where va and A are the specific volume of CO2 during the adsorbed
phase and the adsorption potential, which are defined by Eqs. (2) [49]
and (3) respectively:

va = vt e

(2)

(T Tt )

where vt and Tt are the specific volume and the temperature of liquid
CO2, T is the working temperature (K), and α is the thermal expansion
coefficient [50]; and

3.2. Performance evaluation
The results of MEA system are obtained from Aspen Plus software
(version 9) where the capture plant has been modelled using 30 wt%
MEA solvent. The methodology to optimise the design of the CO2
capture plant is summarised as follows [42]:

A = RTln

Psat
Pe

(3)
−1

−1

where R is the universal gas constant (8.314 J mol K ), Psat and Pe
are saturation and partial pressure of CO2 (MPa).
The adsorption isotherm data of AC are adopted from Ref. [51]
detailing physical properties such as E, n, q0 and specific heat capacity
Cp, AC, i.e. 4957.9 J mol−1, 1.24, 1.1 × 10−6 m3 g−1 and 825 J kg−1
K−1 respectively.
The adsorption isotherm model is conducive to the TSA performance evaluation. The following description is based on the TSA cycles
shown in Fig. 3(a) and (b). The regeneration heat, Qh (per kg of

(1) The lean solvent loading of the MEA solution is manipulated to find
the minimum energy required in the reboiler to regenerate the
solvent.
(2) To study the effect of different lean loadings, the pressure of the
stripper section of the reboiler is manipulated whilst temperature is
kept constant at 120 °C [47].

Fig. 4. A flow diagram of the steps to develop the models of the case studies.
6
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Fig. 5. The Aspen plus models of (a) the conventional NGCC; and (b) the subcritical SSFCC power plants; both are integrated with an adsorption-based CO2 capture
system.

(

)

(

)

captured CO2) is estimated using Eq. (4) which is composed of both
sensible (QS) and latent heat (QL).

Q h = Qs, CO2 + Qs, ad + QL,ad /(q3

( Qs + Q L )
Qh =
(q3 q4 )

where QL, ad is the latent heat of the adsorbent. The exergy of Qh (Exh)
can be presented as Eq. (8):

(4)

T4
T2

Cp, AC dT + q3

T3
T2

Cp, a dT +

T4
T3

qCp, a dT

Exh = Q h 1

T4
T3

dq = Had (q3

q4 )

T0
Th

(8)

where T0 and Th are ambient and heating temperatures, respectively.
The net power plant efficiency (η) is a key factor to assess the
economic performance of a power plant with and without a CO2 capture system. For a power plant without CO2 capture, it is usually defined as the percentage of the total thermal energy input of natural gas
which is converted into electricity, as shown in Eq. (9):

(5)

where Cp,AC and Cp,a are the specific heat capacity of AC and the adsorbed CO2, respectively.QL can be determined using Eq. (6), as follows:

QL = Had

q4 )
(7)

+ Had

where q3 and q4 are sorption capacities according to Points 3 and 4 in
Fig. 3(a) and (b), respectively. QS can be expressed as Eq. (5):

Qs =

q4) = Qs, CO2 + Qs, ad /(q3

(6)

=

where Had is the reaction heat of the adsorbent. QS includes the sensible
heat of the adsorbent (QS, ad) and the sensible heat of the CO2 adsorbed
gas phase (QS, CO2) during preheating and desorption respectively.
Thus, to determine Qh, Eq. (4) can be transformed into Eq. (7), as follows:

(Wp Wau ) t
Wnet t
x100% =
x100%
Qin
Qin

(9)

where Wnet is the net power output of the NGCC; Qin is the total thermal
energy input; Wp is the gross power output from turbines; Wau is the
total auxiliary loads including plant operation, energy consumption and
the losses of transformers; and t is the length of period. For the NGCC
7
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integrated with CO2 capture, η can be expressed as Eq. (10).

=

(Wp
Wnet t
=
Qin

Wau

Wcap

of the NGCC. The heat extracted from the NGCC with CO2 capture
system using AC has much lower exergy than that from the NGCC with
CO2 capture systems using MEA and PEI/silica, resulting in higher net
effieciency of the NGCC with CO2 capture system using AC, though Qh
of the NGCC with CO2 capture system using AC is also much higher
than the systems using MEA and PEI/silica. Results show that the largest exergy of the system using AC can be reduced by approximately
23 MW at 378 K and 11 MW at 348 K respectively when compared with
the alternatives of using MEA and PEI/silica, which reveals the potential of the NGCC with adsorption-based CO2 capture system using AC.
To understand different post-combustion CO2 capture systems for
the NGCC, some key parameters are presented in Table 1. The net
power output of the NGCC with absorption-based post-combustion CO2
capture using MEA is 368.85 MW. Because of a lower desoption temperature i.e. 85 °C, the net power output of the CO2 capture system
using AC increases by 2.76% and reaches 377.6 MW, which offers the
highest efficiency i.e. 51.09% compared to 49.67% and 50.82% for the
alternatives of using MEA and PEI/silica, respectively. Detailed parameters of the HRSG of the NGCC are presented in Apendix, Table A1.

Wcom ) t

Qin

(10)

where Wcap is the loss in power output due to steam extraction and
electricity consumption required for the CO2 capture system; and Wcom
is the electricity required to compress the captured CO2 to the desired
pressure for transportation and storage.
4. Results and discussion
4.1. Energy and exergy analysis of the NGCC with TSA
Fig. 6 shows the trends of Qh for CO2 capture systems using AC
when desorption temperature increases from 348 K to 378 K, MEA at
393 K and PEI/silica at 403 K respectively. The regeneration heat of
PEI/silica could refer to Ref. [30] which mainly depends on the CO2
concentration in the flue gas. In spite of the difference of CO2 concentration between this study and Reference [30], it has marginal influence on the comparative results e.g. power loss and net efficiency. It
is found that Qh for the CO2 capture system using AC decreases with
desorption temperature. The reasons are explained as follows. For
physical adsorbents, e.g. AC and zeolite, QS constitutes a major proportion of Qh when compared with QL. Since adsorption capacity increases with temperature, the ratio of QS to Qh decreases. The results
reveal that Qh of the CO2 capture system using AC ranges from 4.91 GJ
tonne CO2−1 to 5.81 GJ tonne CO2−1, which is in agreement with the
range of 4.65–13.96 GJ tonne CO2−1 presented by Refs. [52,53] for
carbon-based sorbents. Compared with MEA and PEI/silica, the difference in Qh can reach up to 3.3 GJ tonne CO2−1. Similarly, hot fluid e.g.
stream extracted from the LP steam turbine is indicated for different
desorption temperatures as shown in Fig. 7. When temperature increases from 348 K to 378 K, the quantity of hot fluid extracted from the
NGCC using AC decreases at a rate ranging 259–307 tonne h−1. The
stream from PEI/silica shows a minimum use which is lower than the
CO2 capture system using MEA and much lower than that using AC.
Qh and desorption temperature vary with the choice of sorbents. AC
offers much higher Qh because of its lower adsorption capacity compared with MEA and PEI/silica which involve higher adsorption capacities. The advantage of using AC is that steam/hot water at lower
temperatures and pressure can be used due to its low regeneration
temperature, leading to reduced losses in power and energy efficiency.
Power losses of the NGCC with CO2 capture system using AC are
compared with the conventional power plant with CO2 capture systems
using MEA and PEI/silica respectively, as shown in Fig. 8. The losses are
due to CO2 compression, LP power output loss during steam extraction
and auxiliaries for the capture plant, and power plant auxiliaries. Although Qh of AC is higher than that of MEA and PEI/silica, as mentioned previously, AC used steam at lower temperatures and pressure.
As a result, AC presents power losses for steam extraction which are
almost similar with PEI/silica but less than those of MEA. Based on the
power losses shown in Fig. 8, the efficiency of the NGCC with CO2
capture system is presented in Fig. 9. The maximum capacity that can
be extracted from the LP steam turbine is limited by the mass flow of
the steam that is supplied to the LP steam turbine i.e. 375.6 tonne h−1.
The results also show that the net efficiency of the NGCC with CO2
capture system using AC increases from 50.5% to 50.9% when the
adsorption temperature rises from 348 K to 378 K. Meanwhile, the result for the CO2 capture system using PEI/silica is almost the same as
that using AC at 368 K. The improvement of the net efficiency of the
CO2 capture system using AC can reach up to 3% when compared with
that using commercial MEA.
To further illustrate the advantage and disadvantage of CO2 capture
using AC, an exergy analysis is conducted and the results are shown in
Fig. 10, which reflects the quality of heat extracted from the LP turbine

4.2. Energy analysis of the SSFCC with TSA
Fig. 11 presents the effect of CO2 concentration on the adsorption
systems using AC, MEA and PEI/silica respectively. The results indicate
that higher partial pressure of CO2 in the flue gas would have a positive
effect on the Qh of AC. Comparably, the generation heat of MEA is
decreased by 8.3% from 3.75 GJ tonne CO2−1 at 3.72% of CO2 concentration to 3.44 GJ tonne CO2−1 at 8.94%. When AC is used to
substitute for MEA, Qh is reduced by 33.3% from 4.92 GJ tonne CO2−1
to 3.28 GJ tonne CO2−1 when CO2 concentration varies from 3.72% to
8.94%. The Qh of PEI/silica decreases by 2% from 2.54 GJ tonne CO2−1
at 4% of CO2 concentration to 2.49 GJ tonne CO2−1 at 14% [30]. It can
be noted that AC is more sensitive to CO2 concentration.
It is recognised that the SSFCC is an alternative to increase the CO2
concentration in flue gas. In this study, CO2 concentration rises from
3.72% (NGCC) to 8.94% (SSFCC) when supplementary firing is incorporated. Fig. 12 shows the net efficiency of the SSFCCs using different adsorbents. It is found that the net efficiencies of the SSFCCs
using AC and PEI/silica are quite close, which are higher than that
using MEA. Although the net efficiency of the SSFCC using AC is slightly
lower in comparison with that of the NGCC, it could be improved by
8.2% when compared to that using MEA i.e. 43.32%. The key parameters and the performance of the SSFCCs are also presented in Table 2.
It is possible to increase the total power output from 771 MW to

Fig. 6. Regeneration heat (Qh) of the CO2 capture system using AC vs. desorption temperatures.
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Fig. 7. Hot fluid extracted from the LP steam turbine vs. desorption temperatures.

Fig. 10. Exergy of the steam used for regeneration at different desorption
temperatures.
Table 1
Key parameters of post-combustion CO2 capture using adsorption technology
and MEA in NGCC.

Fig. 8. Power losses of the NGCC with CO2 capture systems using AC, MEA and
PEI/silica at different desorption temperatures.

Technology

MEA

AC

PEI/silica

Net power output without CO2 capture (MW)
Net power output with CO2 capture (MW)
Net efficiency without CO2 capture (%)
Net efficiency with CO2 capture (%)
Mass flow rate of natural gas to gas turbine (kg
s−1)
Total steam in the crossover pipe (kg s−1)
Power consumption by the CO2 compressor (MW)
Gas composition (mol fraction)
– H2O
– N2
– O2
– CO2
Flow of flue gas (kg s−1)
Temperature of flue gas (°C)
Steam extracted from the crossover pipe (kg s−1)
Steam extracted from the LP steam turbine (kg
s−1)
Temperature of the reboiler (°C)
Desorption regeneration temperature (°C)
Steam pressure of the reboiler (bar)
Desorption regeneration pressure (bar)
Mass flow of CO2 to pipeline (kg s−1)
Total auxiliary power consumption of the NGCC
(MW)

411.62
368.85
56.34
49.67
13.99

411.62
377.61
56.34
51.09
13.99

411.62
377.00
56.34
50.82
13.99

104.4
10.67

104.4
10.67

104.4
10.67

0.0841
0.7529
0.1257
0.0372
662.3
110.69
59.8
N/A

0.0841
0.7529
0.1257
0.0372
662.3
110.69
N/A
72.1

0.0841
0.7529
0.1257
0.0372
662.3
110.69
53
N/A

120
N/A
3
1.898
35.15
8.57

N/A
85
N/A
1.013
35.15
8.57

N/A
130
N/A
35.15
8.57

4.3. Economic assessment
As the main difference of the NGCC with CO2 capture systems using
MEA or AC lies in the capital cost of CO2 capture process, the costs of
post-combustion CO2 capture using MEA and AC are analysed. The total
plant cost of the CO2 capture system using MEA for the NGCC is calculated by scaling up the cost indicated in Refs. [54,55], as expressed in
Eq. (11):

SC = RC
Fig. 9. The net efficiency of the NGCC vs. desorption temperatures.

SP
RP

R

(11)

where SC represents a scaled cost; RC denotes a reference cost for the
CO2 capture plant i.e. $181 million in 2011 as reported by Ref. [56]; SP
and RP are parameters chosen for the scaled and the reference cases
(e.g. flows, volume etc.). In this case, the flow of flue gas to the CO2
capture plant is 662.33 kg s−1, see Table 1. R is a scaling exponent of
the capture plant i.e. 0.61.

815.9 MW using AC, and the main advantage is the possibility to employ low-grade steam in the application. Detailed parameters of the
HRSG of the SSFCC are presented in Apendix, Table A2.
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Table 2
Key parameters of post-combustion CO2 capture using MEA, AC and PEI/silica
in the SSFCC.

Fig. 11. Regeneration heat (Qh) of the CO2 capture systems using AC, MEA and
PEI/silica respectively at different CO2 concentrations.

Technology

MEA

AC

PEI/silica

Net power output (MW)
Net efficiency with CO2 capture (%)
Mass flow rate of natural gas to gas turbine (kg
s−1)
Mass flow rate of natural gas to duct burners (kg
s−1)
Total steam in the crossover pipe (kg s−1)
Power consumption by the CO2 compressor
(MW)
Gas composition (mol fraction)
– H2O
– N2
– O2
– CO2
Flow of flue gas (kg s−1)
Steam extracted from the crossover pipe (kg
s−1)
Steam extracted from the LP steam turbine (kg
s−1)
Temperature of the reboiler (°C)
Desorption regeneration temperature (°C)
Steam pressure of the reboiler (bar)
Desorption regeneration pressure (bar)
Mass flow of CO2 to pipeline (kg s−1)
Total auxiliary power consumption of the SSFCC
(MW)

771.0
43.32
13.99

815.6
45.85
13.99

803.9
45.19
13.99

17.8

17.8

17.8

375.3
31.57

375.3
31.57

375.3
31.57

0.18798
0.71215
0.01043
0.08944
683.88
138.08

0.18798
0.71215
0.01043
0.08944
683.88
N/A

0.18798
0.71215
0.01043
0.08944
683.88
87

N/A

132

N/A

120
N/A
3
1.875
87.75
8.7

N/A
122
N/A
1.013
87.75
8.7

N/A
130
N/A

Cost2 = Cost1

Index2
Index1

87.75
8.7

(12)

where Cost2 is the scaled cost in 2017; Cost1 is the cost in a base year
chosen for the analysis i.e. 2011 in this analysis; Index2 and Index1 are
the indices reported for both corresponding years i.e. 535.3 and 585.7
in 2017 and 2011 respectively.
It is assumed that the capital cost of the NGCC can be broken down
following the ratios applied in [54,55] i.e. 65% for absorber column,
contact cooler and blower whilst 35% is due to stripper column, circulation pumps, heat exchanger and reboiler. As the flue gas in both
NGCC and SSFCC is similar (i.e. 662.3 kg s−1 and 683.9 kg s−1 respectively), the cost of the absorption section is assumed to be the same
in both cases. In connection to the desorption section, the cost of the
SSFCC is increased by 2.5 times in line with the quantity of CO2 required by NGCC and SSFCC, following a ratio of 2:5. The operation and
maintenance costs of the CO2 capture plant using MEA and AC are
based on Reference [56] and Refs. [61,62] respectively. Tables 3–6
present the investment and the operation and maintenance cost of the
NGCC and SSFCC with post-combustion CO2 capture using MEA and AC
respectively. It is found that the total investment cost of the NGCC with
CO2 capture plant using MEA and compression, i.e. $ 509 million, is

Fig. 12. The net efficiency of the SSFCC using different solvents.

Similarly, for the adsorption process, SC is the scaled cost, RC is the
reference cost of the adsorption plant $ 3.713 million in 2017 as reported in Reference [57]. SP is the scaled parameter (e.g. volume capacity, which is the size of equipment, e.g. adsorber, in volume, m3)
and RP is the scaled reference (where volume capacity of the adsorbent
plant is 6.57 m3 as reported in Reference [57]). R is the scaling exponent of the capture plant i.e. 0.57 [46]. The cross section of commercial fluidized reactors ranges 36–110 m2 [58]. The diameter of the
adsorber is calculated by using Aspen Plus. In total, eight separated
absorbers are required, which is estimated based on the flue gas flow
rate and maximum size of commercially available fluidised bed i.e.
110 m2. The volume of the reactor (adsorber using AC) and the volumetric flow rate reported in Ref. [59] are first adopted to calculate the
resident time, which is then used to calculate the volume according to
the flue gas volumetric flow of this paper. The volume of adsorber is
evaluated as 5000 m3. Similar situation applies to desorber and SSFCC.
The calculation takes advantages of existing literature to estimate the
performance of AC for carbon capture of flue gas. To get more accurate
results, more details e.g. experimental sorption kinetic of adsorbent in
fluidised bed will be required, which is planned for future work.
The calculated scaled costs are evaluated by using the Chemical
Engineering Plant Cost Index (CEPCI) (2017) [60], which is dimensionless and is used to adjust process plant construction costs from
one period to another. An updated cost, for instance in 2017, can be
accessed by using Eq. (12) based on indices, as follows:

Table 3
Investments estimated for the NGCC with post-combustion CO2 capture using
MEA and AC.

Investment cost ($ million)1
Plant cost ($ million)
Owner’s costs ($ million)
Investment cost ($ million)
Compressor unit
Investment cost ($ million)2
Total investment cost (TIC) ($ million)
Power plant
CO2 capture

1,2

MEA [56]

AC [57]

302.7
186
17
203
3.5
509.2

302.7
–
–
163
3.5
469.2

Information is available in Ref. [42] where half of the price is considered as
only one GT train is involved in this study compared with Ref. [42] where two
GTs are used. The data in Ref. [42] is updated following CEPCI in 2013 to that
in 2017 i.e. 567.3 and 562.1 respectively using Eq. (12).
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• Carbon price associated with the residual carbon emissions is unavailable.
• A total 8000 operating hours per year.
• An annual factor of 10.6%.
• A low heat value (LHV) is 51.8 MJ kg .

Table 4
The operation and maintenance costs of NGCC with post-combustion CO2
capture using MEA and AC.

Operation and maintenance ($ million)a
Fixed operation and maintenance cost ($
million)b
Variable cost ($ million)c
Total operation and maintenance ($ million)
Power plant
CO2 capture plant

MEA

AC

15.45
4.13

15.45
3.26

5.5
25.1

13.16
31.9

−1

The formulas used to estimate LCOE in this work are simplified as
presented by Eqs. (13) and (14) [67].

LCOE =

a

Operation and maintenance cost based on Ref. [42].
b
2% of the total investment cost of the CO2 capture plant including CO2
compression [64].
c
The variable cost is related to the makeup of MEA i.e. 2.6 kg tonne CO2−1
[65]. Cost of MEA is $2.09 kg−1. Makeup of AC is $13 tonne CO2−1 captured
[61,62].

FCF =

Power plant
CO2 capture
Compressor unit
Total investment cost

Investment cost ($ million)
Investment cost ($ million)
Investment cost ($ million)3
($ million)

MEA [56]

AC [57]

539
310
8.1
857

539
1632
8.1
710

1,3

Based on Ref. [42], updated from 2013 to 2017 using CEPCI i.e. 567.3 and
562.1 respectively.
2
The cost of the adsorption plant is considered as the same in both NGCC and
SSFCC. Flue gas varies marginally for the supplementary firing burned in the
HRSG but the quantity of CO2 increases by 2.5 times.

Operation and maintenance ($ million)a
Fixed operation and maintenance costs ($
million)b
Variable cost ($ million)c
Total operation and maintenance ($ million)
Power plant
CO2 capture plant

AC

45.5
6.2

45.5
3.26

4.6
56.3

32.9
81.6

r × (1 +
(1 + r )TL

1

(13)
(14)

4.4. Potential improved performance

Table 6
The operation and maintenance cost of subcritical SSFCC with post-combustion
CO2 capture using MEA and AC.
MEA

r )TL

where TIC is the total investment cost; FCF is the fixed charge factor;
FOM is the fixed operation and maintenance cost; MW is the net power
output; CF is the capacity factor; VOM is the variable operation and
maintenance cost; HR is the net power heat rate; FC is the fuel cost per
unit of energy; and TCO2 is the transportation cost of CO2; where all are
in $ MWh−1. Meanwhile, r is the interest rate; and TL is the economic
life of the plant which is considered as 30 years in this work.
The information presented in Tables 4–6 is used in Eqs. (13) and
(14) to estimate the LCOE, and the results are shown in Fig. 13. The
LCOE of the NGCC with CO2 capture using AC is marginally lower than
that using MEA, i.e. $54.26 MWh−1 compared with $54.84 MWh−1.
The slight reduction is the result of improved efficiency and reduced
investment cost. The LCOE of the SSFCC for both MEA and AC is even
lower compared with that of the NGCC using MEA and AC due to the
impact of CO2 concentration in flue gas.

Table 5
Investments estimated for the subcritical SSFCC with CO2 capture using MEA
and AC.

1

TIC × FCF + FOM
+ VOM + HR × FC + TCO2
Poweroutput × CF × 8000

Table 7 compares post-combustion CO2 capture using AC, PEI/silica
and MEA for the NGCC in terms of material type, sorption capacity,
regeneration heat, O2 concentration, net efficiency, cost and current
development stage. It is demonstrated that chemical adsorbents (e.g.
PEI/silica) and absorbents (e.g. MEA) have higher sorption capacities
than physical adsorbents (e.g. AC). PEI/silica and MEA show much
lower Qh than AC; however, AC can be regenerated by low-grade heat
(e.g. hot water). It is also worth noting that for PEI/silica and MEA high
O2 concentration may cause degradation whereas AC does not have
such a problem. The net efficiency of CO2 capture using adsorption
technology (e.g. AC and PEI/silica) is higher than that of using absorption technology (e.g. MEA), which also results in a lower initial
cost. Currently CO2 capture using MEA is mature whilst adsorption-

a

Based on Ref. [42].
2% of the total investment cost of the CO2 capture plant [64].
c
The variable cost is related to the makeup of MEA i.e. 1.7 kg tonne CO2−1
[66]. Cost of MEA is $2.09 kg−1. Makeup of AC is $13 tonne CO2−1 captured
[61,62].
b

8.53% higher than that using AC. For SSFCC with CO2 capture using AC
and compressor, r the total investment is $ 509 million, i.e. 17.15%
higher than that using AC. The operation and maintenance cost of the
power plants with CO2 capture process using AC is higher than that of
using MEA for both NGCC and SSFCC. As a result, the total costs (including investment, operation and maintenance) of the NGCC with CO2
capture using MEA and AC are $ 534.3 million and $ 501.1 million; and
$ 913.3 million and $ 791.6 million for the SSFCC, respectively. Both
costs are in agreement with the estimate presented in Ref. [63]. It can
be concluded that CO2 capture using AC is more competitive from an
economic perspective.
The following conditions apply in this study in estimating the LCOE
of the power plant (including compression units):

• The gas price is fixed as $5 MMBTU .
• CO is used for EOR whilst no storage cost is considered.
• CO is sold at a price of $20 tonne CO (in reality, the price will
−1

2
2

2

−1

be fluctuated with oil prices but this is not taken into consideration
in this study).

Fig. 13. LCOEs of the NGCC and the SSFCC; both with post-combustion CO2
using MEA and AC.
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Table 7
Comparison of CO2 capture using AC, PEI/silica and MEA.
Sorbent

Type

Sorption capacity

Regeneration heat

O2 concentration

Net efficiency

Cost

Development stage

AC
PEI/silica
MEA

Physical adsorption
Chemical adsorption
Absorption

Low
High
High

High
Low
Medium

None
Low
High

High
High
Low

Low
Low
High

Theoretical
Lab-scale prototype
Commercial

Fig. 15. A new conceptual design for heat and mass recovery of the NGCC.

diagram of the adsorbent by using heat and mass recovery. It is demonstrated that the new cycle 1–6–7–3–8–9–1 becomes wider when
compared with the original cycle 1–2–3–4–1. Thus, an extra sorption
capacity (Δq) i.e. between Points 7 and 2 or Points 9 and 4 could be
obtained (which could have a substantial effect on the regeneration
heat in some cases) while QS,ad remains to be recovered. The regeneration heat of the new system using heat and mass recovery (Qh″)
can be calculated using Eq. (16):

Fig. 14. Heat recovery design for the NGCC with adsorption [30].

based post-combustion CO2 capture is undergoing commercialisation.
One striking fact is that both absorption and adsorption technologies using MEA and PEI/silica respectively for post-combustion CO2
capture from the NGCC show improved thermal performance i.e. low Qh
via heat recovery. For example, Fig. 14 presents a heat recovery design
for the post-combustion CO2 capture system using PEI/silica, as reported in Ref. [30]. To increase the temperature of the heat transfer
medium to a specific desorption temperature, cooling water is preheated by recovering adsorption heat, and then heated by a boiler. This
method is advantageous as no extra heat will be extracted from the LP
turbine and therefore will have little to no influence on the NGCC. The
regeneration heat of this system (Qh′) can be calculated using Eq. (15):

Qh' = (Qs, CO2 + Qs, ad + QL,ad

Q hr )/(q3

q4 )

Qh'' = (Qs, CO2 + Qs, ad + QL,ad

Q hr )/(q3

q4 + q)

(16)

This allows for simultaneous heat and mass recovery in one process,
which may lead to lower regeneration heat Qh'' and higher net efficiency
of systems using both chemical and physical adsorbents.
5. Conclusions
An adsorption-based post-combustion CO2 capture system using
activated carbon for the natural gas combined cycle is evaluated based
on energy, exergy and economic analysis. The performance is compared

(15)

where Qhr is the heat recovered during the process.
Due to Qhr, Qh′ of PEI/silica can be reduced from 5.15 GJ tonne
CO2−1 to 2.54 GJ tonne CO2−1, this recovery method is more effective
when the adsorption heat of material is relatively high, which is more
efficient for most of chemical adsorbents. Comparably, physical adsorbents (e.g. AC) usually have low adsorption heat and small sorption
capacity. When the total capacity of Qh is considered, QS,ad is several
times higher than that of QL,ad. Under this scenario, performance improvement is limited. Thus, recovering QS,ad and QL,ad between the
adsorbent and the desorbent is a better alternative. Different from MEA,
heat transfer efficiency of the solids inside the heat exchanger may be
low, which may limit heat recovery options to transporting heat between hot and cold solid streams. Thus, a new conceptual design is
proposed in Fig. 15 which aims to achieve heat and mass recovery in
the process. Cold and hot materials from the adsorber and the desorber
can flow into a tank in respective pipes. As mass transfer channels are
provided around the pipes, only gas can pass through. Thus, both
temperature and pressure potential could be utilised (different from the
current research on adsorption CO2 capture, for instance [68], which
considers heat transfer only). Due to differences in the chemical potential, regenerated adsorbents can further desorb adsorbates in the
heat and mass recovery tank to cold adsorbents. Fig. 16 indicates a P-T

Fig. 16. The P-T diagram of adsorption-based post-combustion CO2 capture
using heat and mass recovery.
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with a commercial absorption-based system using monoethanolamine
and an adsorption-based system using polyethyleneimine/silica, which
is also a novel chemical adsorbent. Conclusions are drawn as follows:

(3) The levelised cost of electricity of a natural gas combined cycle
using monoethanolamine is $58.84 MWh−1, which is 7.78% higher
than that using activated carbon. In addition, the levelised cost of
electricity for a sequential supplementary firing combined cycle is
$53.43 MWh−1, which is 2.7% higher than that using activated
carbon. From an economic perspective, post-combustion capture
plant activated carbon based is a competitive and promising alternative for CO2 capture in a natural gas combined cycle.
(4) Physical adsorbents e.g. activated carbon are as competitive as
absorbents (e.g. monoethanolamine) and chemical adsorbents
(polyethyleneimine/silica) for post-combustion CO2 capture technology. The novel heat and mass recovery method is expected to
improve its performance, which may further reduce the regeneration heat of the system using physical adsorbents.

(1) The regeneration heat of the system using activated carbon is much
higher than those using monoethanolamine and polyethyleneimine/silica, which is in the range of 8.9–10.11 GJ tonne
CO2−1. However, low-grade steam can be extracted from the low
pressure turbine for activated carbon to desorb CO2, which results
in higher net efficiency than that of the systems using monoethanolamine and polyethyleneimine/silica. For instance, net efficiency of the system will increase from 49.67% to 51.09% if activated carbon is used as a substitution for monoethanolamine.
(2) The regeneration heat of activated carbon will reduce at a higher
CO2 concentration in the flue gas, which is validated in the case
study of a sequential supplementary firing combined cycle system.
Although the net efficiency using activated carbon for a sequential
supplementary firing combined cycle is slightly decreased in comparison with that of a natural gas combined cycle, it could be improved by 8.2% when compared to that using monoethanolamine
i.e. 43.32%.
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Appendix A
See Tables A1 and A2.

Table A1
Temperature and pressure (in and out) of each heat exchanger of the conventional NGCC. Pressure gas side is assumed to be 1.013 bar and pressure drop zero.
Steam side

Gas side

Heat exchanger
ID

Temperature in
°C

Temperature out
°C

Pressure in
bar

Pressure out
bar

Temperature in
°C

Temperature out
°C

HPS3
RH3
HPS1
RH1
HPS0
IPS2
HPB1
HPE3
IPS1
HPE2
IPB
LPS
IPE2
LPB
LPE
IPE1
DAB
LTE

528
479
488
399
331
308
331
331
236
237
236
142
140
143
105
104
104
91

566
566
528
479
488
399
331
331
308
297
236
182
233
147
143
139
106
104

127.66
31.0
128.66
31.6
130.9
31.84
130.9
132.6
32.22
133.8
32.22
4.365
32.22
4.365
4.70
32.22
172.0
172.0

123.96
28.44
127.66
31.0
128.66
31.6
130.9
130.89
31.9
132.6
32.22
3.999
32.22
4.365
4.365
32.22
172
172

601
590
567
558
529
468
463
349
327
322
292
252
251
197
159
156
137
131

590
567
558
529
468
463
349
327
322
292
252
251
197
159
156
137
131
114

Table A2
Temperature and pressure (in and out) of each heat exchanger of the subcritical SSFCC. Pressure gas side is assumed to be 1.013 bar and pressure drop zero.
Steam side

Gas side

Heat exchanger
ID

ID Aspen simulation
ID

Temperature in
°C

Temperature out
°C

Pressure in
bar

Pressure out
bar

Temperature in
°C

Temperature out
°C

HPS3
RH2
RH1
HPS2
HPS3
HPB
HPE2
HPE1
LTE

B23
B6
RH3
B11
B2
B5
B13
B14
B15

572
530
390
527
356.6
356.6
199
100
33.6

601
601
530
572
527
356.6
356.6
199
100

174.5
42.38
43
176.6
178.6
178.6
180.9
182.2
183

172.48
41.77
42.38
174.5
176.6
178.6
178.6
180.9
182.2

820
785
820
672
818
792
783
407
211

785
710
672
613
440.6
443
407
211
80
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