
Investigations of an air-blown integrated gasification combined cycle fired 
with high-sulphur coal with post-combustion carbon capture by aqueous 
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rocess is found to be more attractive than a more conventional chilled 
 90% of CO2 avoided, the overall power plant efficiency is equal to 41.7% 
nergy consumption for CO2 avoided) as low as 2:3 MJ=kgCO2 . Moreover, 
ECCA for CO2 avoided ranging from 80% to 90% is almost constant, even 
ncreases if lower levels of CO2 capture are considered. 

and pilot-scale gasification [9]. As a matter of fact, the IGCC (in-

tegrated gasification combined cycle) is a competitive technology 
 

Coal is an abundant energy resource for electricity generation, 

to pulverized coal-fired steam power plants, with higher cycle
l-fired power plants are efficiency as well as more effective removal of sulphide com-
pounds from the coal-derived fuel gas, as removal efficiency values 
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, 
he main sources of electricity for emerging countries like China 
1,2] and India [3,4], but suffer from poor acceptance by people in 
ECD (Organisation for Economic Co-operation and Development), 
ainly due to environmental issues. Currently, there are two main 

echnical challenges for coal-fired power generation: the 
mprovement of plant efficiency, as a way to reduce the cost of 
lectricity, and the development of technologies such as CCS (car-
on capture and storage) to reduce CO2 emissions.
Dealing with pollutants emissions, it is necessary to remind 

hat sulphur is one of the elements present in coal [5] and its 
ontent is really relevant to the coal market [6]. In particular, coal 
ith sulphur content above 1% is classified as high-sulphur coal. 
he researchers' interest in the use of high-sulphur coal is actual as 
ighlighted by very recent calculations of ultra-supercritical plants 
7] and experiments on chemical looping combustion [8]
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easily exceed 99%. The current IGCC technology is mainly based on
oxygen-blown gasification, but a significant activity on air-blown
IGCC has been conducting during the last years by Mitsubish
Heavy Industries in Japan, where the 250 MWel demonstration
plant in Nakoso was started up in 2007 [10]. Shifting from oxygen-
to air-blown technology implies the eco-nomic advantage related
to the much smaller air separation unit and the potentially higher
cycle efficiency [11]. In perspective, IGCC efficiency values as high
as 53% should be possible based on advanced technologies such as
1500�C-class combustion turbine and hot fuel gas clean-up [12].

In order to reduce CO2 emissions significantly, carbon capture
and storage are essential. There are three main capture technolo-
gies: post-combustion, pre-combustion de-carbonization and oxy-
fuel combustion [13]. The concentration of CO2 in the gas stream
the pressure of the gas stream and the fuel type (solid or gas) are
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based CO2 capture process.1 Besides, the SoaveeRedlicheKwong

1 In addition to the comparisons reported by Darde et al. [39], further recent 

efforts are detailed in Ref. [50].
important factors in properly selecting the capture system, based 
on the specific process and the related engineering aspects [14]. 
Although the IGCC technology perfectly matches pre-combustion 
CO2 capture [15], post combustion CO2 capture solutions are worth 
of investigation, as reported by the authors [16,17] and by other 
researchers [18,19]. Indeed, post-combustion CO2 capture is a 
feasible solution in the short term, as amine gas treating is a mature 
technology, with the alternative option of an ammonia-based 
process. However, independently of the specific technology, the 
energy cost related to CCS is not negligible and results in lower 
power plant performance [16e19].

1.1. Ammonia scrubbing for post-combustion CO2 capture

In aqueous ammonia-based CCS technology, a rich CO2 solution 
is produced in an absorber. The rich solution releases CO2 at a 
relatively high pressure, when heated in a desorber, therefore the 
liquid is cooled and delivered to the absorber for a new cycle. 
Besides, the CAP (chilled ammonia process) layout is equipped with 
a water wash at the top of both the absorber and the regenerator, 
because of ammonia slip (NH3 volatility results in NH3 vaporization 
to the flue gas [20]), which is more significant for higher CO2 
absorption temperature.

Referring to real cases, lab-scale investigations of ammonia as a 
solvent have been conducted by Alstom [21] in 2005 and after-
wards patented by Eli Gal [22] in 2006, operating in chilled con-
ditions in order to avoid the ammonia slip. Alstom has licensed the 
exclusive world-wide rights to market and sell the patented CAP 
(chilled ammonia process) and has engaged in an extensive 
development and commercialization program. In 2008 a first pilot 
facility was installed at the We Energies plant in Pleasant Prairie 
and a second pilot plant, at the E.ON Karlshamn location in 2009, 
was applied to a high-sulphur fuel oil combustion. These plants 
have been run in chilled conditions, exploiting salt formation and 
adopting high regeneration pressure. In 2010 a larger plant has 
been investigated at AEP (American Electric Power's) Mountaineer 
plant [23], where a CAP plant has been designed to treat a 20 MWel 
slipstream of combustion flue gases from an existing coal-fired 
boiler. Based on the results achieved with the first pilot plants, 
lower ammonia concentration has been considered as a funda-
mental process variable to avoid the solid formation, which is an 
issue investigated by several researchers [24e27]. Other devel-
oping activities are still ongoing [28e30].

Lots of technical papers on CAP-based CO2 capture are present 
in the open literature. In particular, the authors' research group has 
gained a significant experience as regards (i) investigations of the 
design parameters for a CAP with a view to retrofitting an ultra-
supercritical plant [31], (ii) energy and economic assessments of an 
ultra-supercritical plant integrated with CAP [32] and (iii) 
comparisons among different CAP-based plant layouts [33].

1.2. The ternary system CO2eNH3eH2O

Understanding the phase behaviour and the thermodynamics of 
the CO2eNH3eH2O system [34] is important for engineers and 
researchers interested in post-combustion ammonia-based CO2 
capture. Such a ternary system forms an electrolyte solution, whose 
thermodynamic properties must be studied with an appropriate 
model.

The Extended UNIQUAC thermodynamic model proposed by 
Thomsen and Rasmussen [35] and later upgraded by Darde et al. 
[36] was used in this work. It is a local compositionmodel derived 
from the original UNIQUAC model developed by Abrams and 
Prausnitz [37] and Maurer and Prausnitz [38], in which
a DebyeeHückel term ac-counting for electrostatic interactions is 

added. Thus, the model al-lows for calculating the activity 
coefficients of electrolyte solutions.
The excess Gibbs energy is computed as the combination of three
terms: a combinatorial (entropic) term, a residual (enthalpic) term
and an electrostatic term [39]. The activity coefficients used for
speciation, solideliquid, and vapoureliquid equilibrium are calcu-
lated with the Extended UNIQUAC model. The Soa-
veeRedlicheKwong equation of state is employed for computing
the fugacities of the species in the gas phase, without requiring
additional adjustable parameter [39].

1.3. Objective of the paper

This work is a revised and extended version of an earlier con-
ference paper [40] focussing on an original solution for firing high-
sulphur coal in IGCC power plants for electricity generation with
post-combustion CO2 capture. In particular, an air-blown IGCC is
considered and integrated with CO2 capture processes, based on (i)
a chilled and on (ii) a cooled aqueous ammonia scrubbing. This
second solution aims at limiting the energy penalty related to the
CCS technology, according to preliminary authors' investigations
[17]. A  strong integration between the desulphurization unit of the
IGCC and the CCS plant is proposed. In detail, the ammonia slip is
properly controlled and reduced to traces thanks to the H2S
removed from the coal-derived gas at the desulphurization unit of
the IGCC.
2. Calculation environments

The thermodynamic models of the IGCC plants with CO2 capture 
were implemented in the modular simulation code GS, integrated 
with the commercial code Aspen Plus®.

Mass and energy balances for the IGCC plants were carried out 
with the code GS [41], which is a simulation tool originally 
designed for research purposes by the authors' research group to 
calculate gasesteam cycles and progressively improved to calculate 
more complex systems. It has proved to yield highly accurate 
results in estimating the performance of combustion turbines and 
combined cycles [42] and has been successfully used to calculate 
mass and en-ergy balances of a variety of power plant 
configurations, including gasification systems, desulfurization 
reactors, water-gas shift pro-cesses as well as coal drying systems 
[43e48]. The main features of the code include: (i) the capability of 
reproducing very complex plant schemes by assembling basic 
modules, such as turbine, compressor, heat exchanger, etc., (ii) the 
use of built-in correlations for efficiency prediction of 
turbomachinery, as a function of the operating condi-tions, (iii) the 
use of built-in correlations to predict gas turbine cooling flows, (iv) 
the capability of calculating chemical equilibrium by Gibbs free 
energy minimization. Once the system to be calculated is defined as 
an ensemble of components, mass and energy balances of each 
component are calculated iteratively, until the conditions at all in-
terconnections converge toward stable values.

The commercial code Aspen Plus® was used for the calculations 
of the CCS plant. In detail, the absorption and regeneration pro-
cesses, better outlined in the next section, were simulated by 
means of the previously mentioned Extended UNIQUAC model that 
is not built inside the code but defined by the user, as successfully 
done by Darde et al. [39]. In particular, an exhaustive validation of 
the thermodynamic model was previously carried out and the 
model results compared with experimental data available in liter-
ature [39]. Representative trends about this validation are shown in 
Figs. 1 and 2, based on experimental data by Kurz et al. [49] and 
limited to two temperatures of interest in an aqueous ammonia-
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Fig. 1. Comparisons of the results at 313 K from the thermodynamic model Extended 
UNIQUAC with experimental data by Kurz et al. [49].
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Fig. 2. Comparisons of the results at 353 K from the thermodynamic model Extended 
UNIQUAC with experimental data by Kurz et al. [49].

2 As a matter of fact, the main duty of the ASU in an air-blown IGCC is delivering 
nitrogen for coal loading, while oxygen enrichment of the gasification stream is a 
secondary result [51].

3 In particular, the gas exiting the HRSG units in IGCC systems with post-
combustion CO2 capture presents the following composition (on a molar basis): 
0.89% Ar, 9.97% CO2, 4.36% H2O, 75.10% N2, 9.68% O2.
3. IGCC and CCS plant layouts

Each IGCC plant investigated in this work consists of two gasi-
fication islands and two combustion turbines with two heat re-
covery steam generators, which share the same steam turbine. 
Accordingly, two CCS plants are considered as the gas exiting each 
HRSG (heat recovery steam generator) unit is treated in a dedicated 
CCS plant. The IGCC and CCS plants are detailed in the following, 
with particular attention paid to the operation parameters of the 
CCS process as the result of a preliminary parametric analysis.

3.1. The IGCC plant

The schematic layout of the IGCC plant without CO2 capture for 
the reference case is shown in Fig. 3. A high-sulphur Illinois #6 coal 
is considered as fuel input (with a lower heating value equal to 
24.826 MJ/kg) and loaded by a dry lock hopper system by means of 
nitrogen from a dedicated stand-alone ASU (air separation unit). 
The oxygen delivered by the ASU is useful to enrich the O2 content 
in the gasification stream. The air-blown coal gasification system, as

equation of state was chosen to simulate both the cooling of the gas
entering the CCS plant and the CO2 compression station.

Tables A1eA4 in the Appendix detail the main assumptions set 
for the calculations.
developed by MHI [51], is a water-wall entrained flow gasifier, with a 
combustor at the bottom and a reductor (the topper stage). Such a 
configuration allows for a carbon conversion of the order of 99.9% 
in the combustor [51], where coal and recycled char are burnt at 
high temperature (around 1900 �C) with high air-to-coal ratio. In 
the topper stage, high-temperature syngas is chemically quenched 
and experiences a temperature drop of around 700 �C. Because of 
the lower temperature, the coal-derived gas exiting the gasifier 
contains a certain amount of unconverted carbon, which is 
collected by a cyclone and recycled back to the combustor stage. As 
shown in Fig. 3, the air for coal gasification is extracted from the CT 
(combustion turbine) compressor outlet, partly cooled by 
producing HP (high pressure) steam and finally boosted to the 
gasification system. The coal-derived gas exiting the gasifier is 
firstly cooled down to 900 �C
(11) before passing through cyclones, where char and ash are 
collected and recycled back to the combustor. Then, syngas is 
further cooled down to 350 �C (12) by producing HP steam and to 
206.6 �C by preheating the clean syngas (17) up to 250 �C, before 
combustion. The removal of entrained ash and of soluble 
contaminants is realized by syngas scrubbing. A regenerative heat 
exchanger is used to heat the syngas from the scrubber (15) up to 
the operating temperature of a catalytic reactor for converting COS 
into H2S. Hydrolyzed syngas stream is then cooled down to near-
ambient temperature by pre-heating: (i) scrubbing water, (ii) water 
for the bottoming steam cycle directed to the deaerator and (iii) 
desulfurized syngas from the AGR (acid gas removal) station, where 
H2S removal is carried out by means of a methyl diethanolamine-
based process. After the AGR station, the clean syngas is heated up 
and burned in the CT combustor of an advanced CT unit, with the 
turbine inlet tempera-ture set at 1360 �C [52]. Thanks to the high 
N2 content in the syngas fuelling the combustion turbine, no 
saturation with water is neces-sary to obtain a stoichiometric flame 
temperature compatible with acceptable NOx emissions at the 
turbine exhaust [53]. Ultimately, the CT exhaust heat is recovered 
in a two pressure level steam cycle with reheat. Details of streams 
numbered in Fig. 3 are reported in Table 1, based on IGCC 
calculations.

The lay-out of the IGCC plant with CO2 capture is strictly similar 
to the one in Fig. 3, with a few exceptions.

▪ Part of the carbon dioxide delivered by the CO2 compressor at the 
CCS plant is recycled back to the gasification island for coal 
loading (see Figs. 4 and 5). Carbon dioxide is recommended in 
applications involving CO2 removal [54,55], since it is available at 
no additional costs. Thus, the availability of CO2 as an inert for 
coal loading makes the ASU unnecessary.2

▪ As the air blown to the gasifier is not oxygen-enriched, using CO2 
instead of N2 for coal loading results in slight variations in the 
cold gas efficiency:

GE ¼ _msyngas$LHVsyngas
_mcoal$LHVcoal

(1)
▪ In detail, this figure is equal to 73.07% and 72.5% in the plants 
without and with CO2 capture, respectively. Thus, slight varia-
tions in stream details compared to those in Table 1 are calcu-
lated,3 but they do not invalidate the comparison between the 
IGCC cases without and with CO2 capture.
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Fig. 3. Schematic of the IGCC plant (reference case without CO2 capture).

Table 1
Temperature, pressure, flow rate and composition of the main streams of the air-blown IGCC shown in Fig. 3.

T (�C) p (bar) _m (kg/s) Ar CO CO2 H2 H2O H2S N2 O2 CH4

1 15 1.01 611 0.92 0.03 1.03 77.28 20.73
2 417.6 18.16 378.8 0.92 0.03 1.03 77.28 20.73
3 1438.8 17.61 540 0.89 10.62 5.65 75.24 7.6
4 611.1 1.04 665 0.89 8.59 4.77 75.63 10.12
5 115 1.01 665 0.89 8.59 4.77 75.63 10.12
6 15 39.1 Coal as received (%wt.: 61.27 C, 4.69 H, 8.83 O, 1.1 N, 3.41 S, 12 moisture, 8.7 ash)
7 80 56.13 19.9 100
8 15 35 7.3 3.09 1.91 95
9 477.4 33.02 107.1 0.92 0.03 1.03 77.28 20.73
10 1200 28.06 172.4 0.61 25.28 3.62 11.91 4.22 0.62 53.19 0.56
11 900 28.06 170 0.61 25.28 3.62 11.91 4.22 0.62 53.19 0.56
12 350 27.5 170 0.61 25.28 3.62 11.91 4.22 0.62 53.19 0.56
13 206.6 26.95 170 0.61 25.28 3.62 11.91 4.22 0.62 53.19 0.56
14 137 26.41 170 0.61 25.28 3.62 11.91 4.22 0.62 53.19 0.56
15 112 25.89 172.2 0.60 24.83 3.56 11.7 5.92 0.60 52.24 0.55
16 180 25.37 172.2 0.60 24.83 3.56 11.7 5.92 0.60 52.24 0.55
17 250 23.16 161.2 0.64 26.74 2.93 12.6 0.24 56.26 0.59
18 250 36 8.1 100
19 339 144 106.9 100
20 565 144 106.9 100
21 560.6 132.5 316.8 100
22 359.6 36 313.7 100
23 563.8 33.12 329.9 100
24 100 2 89.4 100
25 191.2 2 15.6 100
▪ More steam is extracted from the bottoming cycle in case of CO2 
capture. In detail, stream 25 in Fig. 3 has to supply (i) the heat 
for H2S stripping at the AGR station and (ii) the heat required 
at the CCS plant for the regeneration of the CO2-rich solution, 
accomplished with CO2 release, and for NH3 strip-ping, if 
necessary. Such an increased steam extraction will reflect on 
reduced power output from the bottoming cycle.

▪ The H2S removed (around 1.4 kg/s from each gasification is-
land) from the raw coal-derived gas at the AGR station is not
recovered in a Claus plant [56], but used as input in a wet 
sulphuric acid process, as better detailed in the following.
3.2. The CCS plant in chilled mode

As schematized in Fig. 4, the gas stream exiting the HRSG is 
chilled in a first section of the plant with three contact coolers in 
cascade at decreasing temperature levels: the first system
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Fig. 4. Schematic of the CCS plant for the chilled case.

Fig. 5. Schematic of the CCS plant for the cooled case.

4 Based on the H2S content (around 40%) in the gas from the AGR station, no feed 
air preheating or oxygen enrichment have to be used to maintain a stable tem-

perature within the flammability limits [57,58].
perates with an ambient air-cooled water loop and the other two 
ith chilled water loops (HX3 and HX4). The evaporation tem-
erature of the chillers is set as low as possible, with prevention 
f ice formation (the gas from the HRSG releases moisture when 
assing through the contact coolers). As the gas flowing through 
he three contact coolers and the next absorber experiences a 
ressure drop, a fan (BL) is present. The gas temperature rise (no 
ore than 7 �C) due to the fan is promptly reduced by the third 
ontact cooler, before the gas enters the CO2 absorption section, 
hose layout is conventional and similar to the one proposed in 
ef. [33].
The CCS plant consists of an absorber and a regenerator with a 

ecuperative heat exchanger (RCP1) as well as a high-pressure 
ump (PM2) for the rich solution to the regenerator and a chill-
ng exchanger (HX2) on the lean solution to the absorber. All the 
treams entering the absorber are chilled at 7 �C. The absorber 
emperature varies through the reactor from around 7 �C (at the 
op) to 16 �C (at the bottom), due to the exothermic reactions. The 
ich solution from the absorber is pumped to a hydrocyclone, which 
eparates the solids, sent to regeneration with a small portion of 
iquid, from the bulk of the liquid, chilled in HX1 and recycled back
o the absorber in order for the process temperature to be as cold as 
ossible, being the absorption reaction exothermal. The ammonia 
lipping from the absorber wash is reduced to traces by acid 
ashing in a dedicated tower (WT1). In detail, the H2S-rich stream 
tripped after solvent regeneration at the desulphurization unit of 
he IGCC is supposed to react with air,4 according to the following 
eaction (the presence of N2 and other inerts in air is neglected for 
he sake of simplicity):

2S þ 
3
2 
O2/SO2 þ H2O (2)

After SO2-to-SO3 oxidation in presence of a vanadium oxide 
atalyst, hydration and condensation, H2SO4 is ready to be used in 
rder to drastically reduce ammonia slip in the stream exiting the 
bsorption section, according to the following reaction:



2NH3 þ H2SO4/ðNH4Þ2SO4 (3)

The heat released with H2S oxidation and the other exothermic 
reactions in the wet sulphuric acid process was preliminarily 
ignored in the next calculations.

In such a chilled mode, ammonia slip is limited, so it can 
completely react with the H2S from the desulphurization unit and 
no after-treatment NH3 capture is necessary.

As regards the path of the CO2 stream exiting the regenerator, a 
condenser for moisture separation, operating with a dedicated air 
cooler, and a water wash tower (WT2) for ammonia slip control, 
with an air-cooled closed loop, are present. Finally, there is the CO2 
compression station, which consists of air-cooled stages with the 
same pressure ratio (CM1 to CM3), intercoolers and condensed 
water knockouts to dehydrate the CO2 stream. CO2 enters the 
compression station at a pressure depending on regeneration 
conditions and exits the last stage at slightly supercritical pressure. 
After recycling the amount of CO2 necessary for coal loading and a 
further cooling, the supercritical liquid CO2 stream is ultimately 
pumped to storage.
3.3. The CCS plant in cooled mode

The layout in Fig. 5 for the CCS plant in cooled mode is very 
similar to the one in Fig. 4. However, four main differences have to 
be pointed out.

▪ When cooling the gas exiting the HRSG unit, two contact coolers 
are sufficient with no chiller.

▪ All the streams entering the absorber are cooled down to 20 �C. 
Because of the exothermic reactions, the absorber temperature 
varies through the reactor from around 20 �C (at the top) to 
25 �C (at the bottom). The temperature of 20 �C for the streams 
entering the absorber is selected based on 15 �C of ambient 
temperature. As reported in Fig. 5, air-coolers replace the chill-
ing system.

▪ The operation temperature of the absorber is higher, which in-
creases the solubility of the salts present in the system, as also 
showed by other researchers [30]. This condition, alone, is not 
enough to avoid the precipitation of salts a priori, so a hydro-
cyclone is always present in the layout of Fig. 4.
Ammonia slip in cooled mode is significant, so an absorp-

tionedesorption cycle just before the final acid washing (WT1) is 
necessary for a level of ammonia slip reducible by the H2S available 
from the desulphurization unit of the IGCC, as previously described. 
In particular, part of the NH3 in the gaseous stream exiting the 
absorber is firstly reduced in a wash tower (WT3), resulting in a 
NH3-rich solution pumped from the wash tower to a stripper, 
where NH3 in the gaseous phase is recovered and delivered to the 
absorber.
3.4. Operation parameters for the CCS plants

Six operation parameters were considered when running sim-
ulations of the CCS plants in both the chilled and cooled modes (see 
Table 2):

▪ the temperature of the streams entering the absorber (in chilled
or cooled mode),

▪ the amount of CO2 captured,
▪ the ammonia initial concentration (conc) in the aqueous
solution:
conc ¼ _mNH3

_mNH3
þ _mH2O

����
lean

(4)
▪ the NH3-to-CO2 ratio in the absorber (K), defined as the ratio
between the number of NH3 moles in the lean solution line to
the absorption reactor and the number of CO2 moles in the line
from the HRSG outlet:

K ¼
_nNH3; lean
_nCO2; in

(5)
▪ the percentage of rich solution recycled (ric) to the absorber,
▪ the regeneration pressure.

The CCS plant simulations were carried out at the equilibrium in
order to evaluate the potential performance of the processes here 
proposed. The values reported in Table 2 were fixed for the pre-
liminary investigations of energy demand by the CCS plant. Further 
details on other parameters assumed for CCS simulations are re-
ported in the Appendix (see Table A4).

Focussing on the two CCS modes, three levels of CO2 capture (i.e. 
80%, 85% and 90%) were considered for the cases presented and 
discussed in the next section. Cases with CO2 capture less than 80%
were not investigated in this work, even though techno-economic 
considerations are always necessary to set a proper target of CO2 

capture.
Due to NH3 volatility, it is necessary for the absorption tem-

perature to be as low as possible. Thus, 7 �C is selected as the 
minimum temperature to avoid ice formation in chilled mode. 
Based on the ambient temperature (15 �C), 20 �C is selected as the 
minimum temperature in cooled mode, with air-coolers replacing 
the chilling system. In addition, setting the temperature of the 
streams entering the absorber directly affects (i) the temperature 
for the exhaust gas treatments, (ii) the flow rate of the lean solution 
and (iii) the amount of the rich solution recycled to the absorber 
(ric in both Figs. 4 and 5). On the other hand, setting a regeneration 
pressure requires to operate at a specific temperature for a fixed 
level of CO2 capture.

All the investigated cases in chilled mode are characterized by 
the precipitation of solids, due to the lower temperature in the 
absorber. The solution containing solids can be handled similarly as 
in flue gas desulfurization plants, usually equipped with open spray 
tower or absorber tray system and slurry pumps, made of corro-
sion- and wear-resistant metal as well as rubber materials.

Referring to the most significant energy consumptions, Fig. 6 
shows a comparative overview of some representative cases for the 
CCS plant in chilled mode, purposely limited for the sake of 
conciseness. In detail, based on the experience achieved with 
former works [32,33], a significant number of cases was investi-
gated as parametric simulation runs. Ultimately, after fixing the 
CCS mode and the level of CO2 capture, the values of the last four 
pa-rameters in Table 2 were selected as their combination allowing 
for the lower energy cost. Accordingly, Table 3 reports these values 
as the results of the preliminary analysis (CH and CO stand for 
chilled and cooled mode, respectively, whereas 80, 85 and 90 refer 
to the level of CO2 capture). As detailed in Table 3, different sets of 
parameter values were found for the three cases in chilled mode, 
whereas the same set of values was found for cases CO-85 and 
CO-90, in cooled mode, differently from case CO-80.

The analysis of CCS plants simulated based on the parameter 
values reported in Table 2 allowed to better understand the 
response of the CCS plant as a function of the specific parameter



Table 2
Preliminary assumptions for the investigated parameters of the CCS plants.

Parameter Values

Temperature of the streams entering the
absorber, �C

7, 20

Amount of CO2 captured, % 80, 85, 90
NH3 initial concentration (conc), kg/kg 0.05, 0.1, 0.15, 0.2
NH3-to-CO2 ratio (K), mol/mol 4, 4.5, 5, 5.5, 5.75
Recycled rich solution (ric), % 10, 20, 30, 40, 50, 60, 70, 80, 90
Regeneration pressure, bar 5, 10, 20

Fig. 6. Comparative overview of the energy consumptions (in arbitrary units) for the
CCS plant in chilled mode, based on the amount of CO2 captured (target) and four
process parameters.

Table 3
Key-parameters assumed for CCS plant calculations.

CH-80 CH-85 CH-90 CO-80 CO-85 CO-90

ric, wt% 80 80 80 50 10 10
conc, wt% 20 20 20 10 5 5
K, mol/mol 4 4.25 5 5.25 4.75 4.75
Regeneration pressure, bar 15 10 5 5 5 5
variation. As a result of the parametric analysis, the following
considerations can be reported as guidelines to limit the energy
cost related to the CCS process.

▪ Lower regeneration pressures are favourable in case of cooled
mode since the difference between the rich and lean loadings is
higher than in case of chilled mode. Thus, more energy can be
saved as lower quality heat is necessary in the regeneration
stage.

▪ Higher regeneration pressures are favourable when decreasing
the level of CO2 capture in case of chilled mode since a lower
difference between the rich and lean loadings is necessary and
more energy can be saved in the compression stage.

▪ Higher recirculation ratios of the rich-solution are necessary for
the CH cases, owing to the higher concentrations of ammonia
(20%). As a matter of fact, a higher recirculation ratio causes
lower ammonia slip, which reflects on lower energy required for
the ammonia recovery.

▪ The values of the NH3-to-CO2 ratio in the absorber, as reported
in Eq. (5), increase in case of chilled mode and decrease when
switching to the cooled mode. They are justified as more
ammonia is required since the lean loading is higher than in the
case of cooled mode.
In addition, the lean loading for the CCS plants investigated in 
chilled mode resulted around 0.6, with a variation of the rich 
loading from 0.7 to 0.8. In case of cooled mode, the lean and rich 
loading resulted around 0.4 and 0.7, respectively.

On the whole, relatively similar results can be obtained with 
both the layouts. Nevertheless, the CH cases would require un-
conventional solutions to solve the problems related to salt pre-
cipitation. As a matter of fact, according to the specific parameters 
in Table 3, the simulated CH cases suffer this drawback, because of 
pursuing an energy cost as low as possible. On the other hand, the 
temperature reached in the absorber in case of cooled mode allows 
to avoid solid formation, resulting in a simpler plant to run. In 
particular, a packed column, with a reduction in the size of the 
absorber, can be adopted along with common pumps and the 
hydrocyclone could be avoided.

4. Results and discussion

The results of the IGCC calculations are here presented and 
discussed with reference to power balances and overall IGCC per-
formance. In detail, the size of the IGCC plant depends on the CT 
technology at the topping cycle, with the assumed mass flow rate 
at the CT outlet (see Table A2).

Preliminarily, attention is paid to the results in Table 4, where 
power details for the gasification island components and for the 
topping cycle of the IGCC plant without and with CO2 capture are 
reported. As previously anticipated, in case of CO2 capture, part of 
the captured and compressed carbon dioxide is used for coal 
loading. Thus, neither ASU nor lock-hopper compressors are pre-
sent, the air entering the gasifier is not oxygen-enriched and the air 
booster is unavoidably bigger to blow the amount of oxygen 
required for coal gasification. Accordingly, CT compressor power 
slightly increases, reflecting on less power output from the topping 
cycle.

Focussing on the bottoming cycle and on the after-treatment 
station, power details are reported in Tables 5 and 6.

The following results for the IGCC plants with CO2 capture in 
chilled mode are worth of attention.

▪ The power output from the steam turbine reduces because of
steam extraction related to the heat duty of the regenerator.

▪ The heat rejected at the condenser is almost halved because of
less steam expanding through the LP (low pressure) stages of
the turbine.

▪ The power required by the condenser pump is directly related to
the condenser duty. However, the overall power requirement by
HRSC (heat recovery steam cycle) pumps reduces less than the
heat rejected at the condenser, as the duty of feedwater pumps
is almost unchanged due to negligible variations in the amount
of water pumped from the condenser and the reboilers.

▪ The same power for exhaust cooling is required, before the gas
enters the CO2 absorber.

▪ At the CO2 capture plant, the heat duty of the regenerator re-
duces when less CO2 is removed from the flue gas (from case
CH-90 to case CH-80), even though the operation temperature
at the regenerator slightly raises for lower CO2 capture levels, as
a consequence of the regeneration pressure (see Table 3). In case
of higher levels of CO2 capture, the number of reacting moles
increases, so power requirements for chilling and air cooling
raise (the CO2 chemical absorption is an exothermic process),
whereas pumping power nearly halves from case CH-80 to case
CH-90, due to the specific regeneration pressure.

▪ Different CO2 compression energy costs in Table 5 depend both
on the amount of CO2 captured and on the CO2 pressure at the
inlet of the compression system.



Table 4
Power details for the gasification island components and the topping cycle of the
IGCC plants without and with CO2 capture.

IGCC without
capture

IGCC with
capture

Air separation unit, MWel 10.5 e

Lock hopper compressors, MWel 10.2 e

Air booster, MWel 14.9 19.5
Gasification island auxiliaries, MWel 5.3 5.4
CT compressor, MWel 247.9 255.0
CT expander, MWel 524.5 520.6
CT generator loss and auxiliaries, MWel 4.6 4.4

Table 5
Power details for the bottoming steam cycle and the CCS plant (the latter just for one
gasification train) in chilled mode.

REF CH-80 CH-85 CH-90

Steam turbine, MWel 501.1 476.4 476.7 474.1
HRSC pumps, MWel 13.0 10.6 10.4 10.2
Heat rejected at the condenser, MW 641.1 379.8 356.9 337.8
Exhaust cooling
Air cooler and chillers, MWel e 7.6 7.6 7.6
Fan, MWel e 5.9 5.9 5.9
Pumps, MWel e 0.2 0.2 0.2

CO2 capture plant
Heat duty at the regenerator, MW e 171.5 182.8 193.7
Regeneration temperature, �C e 74.4 71.1 67.4
Chillers and air cooler, MWel e 32.9 35.1 36.9
Pumps, MWel e 1.9 1.4 1.0

CO2 compression
IC compressors and pump, MWel e 9.3 12.8 19.0
Air coolers, MWel e 0.5 0.5 0.7

Overall results
Gross electric power output, MWel 1047.0 1000.8 1001.1 998.4
IGCC plant auxiliaries, MWel 96.9 74.3 74.1 73.9
CCS plant auxiliaries, MWel e 116.5 127.2 142.6
Net electric power, MWel 950.1 809.9 799.8 781.9
Net electric LHV efficiency, % 48.93 41.30 40.78 39.87
Specific emissions, kgCO2

=MWh 647.7 174.8 133.9 91.6
SPECCA, MJ=kgCO2

e 2.88 2.86 3.01

5 Ammonia slip is less evident for the CH cases, where the lower absorber 
temperature prevents large NH3 slipping in the gas phase and the final acid wash is 
sufficient to reduce NH3 to traces.

6 The heat duty of 10.4 MW for case CO-80* outlines a clear trend with the other 

corresponding values for cases CO-85 and CO-90.
7 The larger heat duty at the NH3 stripper for case CO-80 is justified by larger 

ammonia slip than in the other three cases reported in Table 6. As a matter of fact, 
ammonia initial concentration (conc) in the aqueous solution for case CO-80 is twice 
the same parameter for cases CO-85 and CO-90 (see Table 3).
Paying attention to the overall results in Table 5 and moving 
from case CH-90 to case CH-80, it is possible to appreciate an 
obvious increase in net power output and LHV efficiency. However, 
the incremental improvements are more interesting from case 
CH-90 to case CH-85 than from case CH-85 to case CH-80. As a 
matter of fact, referring to the SPECCA (specific primary energy 
consumption for CO2 avoided) defined as:

SPECCA ¼
3600$ 1

h � 1
href

!

ERref � ER
(6)

the minimum value seems to be calculated just for case CH-85, as 
no significant difference is appreciated for case CH-80. Based on 
these results and referring to the performance of air-blown IGCC 
plants with pre-combustion CO2 capture [46,48], chilled ammonia 
scrubbing does not seem to be a particularly attractive technology, 
even though it is a solution worthy of investigation, with a SPECCA 
lower than conventional amine-based CCS [16].

On the other hand, switching attention to the results reported in 
Table 6 for the CCS cases in cooled mode, IGCC performance is 
completely different. Four cases are reported in Table 6: the first 
three refer to cases from CO-80 to CO-90, according to calculations 
based on the parameters detailed in Table 3, whereas the fourth 
case is included for next comparisons. Such an additional case, 
namely CO-80*, is characterized with the same parameters found 
and set for both cases CO-85 and CO-90 (see Table 3).

Apart from considerations similar to the ones for the cases in 
chilled mode, proper attention should now be paid to the presence
of the NH3 stripper and its related heat duty. As a matter of fact, 
controlling ammonia slip reflects on the overall energy demand of 
the CCS plant.5 Paying attention to the heat duty at the NH3 strip-
per, a singular trend may be appreciated if considering the first 
three cases in Table 6. As far as the heat duty at the NH3 stripper is 
concerned, focus on cases CO-80*, CO-85 and CO-90 would be 
necessary for a more consistent comparison.6 Nevertheless, the 
overall performance of the CCS plant for case CO-80 is better than 
for case CO-80*, as resulting from the preliminary parametric 
analysis.7 The results reported in Table 6, with the supplementary 
case CO-80*, point out that proper setting the parameters in Table 
3, here arranged according to the preliminary parametric analysis, 
is really important in order to reduce the energy cost introduced 
with the CCS plant, notwithstanding the limited variations in 
overall IGCC performance.

Although NH3 concentration in the flue gas is sensibly higher in 
CO cases and a NH3-removal section before the final acid wash is 
necessary (the amount of H2S removed at the AGR station of the 
IGCC is not sufficient to completely reduce NH3 to traces), the 
SPECCA value is almost constant and definitely lower than the ones 
calculated for the cases in chilled mode. This performance index 
highlights how much promising the proposed CCS technology in 
cooled mode is for the IGCC power plant here investigated. As a 
matter of fact, a previous study of amine-based CCS technology in
similar IGCC plants resulted in a SPECCA around 3:1 MJ=kgCO2 

[16], 
higher than the values detailed in Table 6. Ultimately, as a com-
parison between coal-fired power plants, the SPECCA related to the 
proposed CCS technology in cooled mode results as low as the ones 
reported for pulverized-coal steam cycles integrated with a
piperazine-based CCS process (around 2:3 MJ=kgCO2 

) [59].

5. Conclusions

An original way to effectively use low-price coal for electricity
generation with reduced CO2 emissions has been proposed. The
integration between an advanced air-blown IGCC, fired with high-
sulphur coal, and a post-combustion ammonia-based CCS plant
was assessed. Based on a preliminary parametric investigation,
optimum conditions were defined for three levels of CO2 capture
(from 80% to 90%). In particular, two CCS operation modes were
fixed in order to evaluate a first chilled and a second cooled case,
with specific key-parameters finely tuned for the investigated
plant. The ammonia slip, which is the main drawback related to
ammonia-based CCS technology, is here controlled and reduced to
traces by acid wash with the H2S recovered in the desulphurization
unit of the IGCC, resulting in ammonium sulphate, which is a
valuable fertilizer.

Compared to the case with no CO2 capture, IGCC efficiency re-
duces from 7.6 to 9.1 and from 6.3 to 7.2 percentage points when
increasing CO2 capture, in chilled and cooled mode, respectively.
Moreover, based on a cooled ammonia-based CCS technology, an
almost constant specific primary energy consumption for CO2
avoided was calculated as low as 2:27 MJ=kgCO2

, independently
from the amount of CO2 captured in the investigated range from
80% to 90%. Thus, the ammonia-based CCS technology reveals itself



Table 6
Power details for the bottoming steam cycle and the CCS plant (the latter just for one gasification train) in cooled mode.

REF CO-80 CO-85 CO-90 CO-80*

Steam turbine, MWel 501.1 446.0 438.8 433.1 443.5
Steam cycle and condenser HRSC pumps, MWel 13.0 10.2 9.9 9.7 10.1
Heat rejected at the condenser, MW 641.1 340.2 310.3 285.8 329.1
Exhaust cooling
Air cooler and chillers, MWel e 0.8 0.8 0.8 0.8
Fan, MWel e 5.5 5.5 5.5 5.5
Pumps, MWel e 1.1 1.1 1.1 1.1

CO2 capture plant
Heat duty at the regenerator, MW e 177.3 210.1 221.7 199.6
Regeneration temperature, �C e 104.6 105.3 106.5 104.2
Heat duty at NH3 stripper, MW e 29.4 13.6 18.8 10.4
Temperature for NH3 stripping, �C e 97.0 97.8 97.9 97.8
Chillers and air cooler, MWel e 3.91 3.85 4.31 3.52
Pumps, MWel e 1.4 2.0 2.0 2.0

CO2 compression
IC compressors and pump, MWel e 16.7 17.8 18.9 16.7
Air Coolers, MWel e 0.6 0.6 0.6 0.6

Overall results
Gross electric power output, MWel 1047.0 970.3 963.1 957.5 967.8
IGCC plant auxiliaries, MWel 96.9 73.9 73.6 73.3 73.8
CCS plant auxiliaries, MWel e 60.1 63.3 66.4 60.6
Net electric power, MWel 950.1 836.4 826.3 817.7 833.4
Net electric LHV efficiency, % 48.93 42.64 42.13 41.69 42.49
Specific emissions, kgCO2

=MWh 647.7 170.3 127.9 86.4 170.5
SPECCA, MJ=kgCO2

e 2.27 2.29 2.27 2.34

Table A2 (continued )

Heat loss at combustor, % of fuel LHV 0.9
Mass flow rate at CT outlet, kg/s 665
CT auxiliaries, % of gross power 0.35
Turbine/compressor mechanical efficiency, % 99.865
Electric generator efficiency, % 98.7

Table A3
Main assumptions for HRSC calculations.

HRSG gas side pressure loss, kPa 3
Heat loss, % of transferred heat 0.7
HP/MP level, bar 144/36
Maximum live steam temperature, �C 565
Minimum pinch point DT, �C 10
Subcooling DT, �C 5
Minimum stack temperature, �C 115
Pressure losses in HP/MP economizers, bar 16/25
Pressure loss in superheaters, % 8
more attractive in cooled than in chilled mode. However, this result 
is strictly related to the case investigated here, i.e. when firing 
high-sulphur coal in IGCC plants. As a matter of fact, in case of 
gasifica-tion of more common low-sulphur bituminous coal [60], 
perfor-mance results of IGCC plants with the same CCS technology 
are not so clear as the ones presented in this paper.

Ultimately, the promising results presented here are worthy 
of further investigations. In detail, the kinetics of the process should 
be implemented to dimension the CCS plant components for an 
eco-nomic assessment of the proposed CO2 capture technology. 
Attention could also be paid to the heat recovery from H2S 
combustion, though limited, with possible integration for CO2 and/
or NH3 stripping.

Appendix

The following tables detail the main assumptions for IGCC 
calculations.
Table A1
Main assumptions for gasification island calculations.

Gasification pressure, bar 28.06
Combustor/reductor temperature, �C 1900/1200
Heat to membrane walls, % of input coal LHV 2
Air booster polytropic efficiency, % 90.5
Heat loss in syngas coolers, % of transferred heat 0.7
Pressure loss in syngas coolers, % 2
Steam consumption at AGR station, MJ of steam at 2 bar per kg

of removed H2S
26.22

AGR auxiliaries, MJel/kgH2S 1.11
Coal milling and handling, kJel/kgcoal 50
Slag handling, kJel/kgash 100
BOP, % of input coal LHV 0.15

Table A2
Main assumptions for combustion turbine calculations.

Air pressure loss, % 1
Compressor pressure ratio 18.1
Compressor polytropic efficiency, % 92.25
Compressor leakage, % of the inlet flow 0.75
Fuel valve pressure loss, bar 5
Cooled/Uncooled turbine stage isentropic efficiency, % 91.5/92.5
Turbine inlet temperature, �C 1360

Condensing pressure, kPa 4
Power for heat rejection, MJel/MJth 0.01
Pumps hydraulic efficiency, % 80
Turbine mechanical efficiency, % 99.5
Electric generator efficiency, % 98.7

Table A4
Main assumptions for CCS plant calculations.

CO2 capture plant
Fluid temperature at air-cooler outlet, �C 25
Pressure drop in air-coolers, % 1
Specific consumption for heat rejection by air-cooling, kWel$MW�1 15.9
Pinch point DT in heat exchangers, �C 5
Coefficient of performance for chilling, MW$MWel

�1 5
Fan polytropic efficiency, % 0.85
Fan pressure ratio 1.1
Pumps hydraulic/mechanical-electric efficiency, % 80/95
Pressure drop in contact coolers, bar 0.01
Pressure drop in columns, bar 0.03
Maximum ammonia in CO2 to storage, mg$Nm�3 10
CO2 compression
Number of intercooled compression stages 3
Intercooled compressor isentropic efficiency, % 85
Pressure at the last intercooled compressor/pump outlet, bar 80/110
CO2 temperature at intercooler outlet, �C 25
Pump hydraulic efficiency, % 75



Nomenclature

AGR Acid gas removal
ASU Air separation unit
CAP Chilled ammonia process
CCS Carbon capture and storage
CT Combustion turbine
ER CO2 emission rate, kgCO2

=kWh
HP/LP/MP High/low/medium pressure, bar
HRSC heat recovery steam cycle
HRSG heat recovery steam generator
LHV Lower heating value, MJ/kg
IGCC Integrated gasification combined cycle
_m Mass flow rate, kg/s
ṅ Molar flow rate, mol/s
OECD Organisation for Economic Co-operation and

Development
ref Reference (power plant with no CO2 capture)
SPECCA Specific primary energy consumption for CO2 avoided,

MJ=kgCO2

h Efficiency
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