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a  b  s  t  r  a  c  t

CO2 capture  based  on  post-combustion  capture  has  the  potential  to significantly  reduce  the CO2 emissions
from  coal-fired  power  plants.  However,  this  capture  process  reduces  considerably  the  energy  efficiency  of
the  power  plant.  To reduce  this  energy  penalty,  this  paper  studies  different  post-combustion  CO2 capture
process  configurations  combined  with  different  levels  of  heat  integration  with  the  power  plant.  The
cases  studied  were  based  on a  1070  MWe power  plant  connected  to a demo  size capture  plant  (250  MWe

equivalent  – approximately  1.1  Mton  CO captured/year).  The  integral  evaluation  of  the energy  needed
eywords:
ost-combustion
O2 capture
rocess configurations
ower plant integration

2

for  the  capture  plant  together  with  the  electrical  and heat  integration  with  the  power  plant  is  a suitable
methodology  for determining  overall  power  plant  efficiency.  This  approach  gives  a good  overview  of
the effect  of different  capture  options  and  integration  levels,  that  cannot  be obtained  when  evaluated
independently.

©  2012  Elsevier  Ltd.  All  rights  reserved.

eat integration

. Introduction

CO2 capture and storage can play an important role in lowering
he CO2 emissions of electricity production. Especially for existing
nd future fossil-fired power plants, the CO2 capture is seen as

 key technology for a cost effective carbon footprint scenario
Zero Emission Platform, 2011). One of the main challenges
f implementing CO2 capture at a power station is the large
enalty on electrical output (US Department of Energy, National
nergy Technology Laboratory, 2010). The performance of the
ombined installation, measured by the net electrical output is,
herefore, a key indicator for process optimisation and CO2 capture
evelopment.

The state-of-the-art solvent for post-combustion CO2 capture
s aqueous monoethanolamine (MEA) solution (Abu-Zahra et al.,
007). It is used in a cycle in which the MEA  solution captures CO2
rom the power plant’s flue gas in an absorber. The CO2 loaded
olvent (rich solvent) is regenerated in a stripper and sent back
o the absorber to close the cycle. Between the absorber and the
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
full size power plant. An integral approach on energy penalty for d
http://dx.doi.org/10.1016/j.ijggc.2012.09.016

tripper, a heat exchanger transfers part of the heat from the lean
o the rich solvent. From the top of the stripper, high purity CO2

∗ Corresponding author.
E-mail address: ferran.demiguelmercader@tno.nl (F. de Miguel Mercader).

750-5836/$ – see front matter © 2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijggc.2012.09.016
is produced and is sent to a compression unit for further transport
and storage.

CO2 capture reduces the net power plant output (up to 30%)
and increases the cost of electricity (up to 80%) when applied to
a coal-fired power plant with current post-combustion capture
technology (US Department of Energy, National Energy Technology
Laboratory, 2010). Therefore, research is necessary to reduce this
capture-associated cost. One of the main factors influencing the
higher operating cost with CO2 capture, is the required energy
to regenerate the solvent. Improved solvents that require less
regeneration energy and/or have less environmental impact is
one of the main research topics. Examples of these improved sol-
vent are CORAL (Goetheer and Nell, 2009), piperazine (Freeman
et al., 2010) and AMP  (Dash et al., 2011). Furthermore, alternative
process configurations can also reduce the solvent’s regeneration
energy (Amrollahi et al., 2011; Cousins et al., 2011a; Le Moullec
and Kanniche, 2011; Oyenekan and Rochelle, 2007). Cousins et al.
(2011a) reviewed several process configurations and they con-
cluded that it is possible to reduce the energy consumed by the
capture plant but, normally, at the expense of increasing plant com-
plexity. Also, the integration of power plants with CO2 capture plant
is a topic widely discussed in literature, as in the works of Bullen
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

and Ferguson (2011) and Pfaff et al. (2010).
This paper focuses on evaluating the performance of several pro-

cess configurations for post-combustion CO2 capture, integrated
with an ultra-supercritical coal-fired power plant. Several possible

dx.doi.org/10.1016/j.ijggc.2012.09.016
dx.doi.org/10.1016/j.ijggc.2012.09.016
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
mailto:ferran.demiguelmercader@tno.nl
dx.doi.org/10.1016/j.ijggc.2012.09.016


ARTICLE IN PRESSG Model
IJGGC-725; No. of Pages 12

2 F. de Miguel Mercader et al. / International Journal of Greenhouse Gas Control xxx (2012) xxx–xxx

r plan

c
b
i
p

s
c
u
o
p

n
c
c
t
a
D
e

t
t
C

2
w

i
m
c
a
c

Fig. 1. Scheme of the coal-fired powe

ases consisting of capture plant designs and optimisation are com-
ined with different levels of integration, thereby providing insight

n the performance of the capture plant alone and the combined
erformance with the power plant.

One of the main practical purposes of such an analysis is to
creen novel technologies on the improvement potential and to
ompare capture designs. It is of importance to evaluate the energy
ses of a capture process in an integrated way – by assessing the
verall combined performance of the capture plant and power
lant.

The present study focusses on a 1070 MWe coal fired plant con-
ected to a demo size CO2 capture plant (250 MWe equivalent),
apturing approximately 1.1 Mton CO2/year. This combination was
hosen as a representation of the demo-scale CO2 capture plants
hat are being planned in EU. For example, the Rotterdam Capture
nd Storage Demonstration project (Rotterdam Opslag en Afvang
emonstratieproject, ROAD) with a size of 250 MWe equivalent is
xpected to be in operation in 2015 (ROAD2020, 2012).

This paper provides an evaluation of the overall performance of
he power and capture plant, together with the CO2 compression
o observe the combined effect of heat integration and alternative
O2 capture process options.

. Modelling of new build 1070 MWe coal-fired power plant
ith CO2 capture demo plant

Fig. 1 illustrates a scheme of a typical coal-fired power plant,
ncluding functional blocks related to the CO2 capture system. The
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
full size power plant. An integral approach on energy penalty for d
http://dx.doi.org/10.1016/j.ijggc.2012.09.016

odelling of the complete system including power plant and CO2
apture and compression has been jointly developed by KEMA
nd TNO. The power plant model represents an ultra-supercritical
oal-fired power plant, built with the newest technology and thus
t with post-combustion CO2 capture.

allowing a net efficiency of above 46%. The post-combustion CO2
capture plant model is based on a demo unit that would be con-
nected to the power plant, capturing approximately a quarter of
the flue gas produced by the power plant (∼250 MWe equivalent).

The final results are obtained by combining the individual
results of two separate models:

- the results of the model of the power plant (which also includes
CO2 compression) implemented in the in-house modelling tool
SPENCE® – a commercial tool developed by KEMA;

- the results of the model of the post-combustion demo capture
plant, implemented in Aspen Plus® (including flue gas condition-
ing) and developed by TNO.

This way  of modelling has been chosen, because modelling of the
power plant and the capture plant can be optimised using tailored
modelling tools. The model of the power plant is made in SPENCE®

which is a well proven tool for modelling thermodynamic pro-
cesses for energy conversion, while the model of the capture plant is
made in Aspen Plus® which allows modelling more in detail chem-
ical processes such as those occurring in post-combustion capture
plants.

The two models are connected through a data exchange file
called “interface file” and via these interface file run iteratively.
Each variable listed in the file is a unique output of each model.
These variables are, however, at the same time output and input: a
variable that is an output of the power plant model is an input for
capture model and vice versa.
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

The most important result produced by the joint model is the net
power output of the power plant. The optimal power plant integra-
tion solution is, in fact, the one that minimises the power reduction
due to the CO2 capture plant.

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Table 1
Properties of the flue gas used as reference in this study.

Flue gas characteristics

Flow (kg/s) 254
Temperature (◦C) 50
Pressure (bar) 1.0133
Composition (vol.%)
H2O 12.5
CO2 13.7
N2 Rest
O2 3.6

−3
ig. 2. Interactions between power plant sub-models and CO2 capture plant model.

The “specific capture power consumption” (expressed as
Je/kg CO2) is another important parameter obtained from the joint
odelling; this parameter is especially useful for benchmarking the

echnologies considered here with other CO2 capture technologies.

.1. Power plant model

The power plant model calculates stream parameters and esti-
ates the efficiency of the plant for different scenarios. This model

f the power plant consists of three sub-models:

 boiler island (boiler, combustion air system, flue gas system and
cleaning);

 steam cycle (steam turbine, condenser, boiler feed water pre-
heaters and pumps);

 CO2 compression train (intercooled compression and glycol
dewatering).

The three sub-models are run together and interact during each
imulation. Fig. 2 shows the interaction between the different
ower plant sub-models and the capture plant model. The arrows

ndicate which results are passed from one sub-model to another
uring the simulation procedure. It also shows the interaction of
he power plant model with the CO2 capture plant model.

The boiler island model includes the boiler, air fans, air pre-
eater, flue gas cleaning equipment and ID fan. The boiler model
an be used both for on-design and off-design conditions.

The steam cycle includes the steam turbine, the condenser and
he pre-heating section for boiler feed-water. The model of the
team cycle is prepared to accommodate the steam extraction for
he reboiler of the capture plant and the reintegration of the con-
ensate from the reboiler into the pre-heating section. The model
lso features special arrangements to integrate in different ways
he heat from the capture plant in the low pressure section of the
oiler feed-water pre-heating line.

The model accounts for the auxiliary power demanded of the
ooling water pumps of both power plant and capture plant. For
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
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xample, the power of the cooling water pump for the steam con-
enser is dependent on the condensing steam flow and the power
f the cooling water pump for the capture plant is dependent on
he cooling water flow required for all the coolers in the capture
SO2 2 × 10
NO 1 × 10−2

plant. All these pumps are taken into account in the auxiliary power
consumption of the power plant.

CO2 compression plant model estimates the electrical and ther-
mal  duty associated with the process of compressing the captured
CO2 stream before transportation by pipeline to the storage site.
Boundaries of the compression model are the outlet of the capture
plant, after the CO2 cooler, and the inlet of the pipeline at power
plant borders; transport in the pipeline and re-compression station
are not included in the compression model. The final pressure must
be high enough for a dense (supercritical) phase transport in the
pipeline. In the CO2 compression model the final pressure is set to
110 bar. The model of the CO2 compression consists of a multi-stage
compression with intercooling. In addition, heat released during
intercooling can potentially be integrated with the steam cycle to
optimise the overall plant efficiency.

2.2. CO2 capture plant model

Simulations of different configurations for the CO2 capture plant
were carried out using Aspen Plus® (version 7.2) using equilib-
rium calculations and electrolyte NRTL model with Redlich–Kwong
equation of state.

From each configuration, information is obtained on the energy
requirement for stripper reboiler duty, electricity use (for the cap-
ture plant) and cooling water needed.

As described above, the capture plants simulated in this paper
are designed for a demo capture plant size of 250 MWe con-
nected with a 1070 MWe coal-fired power plant. This power plant
produces a flue gas with a composition as described in Table 1 (these
values were obtained from the power plant model model).

For each case studied, the capture plant results are defined as:

- Reboiler duty [MWth or GJth/ton CO2]. Energy required to des-
orb the CO2 in the rich solvent. This typically includes the heat
of evaporation of the water that is converted into steam, the
heat required to increase the temperature of the solvent from
the entrance of the stripper to the reboiler temperature and the
heat of desorption of CO2 from the solvent. When more reboiler
duty is used, more steam is taken from the power plant reducing
the electricity production.

- Cooling duty [MWth]. Energy needed to reduce the temperature in
the following streams: flue gas conditioner cycle, absorber water
wash cycle, lean solvent entering the absorber, stripper product
condensate. More cooling means that more water and more pump
related electricity will be used.

- Electricity use for capture [MWe]. This corresponds to the elec-
tricity used in the flue gas flower, flue gas conditioner cycle pump,
rich and lean solvent pumps, absorber water wash cycle pumps
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

and stripper condenser fluid pump. For this equipment, a pump
efficiency of 0.80 or 0.85 and a driver efficiency of 0.95 were
assigned.

dx.doi.org/10.1016/j.ijggc.2012.09.016
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. Heat integration between power plant and capture plant

Heat integration between power plant and capture plant implies
hat heating and cooling streams are exchanged between the steam
ycle and the capture processes. With regard to the steam and
team condensate, two types of heat integration are identified:

Reboiler integration: The reboiler of the stripper column in the
apture plant is supplied with steam that is extracted between the
edium and low pressure sections of the steam turbine. Steam is

onditioned before the reboiler to reach the correct saturation tem-
erature. Latent heat and steam condensation is used as heat source
or the reboiler. The return flow of the reboiler is a condensate flow
hat is re-injected in the steam cycle in a suitable point along the
eedwater pre-heating section.

Heat integration:  The capture process includes several coolers at
elatively low temperatures; using sea water as cooling medium, by

 direct or indirect system, is the simplest option, however this low
rade heat available at the coolers can be used in the steam cycle
or boiler feed-water pre-heating. If boiler feed-water is pre-heated
n the capture plant coolers instead of in pre-heaters of the steam
ycle, less steam is extracted from the steam turbine improving
he power output at the generator, and thus the plant efficiency.
ptions for heat integration are described further in this section.
treams that cannot be cooled using boiler feed-water are cooled
sing sea water.

.1. Heat integration options

Heat integration occurs when heat from the capture plant is re-
sed in the steam cycle in such a way that it increases the overall
lant efficiency. The capture plant includes several coolers where
eat is released to a cooling medium. If boiler feed-water at low
emperature is used as cooling medium instead of cooling water,
he heat can be re-used and integrated for pre-heating of the boiler
eed-water. In the capture plant, the following heat exchangers can
e used for heat integration:

 flue gas conditioner cooler: it cools the water stream used to wash
the inlet flue gas stream in order to condense water and reduce
SOx concentration;

 lean solvent cooler: cools the lean solvent before re-injection in
absorption column;

 washing section coolers (x2): cools the washing section loops on
top of the absorber

 CO2 cooler: cools the CO2 stream leaving the capture plant.

In addition, heat from the CO2 compressor is available; between
he 8 stages of compression the CO2 is intercooled by cooling water
n a closed loop. The hot water exiting the intercoolers can be routed
o the pre-heating section in the steam cycle, and used to increase
he temperature of the boiler feed-water.

The CO2 compression model is based on a multi-stage compres-
or design: the compressor is made of multiple intercooled stages
hat bring the CO2 at supercritical conditions (110 bar, 50 ◦C) with-
ut entering the liquid phase. In an evaluation of a compressor with
, 6, 8, and 10 stages, an optimum between power use, cooling
ater outlet temperature and cooling water demand was  found at

 number of 8 compression stages.
In practice, the heat is integrated into the steam water cycle at

he so-called pre-heaters. These can use the heat from the capture
lant to pre-heat the boiler feed-water.

Using the heat available at the capture plant in place of steam
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
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xtracted from the steam turbine improves the power output at the
enerator, and thus the plant efficiency.

Without integration the boiler feed-water coming from the
ondenser would flow inside the pre-heaters line. With integra-
 PRESS
f Greenhouse Gas Control xxx (2012) xxx–xxx

tion a part of the boiler feed-water flow is by-passed and sent
to additional heat exchangers; the quantity of feed-water by-
passed and split between the three exchangers can vary depending
on the amount of heat available from the capture plant and its
temperature.

3.2. High and low levels of heat integration

Several combinations are possible to re-use heat from capture
plant into the steam cycle; optimal integration, however, occurs
when the temperature of the heat available match closely the tem-
perature of the feed-water at the point where the heat is exchanged.
The temperatures of the heat sources available at the capture plant
are all below 100 ◦C, therefore, this heat can only be integrated in
the pre-heating section that ends with the 3rd pre-heater; in pre-
heaters after the 3rd pre-heater the feedwater outlet temperature
is higher than 100 ◦C.

The first three pre-heaters have the following characteristics:

Pre-heater #1 (PH1): feedwater outlet temp 50 ◦C.
Pre-heater #2 (PH2): feedwater outlet temp 70 ◦C.
Pre-heater #3 (PH3): feedwater outlet temp 94 ◦C.

These three heat exchangers allow three different pre-heating
temperature levels for integration. The selection of the heat
sources to be integrated in these pre-heaters has been based on
temperatures as shown in Table 2.

From the evaluation of each single heat source from the cap-
ture plant, giving priority to heat sources at higher temperatures,
a “high” and a “low” level of integration are defined; low integra-
tion represent the most easy and economical way, high integration
represents a higher grade of recovery but also higher investment
costs.

- LOW: For this level, only the CO2 condenser is integrated, this heat
source can heat part of the boiler feed-water flow by-passing the
first 3 pre-heaters.

-  HIGH: This includes the LOW integration and two more heat
sources. The CO2 compressor coolers are also integrated (with
a parallel by-pass over the first 2 pre-heaters) for a certain
portion of boiler feed-water, depending on the duty available. The
remaining boiler feed-water is pre-heated with the lean solvent
cooler, which has suitable temperature and sufficient duty.

The scheme of Fig. 3 summarises the two levels of integration
described.

4. CO2 capture process options

With the flue gas composition obtained from the power plant
model, several post-combustion CO2 capture process options can
be simulated. The reboiler of the stripper is the unit of the capture
plant that uses most of the energy (by means of steam for solvent
regeneration). Therefore, the optimisation of the different process
configurations are focussed on reducing reboiler energy consump-
tions. With the results obtained, it is possible to model different
power plant – CO2 capture plant integration possibilities.

In this section, the CO2 capture process options that are studied
in this paper are described. The cases modelled are:
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

• Base case.
• Lean vapour compression (LVC).
• Split-flow in combination with LVC.
• An intermediate heat exchanger in the stripper.

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Table  2
List of heat sources.

Waste heat source in capture unit Tin (◦C) Tout (◦C) Low integration High integration

CO2 condenser 97.1 40 PH3a PH3a

CO2 compressor 65.9 33 Not integrated PH2a

Lean solvent cooler 61.7 40 Not integrated PH1a

Flue gas conditioner 51.5 30 Not integrated Not integrated
Washer 2 cooler 46.8 30 Not integrated Not integrated
Washer 1 cooler 55.8 32 Not integrated Not integrated

a PH stands for pre-heater.
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Fig. 3. Schematisation of h

The split-flow option can also be used without LVC, but pre-
iminary modelling results (not shown) indicate that the resulting
erformance is not exceeding LVC alone, nor the combination of
VC and split-flow. To limit the amount of cases shown in this paper,
his case is not shown.

.1. Base case

The case used as base (see Fig. 4) for comparison and improve-
ent is defined as follows:

 SO2 is removed from flue gas using a flue gas conditioner (FGC),
which also reduces flue gas temperature to 43.6 ◦C;

 a flue gas blower before the absorber provides an increase of
48 mbar to overcome the pressure drop in both the absorber col-
umn  and the washing section;
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
full size power plant. An integral approach on energy penalty for d
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 90 mol.% CO2 capture;
 30 wt.% MEA  as solvent;
equilibrium stages absorber;

 2 stage washing section on the absorber gas;
d low integration layouts.

-  rich solvent loading 0.478 mol  CO2/mol MEA;
- lean-rich heat exchanger 6 ◦C cold-side temperature approach;
- 8 equilibrium stages stripper;
- lean solvent loading 0.271 mol  CO2/mol MEA;
- stripper pressure 1.8 bar (at the bottom, with �P in the column

is 0.1 bar);

These settings (specially the lean loading) were chosen accord-
ing to the optimisation performed by Abu-Zahra et al. (2007).  For
the rest of the CO2 capture process options described below, these
settings were kept constant to make comparison possible.

4.2. Lean vapour compression (LVC)

Lean vapour compression involves flashing at lower pressure
the lean solvent exiting the stripper, compressing the generated
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

vapours (mainly water and some CO2), and re-injection at the
stripper bottom (see Fig. 5). Because of the compression, the
vapour has higher temperature and its re-injection can reduce
the reboiler duty. Furthermore, the lean solvent exits the flash

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Fig. 4. Base case configuration for post-combustion CO2 capt

ank at lower temperature and heats the rich solvent in the heat
xchanger also to a lower temperature, making the top of the strip-
er colder and, thus, less cooling is required in the condenser.
VC has proven to be technically feasible in the European project
ESAR.

Several flash vessel pressures were evaluated (Sanchez
ernandez et al., in press), from 1 to 1.8 bar (this last one being the
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
full size power plant. An integral approach on energy penalty for d
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ase case). The optimal pressure, for economic reasons, was found
o be 1.2 bar. The results of the simulation using the flash vessel at
.2 bar are used in this paper for the power plant integration.

Fig. 5. Flow diagram for the lean vapour compression configuration. 
ue gas conditioner and absorber washing section not shown.

4.3. LVC and split-flow

The next option explored is the addition of rich solvent split-
flow to the LVC (see Fig. 6). For this simulation, the flash vessel
pressure is set at 1.2 bar (the same as the LVC case). By using split-
flow, part of the rich solvent (8 wt.%) from the absorber by-passes
the lean-rich heat exchanger (HEX) and goes directly to the top of
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

the stripper, the rest of the rich solvent is heated in the HEX and is
introduced in a lower stage in the stripper. By doing this, the colder
rich solvent (by-passing the HEX) condensates some of the steam

Flue gas conditioner and absorber washing section not shown.

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Fig. 6. Flow diagram for the combination of lean vapour compression a

n the stripper. This condensation heat is used inside the stripper,
educing reboiler duty.

.4. Intermediate heat exchanger in stripper

Another option proposed in literature is the use of an inter-
al heat exchanger in the stripper (Cousins et al., 2011a; Leites
t al., 2003). Using this approach, the equilibrium and operation
ine inside of the stripper are kept closer together and less exergy
s lost (Leites et al., 2003).

This option was simulated by adding heat to the stripper at 5
ifferent heights. The total amount of heat supplied was  calculated
y the heat extracted by cooling the lean solvent from 119 ◦C to
7 ◦C. 119 ◦C corresponds to the temperature of the stripper bot-
om and 57 ◦C is the temperature that the lean solvent exits the
EX in the base case. However, this option was considered too com-
lex and instead, the possibility to include multiple intermediate
EX between the lean solvent and several stripper side streams
as also evaluated. In this case, the temperature approach of the

treams involved in the HEX was lower than the 3 ◦C (specified as
inimum temperature approach) and was not further evaluated. A

nal simplified option is the use of one intermediate heat exchanger
uring stripping. This could be done by using two  smaller strippers,
r one stripper with a side exit of liquid that would go through the
eat exchanger and then back to stripper’s immediate lower level
see Fig. 7).

. Power plant – capture plant integration cases

In the previous sections, the options for the heat integration
nd for the capture plant configuration are presented. Each cap-
ure option can be combined with a different level of integration.
s described in Section 3, three different integration levels are con-
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
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idered: no, low and high integration. For the MEA  base case the
hree different levels are evaluated. For the other capture cases,
nly the low integration level is compared to the no integration
ases to limit the number of cases. The evaluated cases are:
lit-flow. Flue gas conditioner and absorber washing section not shown.

1. Power plant w/o capture: Power plant is simulated without CO2
capture process.

2. MEA  base case no integration: Power plant is simulated with
MEA  post-combustion capture (base case) and no heat integra-
tion.

3. MEA  base case low integration: Power plant is simulated with
MEA  post-combustion capture (base case) and low level of heat
integration.

4. MEA  base case high integration:  Power plant is simulated with
MEA  post-combustion capture (base case) and high level of heat
integration.

5. MEA  LVC no integration:  Power plant is simulated with MEA
post-combustion capture (with LVC option) and no heat inte-
gration.

6. MEA  LVC low integration: Power plant is simulated with MEA
post-combustion capture (with LVC option) and low level of
heat integration.

7. MEA  LVC + split-flow no integration: Power plant is simulated
with MEA  post-combustion capture (with LVC and split-flow
options combined) and no heat integration.

8. MEA  LVC + split-flow low integration: Power plant is simulated
with MEA  post-combustion capture (with LVC and split-flow
options combined) and low level of heat integration.

9. MEA  Intermediate HEX no integration: Power plant is simulated
with MEA  post-combustion capture (with intermediate heat
exchanger option) and no heat integration.

10. MEA  Intermediate HEX low integration:  Power plant is simulated
with MEA  post-combustion capture (with intermediate heat
exchanger option) and low level of heat integration.

6. Results

In this section, the results of the performed simulations for both
capture and power plant are shown. The first part focusses on the
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

energy requirements for the different CO2 capture plant process
configurations compared to the base case. The second part focusses
on the assessment of the different levels of integration of capture
plant with power plant.

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Fig. 7. Flow diagram for stripper with intermediate heat exchanger.

Table 3
Summary of results for the different capture plant configurations.

Reboiler duty Cooling duty Electricity

MWth GJth/ton CO2 Difference from
base case (%)

MWth Difference from
base case (%)

MWe Difference from
base case (%)

Base case 170.9 3.6 0.0 192.4 0.0 4.4 0.0
LVC  147.8 3.1 −13.5 162.5 −15.5 6.3 43.2
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LVC  with split flow 141.3 3.0 −17.3 

Intermediate heat exchanger 153.4 3.2 −10.2 

.1. Capture plant configuration results

Table 3 shows the CO2 capture plant energy requirements (strip-
er reboiler duty, cooling duty and electricity) for the different
onfigurations included in this evaluation.

Table 3 shows that by using LVC, the reboiler duty is reduced
3.5% compared to the base case (both cases using a stripper
ressure of 1.8 bar at the reboiler) by injecting hot vapour to the
tripper. Le Moullec and Kanniche (2011) found that LVC reduced
eboiler duty between 13.2% and 20.7% with the stripper at 1 and
.5 bar, respectively; Cousins et al. (2011b) found a reduction of 19%
hen using LVC in a stripper at 2.4 bar. It appears that using higher

tripper pressure, more benefits can be obtained by using LVC. In
he present case, 1.8 bar is used to be able to have direct compar-
son with the base case and not to exceed 120 ◦C in the reboiler
higher temperatures should be avoided to prevent significant MEA
egradation (Davis and Rochelle, 2009)). Nevertheless, further
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
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ptimisation of pressure, temperature and loadings could lead to
igher energy savings. It should be noted that the LVC option leads
o a 43.2% higher electricity use compared to the base case. For
his reason, a comparison taking into account all the energy
171.3 −11.0 6.3 43.2
175.3 −8.9 4.7 6.8

parameters (reboiler duty, electricity for capture and
compression,. . .)  is a better indicator of the performance in
energy use CO2 capture for this case. The integration of these
energy requirements with the power plant will make the com-
parison more realistic. These results can be found in the next
section.

In the LVC split-flow configuration, the reboiler duty is further
reduced 17.3% (see Table 3), by two  effects:

- By using split-flow, part of the rich solvent is sent relatively
cold to the top of the stripper condensing part of the steam that
would exit the stripper with the CO2 to the compression train. The
energy from this condensation is used internally in the stripper,
reducing the overall reboiler duty.

- By using the LVC, hot steam is injected to the stripper.

Similar to the previous case, the electricity use during capture
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

increases significantly (43.2%) due to the extra LVC compressor
power consumption. Therefore, the integration results with the
power plant are needed for the overall performance evaluation (see
next section).

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Table 4
Integrated power plant and capture plant results.

Case number 1 2 3 4 5 6 7 8 9 10
Case  name Power plant

w/o capture
Base case MEA
no integration

Base case MEA
low integration

Base case MEA
high
integration

MEA  LVC no
integration

MEA  LVC low
integration

MEA
LVC + split no
integration

MEA
LVC + split
low
integration

MEA
intermediate
HEX no
integration

MEA
intermediate
HEX low
integration

Heat input boiler MWth 2307.3 2307.3 2307.3 2307.3 2307.3 2307.3 2307.3 2307.3 2307.3 2307.3
Gross  power output MWe 1116.3 1079.8 1084.2 1086.0 1085.0 1087.4 1086.7 1088.6 1083.6 1086.9

Gross  efficiency % 48.4 46.8 47.0 47.1 47.0 47.1 47.1 47.2 47.0 47.1
Steam  cycle eff. % 51.1 49.4 49.6 49.7 49.7 49.8 49.8 49.8 49.6 49.8

Aux.  consumption total MWe 45.9 65.3 65.3 65.3 67.4 67.4 67.4 67.4 65.7 65.7
Mills MWe 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
Pumps  MWe 6.1 6.2 6.1 6.1 6.2 6.1 6.2 6.1 6.2 6.1
Fans MWe 12.7 12.7 12.7 12.7 12.7 12.7 12.7 12.7 12.7 12.7
FGD  MWe 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0
SCR  MWe 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
ESP  MWe 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Auxiliaries MWe 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1 17.1
CO2 Compression MWe 14.9 14.9 14.9 14.9 14.9 14.9 14.9 14.9 14.9
CO2 capture plant MWe 4.5 4.5 4.5 6.5 6.5 6.5 6.5 4.8 4.8

Net  power output MWe 1068.2 1012.5 1016.8 1018.6 1015.6 1018.0 1017.3 1019.2 1015.9 1019.1
Net  efficiency % 46.3 43.9 44.1 44.1 44.0 44.1 44.1 44.2 44.0 44.2
Efficiency penalty %-points 2.4 2.2 2.1 2.3 2.2 2.2 2.1 2.3 2.1

Total  cooling water kg/s 25,768 28,694 27,782 27,625 28,343 27,722 28,256 27,751 28,409 27,740
Condenser cooling kg/s 25,768 26,117 25,970 25,885 26,069 25,961 26,067 25,981 26,082 25,979
Capture  plant cooling kg/s 2577 1812 1740 2274 1760 2189 1770 2327 1762

Steam  flow to reboiler kg/s 77.7 77.7 77.7 68.3 68.3 65.3 65.3 70.9 70.9
CO2 flow captured kg/s 47.4 47.4 47.4 47.3 47.3 47.3 47.3 47.4 47.4
Specific  capture efficiencya kJe/kgCO2 1175 1084 1046 1112 1061 1076 1036 1103 1036

a Reduction of net power plant production per amount of CO2 captured (compared to base case w/o capture).

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Fig. 8. Power pl

Table 3 also shows the energy requirements of the configura-
ion with the intermediate heat exchanger in the stripper. It can be
een, that the reboiler duty is 10.2% lower than the base case. How-
ver, the reboiler duty obtained with original idea of integrated
tripper-heat exchanger (Leites et al., 2003) (modelled in Aspen
lus® by adding side heat to the stripper at 5 different heights) is
32 MWe (22.8% lower than the base case). This data indicates that
here is an optimum between the complexity of the system and
he energy required by the reboiler. With this option, the reboiler
uty is not as low as for the LVC and Split-flow LVC cases. How-
ver, the electricity used by the capture plant is only 6.8% higher
han the base (an additional pump is placed before the intermedi-
te heat exchanger). This increase is substantially lower than for the
VC cases.

All the options studied reduce the cooling duty of the cap-
ure plant. The cooling duty is an important energy parameter,
specially for in-land power plants with difficult access to natural
ooling water. For the three improved process options, the cooling
uty is lower than the base case. This is mainly due to the reduction
f the temperature of the vapours exiting the stripper.

.2. Integrated power plant and capture plant performance

The lower electrical output of a power plant with CO2 capture
an be expressed as efficiency penalty, or as specific capture con-
umption. Table 4 shows these parameters together with other
ain performance parameters for the power plant (1070 MWe),

ncluding the requirements of the demo capture plant (250 MWe

quivalent). Fig. 8 shows the net power plant efficiency for each
ase evaluated.

The base case (case 2) represents the basic capture plant con-
guration and has a penalty of 2.4%-points compared to the case
ithout capture. The 2.4%-points of penalty results in a net power
lant efficiency of 43.9%. Such a penalty has a significant impact
n the economics of the power plant. All the other capture cases
onsidered have a lower penalty, with a minimum of 2.1%-points.
his means that all the options considered offer a gain in the per-
Please cite this article in press as: de Miguel Mercader, F., et al., Inte
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ormance of the power plant.
To give an indication of the magnitude of the improvement,

 rough estimation of the associated cost can be made. Assum-
ng an electricity price of 55 EUR/MWh and 8000 power plant
t efficiency (%).

operational hours per year, the improvement of 0.3%-points cor-
responds to 1.32 M EUR.

When comparing the different levels of integration for the MEA
base case (cases 2–4), the first step (from no integration to low
integration) has a larger effect on the penalty points than the sec-
ond step (from low to high integration). Moreover, low integration
can be implemented with a single heat exchanger, while the high
integration level requires three separate heat exchangers.

Applying LVC increases the performance of the capture process,
especially if combined with low integration. However, LVC cases
(cases 5 and 6) give similar penalty points as base case with the
same level of heat integration. Considering, the additional expen-
diture for the flash vessel and compressor for the LVC, this option is
thus not giving significant advantages over case 3 (low integration).

Applying LVC in combination with split flow and low integration
(case 8), gives a penalty of 2.1%-points on efficiency. This is com-
parable to the base case with high integration, but probably less
expensive and easier to implement. Therefore, an economic evalu-
ation considering all the costs (capital and operating) is necessary
to further evaluate and compare these options.

The capture plant option of the intermediate heat exchanger
without integration (case 9) is not very advantageous, because
of the minor improvement (penalty is 2.3%-points compared to
2.4%-points of the base case). However, when combined with
low integration it results in one of the lowest efficiency penalty
observed (2.1%-points). Furthermore, applying an intermediate
heat exchanger is expected to have smaller investment costs com-
pared to LVC option.

When taking into account both the most promising capture
improvement options and the different levels of heat integration,
the cases with the highest performance are the following:

1 Intermediate heat exchanger with low integration.
2 LVC with split-flow and low integration.
3 MEA  base case with high integration.
gration between a demo size post-combustion CO2 capture and
ifferent process options. Int. J. Greenhouse Gas Control (2012),

When considering the construction of a post-combustion CO2
capture demo unit (250 MWe equivalent) for the 1070 MWe  power
plant, the afore mentioned cases give the lowest penalty points,
but they involve different complexity levels, not only during

dx.doi.org/10.1016/j.ijggc.2012.09.016
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Fig. 9. Relative comparison of the power plant efficiency pen

onstruction but also during operation. A more detailed analysis
ay  be required to find the optimum solution.
The cooling requirements of the different cases are shown for

he capture plant and power plant in Table 4. These show that the
verall required cooling is reduced proportionally to the level of
ntegration. As stated before, this is of special importance in power
lant located in-land without the availability of natural cooling
ater.

The electricity consumption of the capture plant also plays
 major role in the overall capture performance: lower steam
onsumption at capture plant does not necessarily mean better
erformance. This is illustrated in Fig. 9, that shows the relative
fficiency reduction and the reboiler duty for several cases with
mprovement in the capture plant, with the base case set at 100%.
his figure is limited to the non-integration cases, to eliminate the
ffect of heat integration on the efficiency.

For the capture plant with LVC and no integration (case 5),
ig. 9 shows that while the reboiler duty is reduced to 86%,
he efficiency penalty is only reduced to 94% from that of the
ase case (case 2). For the capture plant with intermediate heat
xchanger (case 9) and compared to the base case (case 2), the
fficiency penalty is also reduced to 94%, but the reboiler duty
s only reduced to 90%. This demonstrates that the reboiler duty
lone (i.e. the heat requirement of the capture process) is not the
nly parameter to be used in benchmarking the performance of

 capture process. Instead an overall evaluation of the efficiency
eeds to be performed accounting also capture plant auxiliaries
nd the effect of the steam extraction on the steam turbine
erformance.

. Conclusions

The aim of this paper is to evaluate the performance of inte-
rated capture plant and power plant, showing the impact of
rocess improvements in capture technology and different levels
f integration of heat. The reference is a post-combustion CO2 cap-
ure demo plant (approximately 250 MWe equivalent) connected to

 1070 MWe coal fired power station, including CO2 compression
o 110 bar.
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A methodology has been developed for the evaluation of a num-
er of cases, including combinations of different capture plant
rocess options and different levels of heat integration. The results
f this study allow for a comparison of the various combinations
d reboiler duty amongst the different capture plant options.

amongst each other and to indicate the most promising options for
reducing the efficiency penalty for CO2 capture.

The demo capture plant will lead to an efficiency penalty that
ranges between 2.1 and 2.4%-points on the original net power plant
efficiency of 46.3%, depending on the process cases considered. For
the capture base case (standard MEA  based post-combustion cap-
ture process without heat integration) an efficiency reduction of
2.4%-points is calculated.

From all the cases studied in this paper, the combinations of CO2
capture process and heat integration that have the lowest power
plant efficiency reduction are:

1. Intermediate HEX with low integration.
2. LVC with split-flow and low integration.
3. MEA  base case with high integration.

Heat integration can reduce the efficiency penalty, however, a
limitation for a high level of integration was observed: high level
of integration generates only a limited additional improvement.
Therefore, the low level of heat integration seems more interesting
from an economical point of view, because it is significantly sim-
pler and still results in a similar efficiency penalty. Nevertheless,
to decide which of the proposed options is better, an economical
assessment that considers the balance between process complexity
and energy integration is needed.

From the results presented, it is evident that focussing only on
regeneration energy for the assessment of different capture options
can lead to suboptimal overall power plant-capture plant perfor-
mance. The integration with the power plant should be taken into
account. When analysing the potential of captures improvement
options or different levels of integration, the overall performance
is a better indicator than the reboiler duty. Besides the reboiler
duty, also the electrical energy use, and the level of steam and heat
integration can play a decisive role in the overall performance of a
power plant with CO2 capture.
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