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a b s t r a c t
Adding a carbon capture plant to a power plant reduces the efﬁciency of said power plant. In order to keep
this drop in efﬁciency as small as possible, several optimisation studies are performed in the OCTAVIUS
project. Based on the work of the European Benchmarking Task Force—EBTF within the CESAR, CAESAR,
and DECARBit projects, two reference power plants are modelled in Ebsilon® Professional. The ﬁrst is
an 800 MWe coal case, the second a 430 MWe natural gas combined cycle (NGCC) case. For each power
plant two separate capture plants are considered: one using 30 wt% MEA as solvent system, the other
with CESAR1, a mixture of AMP and PZ as solvent system. This results in four different reference cases
which are optimized by varying different process parameters and evaluating process modiﬁcations. In
a second step, the integration of the capture plant into the power plant is evaluated. This is important
especially for the coal ﬁred power plant, where integration of waste heat from the capture plant or the
CO2 compressor intercoolers can lead to a signiﬁcant increase in overall efﬁciency. The conﬁguration of
intercoolers for the CO2 compressor is adapted to achieve the highest overall efﬁciency. For the natural
gas combined cycle plant, integration is not that beneﬁcial, since there is no heat sink available in the
water steam cycle. In the end, the cost of electricity and cost of CO2 avoided is calculated for all four cases.
While the CESAR1 solvent system in a conventional absorber–stripper scheme is less costly (almost 17%)
than the MEA solvent system in a process with Lean Vapour Compression for the coal cases, the result is
the opposite for the two NGCC cases though the difference is not substantial.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
There has in recent years been substantial research on CO2 capture technologies in order to reduce the energy efﬁciency penalty
and cost associated with such application. A number of different
process concepts have been suggested and for each concept there
is often a great variation of chemicals and materials that may be
employed. In order to assess the performance and potential of the
various concepts, there have been several attempts to establish
methodologies for fair comparison. Kvamsdal et al. (2007) compared 9 different technologies for all three major types of CO2
capture; post-, pre-combustion, and oxy-fuel. They developed a
systematic approach for determining the energy penalty for each
of the technologies. However, they used a Natural gas Combined
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Cycle (NGCC) plant without capture as the reference case. The latter approach was also done by Ekström et al. (2009) who compared
various pre-combustion and oxy-fuel concepts with two different
types of coal cases without capture as the reference cases. They also
considered cost as criterion for comparison in addition to energy
penalty. Vitse et al. (2011) focused only on post-combustion capture, but they compared solvent systems based on results from a
pilot capture plant.
Along with the development of capture technologies a growing need for establishing more universal methods for assessment
and benchmarking enforced the European Commission to establish a public project within the 7th framework R&D Programme.
This project named European Benchmarking Taskforce (EBTF) was
actually established through common activities in the three ongoing projects CESAR (2011), CAESAR (2011) and DECARBit (2011). In
this work (as e.g. reported by Booth et al., 2011), the focus was on
establishing the computational basis primarily for energy and cost
calculation of three power plant cases, two for post-combustion
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Fig. 1. Ebsilon model of the ASC power plant.

(Advanced Supercritical Coal—ASC and NGCC) and one for precombustion (Integrated Gasiﬁcation Combined Cycle—IGCC) with
and without capture. The capture process cases were the standard
absorption—stripping process using 30 wt% MEA for the two postcombustion cases and selexol for the pre-combustion case.
The MEA reference capture plant is a good basis for comparison,
but requires a good understanding of the results in order to perform a realistic process evaluation. de Miguel Mercader et al. (2012)
studied different post-combustion capture processes and integration with a coal based power plant based on tests with a pilot plant
connected to a power plant. However, only MEA as solvent system
was considered. This solvent system is the most studied solvent
system and is regarded as the reference. However, by using this solvent system in a conventional absorption-stripper process the heat
requirement is quite high and often seen referenced by developer
of competitive technologies and/or alternative solvent systems (e.g.
Stöver et al., 2011). Berstad et al. (2012) at least integrated the MEA
based system with the NGCC power plant when they compared a
CaO/CaCO3 looping concept with this reference. However, there
has been tremendous effort to develop solvent systems and/or
process improvements to reduce the energy penalty of absorption based post-combustion capture. E.g. the Fluor’s Econamine
Plus process, which is based on MEA as solvent system (Reddy
et al., 2008) and the extensive work by the Rochelle group on
piperazine (e.g. Rochelle et al., 2011; Lin and Rochelle, 2014). Also
work with other more proprietary solvent systems as e.g. Campbell
(2014), have proven more energy efﬁcient for CO2 capture than
the reference. This fact has also been important to consider in the

assessment work of the FP7 project HiPerCap. In this project different concepts based on absorption, adsorption and membrane
technologies for post-combustion capture will be benchmarked
to a conventional absorption process using an improved solvent
system demonstrated at pilot scale in order to see the real potential for new and emerging technologies. This solvent system is the
CESAR1 (AMP + piperazine) solvent system tested at Esbjerg during the CESAR project (Knudsen et al., 2010). The benchmarking
methodology is based on the EBTF work, but speciﬁcally adjusted
for the emerging technologies, for which the data is highly uncertain and limited (see Kvamsdal et al., 2014 for further details about
the HiPerCap project).
Though the major aim of the FP7 project OCTAVIUS was to
demonstrate integrated concepts for zero emission power plants
covering all components needed for power generation as well as
CO2 capture and compression, benchmarking has also been an
important task in this project. More speciﬁcally the DMXTM process has been benchmarked against state-of the art reference cases
for post-combustion capture. Also in this project the benchmarking
methodology has been based on the EBTF work and both powerplants for post-combustion capture were adopted. Since it was
chosen to consider both the MEA and CESAR1 as solvent systems,
four different reference cases are established within the OCTAVIUS
project. The optimization of the capture processes and integration
with a new build power-plant is described in the present paper.
Additionally, the cost of the entire integrated plants including CO2
compression is estimated.
2. Basis for the study

Table 1
Flue gas conditions and composition out of the FGD unit based on simulation of an
ASC power plant in Ebsilon® Professional 10.03.
Mass ﬂow rate (kg/s)
Temperature (◦ C)
Pressure (kPa)
Composition (mol%)
CO2
O2
H2 O
Inert (Ar + N2 )a
a

SOx and NOx are omitted here.

786.5
50.3
101.6
13.25
3.65
12.11
70.99

2.1. Power plant cases
2.1.1. The coal power plant reference case
As mentioned the power plant is adopted from the EBTF (2011)
guidelines and is based on an Advanced-supercritical pulverized
single unit coal boiler. The fuel is bituminous Douglas Premium
Coal with approximately 67% Carbon, 4% hydrogen, 14% ash and
8% moisture as deﬁned in the EBTF (2011) document. It has been
re-simulated in Ebsilon® Professional 10.03 and a sketch of the
Ebsilon model is given in Fig. 1. The electric gross power output
is 804.8 MWe. With an auxiliary power consumption of 61.3 MWe
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Fig. 2. Flow diagram of the NGCC reference plant.

Fig. 3. Sketch of the Esbjerg pilot plant (now dismantled) utilized in the CESAR project.

the net power output is 743.5 MWe. Thus the net cycle efﬁciency at
full load operation is 45.4% related to Lower Heating Value (LHV).
The speciﬁc CO2 emission is 761.5 g/kW hnet without CO2 capture.
Based on the simulation the ﬂue gas composition and conditions
out of the FGD unit (see Fig. 1) are as given in Table 1.
2.1.2. The NGCC power plant reference case
For the natural gas combined cycle (NGCC) reference plant, the
conﬁguration used in the CESAR project has also been resimulated
in Ebsilon® Professional 10.03 and a sketch of the Ebsilon model
is given in Fig. 2. The natural gas fuel consisting of mainly 89%
methane, 7% ethane, and 2% CO is further deﬁned in the EBTF document (2011). The NGCC power plant is based on a single gas turbine
feeding its ﬂue gas to a heat recovery steam generator (HRSG) with
three pressure levels and reheat. The steam produced in the HRSG
is expanded in a steam turbine. Following the EBTF guidelines, the
gas turbine is not based on a speciﬁc existing turbine but represents
a reference, average large scale gas turbine. Data from two differ-

ent suppliers are used resulting in a notional turbine. The electric
gross power output is 430.3 MWe of which 281.7 MWe are delivered by the gas turbine generator while the remaining 148.6 MWe
are delivered from the generator of the steam turbine. The net cycle
efﬁciency at full load operation is 57.8% related to LHV. The speciﬁc
CO2 emission is 364.2 g/kW hnet without CO2 capture.
Based on the simulation the ﬂue gas composition and conditions
out of the HRSG (see Fig. 2) are as given in Table 2.
2.2. Capture plant cases
The basis for the capture plant is a conventional
absorber/stripper conﬁguration. The ﬂue gas is ﬁrst cooled to
a speciﬁed temperature in a direct contact cooler (DCC). Then
the ﬂue gas passes through a blower to overcome the pressure
drop in the DCC and the absorber column. In the absorber section,
the ﬂue gas comes in contact with the solvent, which chemically
binds the CO2 . The treated ﬂue gas, before being emitted to the
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Fig. 4. CO2 SIM interface of the NGCC MEA reference capture plant process model.
Table 2
Flue gas conditions and composition out of the HRSG based on simulation of an
NGCC power plant in Ebsilon® Professional 10.03.
Mass ﬂow rate (kg/s)
Temperature (◦ C)
Pressure (kPa)
Composition (mol%)
CO2
O2
H2 O
Inert (Ar + N2 )

671.3
85.76
101.6
4.11
11.89
8.89
75.11

atmosphere, passes through a water wash system to balance the
water in the system and to avoid solvent carryover (here shown as
one single washing-section). The solvent, which is “rich” in CO2 ,
is pumped to the top of the stripper via a cross heat exchanger.
The solvent is regenerated in the stripper at elevated pressure
and temperature. The stripper is heated by means of a steam
reboiler to maintain regeneration conditions. This low pressure
(LP) steam is withdrawn from the power plant, which in turn
reduces the thermal energy efﬁciency of the power plant. The
heat in the stripper is necessary to heat the solvent, generate
stripping vapour and desorbing the chemically bound CO2 from
the solvent. The stripping steam associated with the CO2 product
leaving the stripper is recovered by means of a condenser and fed
back to the stripper. The CO2 product thus leaving the condenser
is relatively pure (>99%), with water vapour being the only other

major component. There is also a water-wash section in the top of
the stripper to avoid slipping of solvent to the CO2 stream. The lean
solvent with residual amounts of CO2 from the stripper is pumped
back to the absorber via the cross heat exchanger and a cooler
to lower the temperature of the lean solvent stream entering the
absorber.
For the capture plant within the OCTAVIUS project two different solvent systems are in focus. The ﬁrst is a 30 wt% MEA, which
is the reference solvent used in many similar comparisons. The
other is a solvent named CESAR1, which was the best solvent system demonstrated at the Esbjerg pilot plant in the CESAR project.
Furthermore, in the CESAR project two different process modiﬁcations were tested for the MEA and CESAR1 solvent systems. These
process modiﬁcations are absorber intercooling and Lean Vapour
Compression (LVC) as seen in Fig. 3. The results from the CESAR
project have been the basis for the optimization of the reference
benchmark cases as described in Section 3.2.
2.3. CO2 compressor description
The speciﬁed condition of the compressed CO2 is 110 bar with a
temperature below 30 ◦ C and a water content 50 ppmv. For this
purpose an integrally geared radial compressor with intercoolers is considered. Downstream of every intercooler the condensed
water is drained. An additional drying unit is required to reach the
required water content below 50 ppmv. The number and position of

Table 3
Most important process unit speciﬁcations and input data for the reference capture plant cases.
Parameter

Predeﬁned/ﬁxed value

Comments

CO2 content out of absorber
Packing material in absorber/stripper
Absorber/stripper ﬂue gas velocity
Maximum diameter of columns
Pressure drop in pre-cooler, absorber, stripper

10% of inlet ﬂue gas content
Sulzer Mellapak 2X
Maximum 70% of ﬂooding velocity
18 ma
6 mbar for the column head + 3 mbar per
demister + 3 mbar per liquid
collector + 50 mbar for the gas
distributor + 1.5 mbar per packing height meter
40 ◦ C
5 ◦C
120 ◦ C

All cases
Including water-wash sections

Pre-cooler and lean cooler process outlet stream
Cross heat-exchanger temperature approach
Operating temperature in reboiler
a

Adapted from Reddy et al. (2008).

Assuming cylinder columns

cold in—hot out
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intercoolers is optimized during integration into the power plant.
Depending on the stripper pressure and the possibility to integrate
waste heat from the compressor into the power plant, different
compression train conﬁgurations are evaluated regarding the effect
on the overall efﬁciency.
3. Methodology
3.1. Model and computational issues for the reference capture
plant cases
The four different capture plant cases were modelled in the
CO2 SIM in-house tool (NTNU/SINTEF). A sketch of the conventional
process as modelled in CO2 SIM is shown in Fig. 4. All process units in
CO2 SIM were modelled with input data according to the guidelines
as given by Kvamsdal et al. (2015). The most important process unit
input and speciﬁcation data are given in Table 3. For simplicity the
water-wash sections were not included in the process models, but

the control of the water-balance and MEA balance is ensured by
a simple ﬂash unit on top of the absorber (PreCooler2) and a controller unit (Con01) to control the lean stream fed to the absorber.
The effect of the water-wash sections was, however, taken into
account in the cost-calculations. Due to the amount of gas to be
treated, two process trains are needed for both power plants. However, only one train was simulated.
As seen from Table 3, the maximum allowed gas velocity
through the columns is 70% of the ﬂooding velocity. The actual
velocity and thus the column diameter were determined by using
the tool SULPAK v. 3.1 from Sulzer for both the absorber and stripper. Based on the allowed maximum diameter given in Table 3
(18 m), the number of trains is determined.
The pressure in the stripper is equal for all reference cases and
it was simulated in Ebsilon® Professional 10.03 as part of the integration with the power plant (see Section 3.3).
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Table 4
Some important cost parameters used in the OCTAVIUS cost calculations.
Cost parameter

Value

Unit

Lifetime of capture plant (NGCC/Coal)
Chemical Engineering Plant Cost Index (CEPCI), basis year 2012
Interest rate
Annual operating hours
Number of extra operating personnel per shift (5 shift in total)
Hourly rate per operator
Cost of amine (including corrosion inhibitors and antifoams)a
Amine make-upa
Process watera
Cooling water b
Electricity

25/40
595
8
8000
2
45
1.5
1.5
0.45
0.06
50

year
%
%
hour
Euro/hour
Euro/kg
Kg/t CO2 separated.
Euro/m3
Euro/m3
Euro/MW h

a
These numbers are based on MEA supply cost on ENEL pilot, Brindisi, Italy. The cost of make-up for CESAR1 is higher than MEA, but the degradation of CESAR1 is lower.
So for simplicity the same numbers are used for both solvent systems.
b
SRI PEP Report n◦ 136A, 1995, update by IHS-CERA DCCI cost index 2010.

Table 5
CAPEX and OPEX for power plants.
Power plant Type

CAPEX [D /kWe gross]

Fixed OPEX [D /kWe gross]

Fuel costs [D /GJ]

Coal ﬁred
NGCC

1440
847

44
44

3.0a
6.5

a

Estimated average value based on 2015 value.

Table 6
Summary of the methodology to calculate the CAPEX of the CO2 capture plant.
CAPEX of the CO2 capture plant
Total Equipment cost (TEC)

− Mass and energy balances obtained from simulations
− Sizing and cost estimates based on public data, proprietary owned information and
vender supplied information

Total Direct Plant Cost (TDPC) = 2.01 × TEC

− Includes Instrumentation and controls, piping, electrical equipment and materials,
civil works, erection, steel structures and painting

Total Indirect Plant cost (TIPC)

− Includes yard improvements, service facilities, engineering, supervision and
construction and buildings (Including services)

Fixed Capital investment (FCI) = TIPC + TDPC
− Includes start-up cost, contingency, capital fee, and working capital

Additional costs
Total Capital Investment (TCI)/CAPEX = FCI/0.8

Table 7
Annual allocation of ﬁnances for plant construction.
Year

Allocation 3 years (natural gas cycles)

Allocation 4 years (coal fed systems)

1
2
3
4

40%
30%
30%
0

20%
30%
30%
20%

3.2. Optimization of the reference capture plants
The optimization involved ﬂow-rate, absorber height, and ﬂowsheet modiﬁcations such as LVC and absorber inter-cooling based
on experience from the CESAR project. The major results related
to this experience can be summarized according to Knudsen et al.
(2010):
• There was no signiﬁcant beneﬁt of inter-cooling for MEA, but for
CESAR 1 solvent it was obtained up to 7% reduced reboiler steam
demand.
• The LVC modiﬁcation had best beneﬁt for MEA (20% reduced
reboiler steam demand), but somewhat less with the CESAR 1
solvent.
It must be noted that LVC means increased auxiliary power consumption as steam is compressed up to stripper pressure after

ﬂashing and inter-cooling may imply increased total cooling water
requirement. Furthermore, both process modiﬁcations may most
likely imply increased capital costs. Nevertheless, with the results
from Esbjerg, the basis for the optimization of the reference capture
plant cases was as follows:
• For the MEA solvent system: study the effect of LVC, but no
absorber inter-cooling
• For the CESAR1 solvent system: study the effect of both LVC and
absorber inter-cooling
The optimization was done in a manually integrated manner in
which both the CO2 SIM simulation tool and cost calculation using
the SINTEF in-house tool ECON2 (see Section 3.4) was utilized to
determine the optimal plant conﬁguration. Further details for the
optimization for each of the two solvent systems are given in the
following sections. It must be noted that this kind of optimization
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Fig. 7. Speciﬁc Reboiler Duty (SRD) vs. solvent ﬂow-rate for various ﬂash pressure
values and the case without LVC (blue line) for the coal power plant case with MEA
as solvent system. The power required for the LVC compressor is not included in the
SRD. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)
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Fig. 9. Speciﬁc Reboiler Duty (SRD) vs. solvent ﬂow-rate for various ﬂash pressure
values and the case without LVC (blue line) for the coal power plant case with CESAR1
as solvent system. The power required for the LVC compressor is not included in the
SRD. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

The following procedure was established for the optimization
of the two capture plant cases using CESAR1 as solvent system:

Fig. 8. Improvement in heat requirement and associated capture cost due to LVC vs.
ﬂash pressure for the coal power plant case with MEA as solvent system. The case
with ﬂash pressure of 190 kPa (which is actually the pressure in the reboiler) is the
case without LVC.

procedure might end in sub-optimal solutions. However, the effect
(in both energy requirement and CO2 capture cost) was checked
for some simultaneous variations in the parameters. The results for
the energy requirement were also checked by the integration with
the power-plant.
3.2.1. MEA as solvent system
The following procedure was established for the optimization
of the two power production cases using 30 wt% MEA as solvent
system:
1. Solvent ﬂow-rate variation for all cases with different ﬂash
pressure and the case without LVC to obtain the ﬂow, which
minimizes the reboiler heat requirement.
2. With the optimal solvent ﬂow-rate the associated capture cost is
determined for all the cases with different ﬂash pressure including LVC and the case without LVC.
3. As the cost of the absorber highly inﬂuence on the capital cost
a sensitivity analysis for the height of packing has also been
performed.

3.2.2. CESAR1 as solvent system
Both absorber inter-cooling and LVC had a positive impact on the
SRD at the Esbjerg plant in the CESAR project. These modiﬁcations
are addressed in the present simulation work. Four different cases
for each of the two power plants were deﬁned:
1.
2.
3.
4.

No absorber intercooling and no LVC.
Absorber inter-cooling, but no LVC.
No absorber inter-cooling, but LVC.
Both absorber inter-cooling and LVC.

a) Flow variation for case a (no intercooling and no LVC) and 3
(no intercooling, but LVC) to obtain the ﬂow, which minimize
the reboiler heat requirement. Five different values for the ﬂash
pressure were used with the LVC option.
b) Cost-calculation (ECON2) for all optimal cases (i.e. minimized
reboiler heat requirement) determined in a).
c) NGCC-case
d) Due to limited improvement in the capture cost it was determined to perform the sensitivity analysis for the height of
packing for the optimal case with no LVC.
e) With the optimal height and ﬂow, case b with absorber
inter-cooling was studied. Some variations in placement were
simulated and the capture cost was determined.
f) Coal case
g) As for the NGCC case c), the height of packing analysis was
done for case 1 (no absorber inter-cooling and no LVC).
h) With the optimal height and ﬂow, case 2 (absorber intercooling, but no LVC) was studied. Some variations in placement
were simulated.
i) The absorber intercooling for the coal case turned out slightly
better than the NGCC case so the case 4 (both absorber intercooling and LVC) was checked for the LVC option with lowest
ﬂash pressure (110 kPa).
j) Finally, a check of the “optimal” ﬂow was performed by some
variations.
3.3. Integrating the power plant and CO2 compression
3.3.1. Integration with ASC coal ﬁred plant
The integration concept for the ASC plant is shown in Fig. 5.
The steam needed for heating the reboiler is extracted from the
IP/LP-crossover and led to the reboiler. Since a greenﬁeld design
is assumed, the pressure in the IP/LP-crossover at power plant full
load is adjusted to the pressure required in the reboiler. Pressure
loss of 0.3 bar in the pipe between power plant and capture plant
is assumed. The throttle valve as well as the pressure maintaining valve is thus needed only for part load operation. The spray
attemperation is used to avoid hot spots in the reboiler which could
lead to thermal degradation of the solvent. Part of the reboiler condensate is therefore injected into the superheated steam cooling
it down to a temperature approximately 15 K above the solvent
evaporating temperature. The remaining reboiler condensate is
returned to the power plant and mixed with the main condensate
from the condenser. The position of the return is chosen depending
on the temperature of the two condensate streams. The difference
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Fig. 10. Improvement in heat requirement and associated capture cost due to LVC
vs. ﬂash pressure for the coal power plant case with CESAR1 as solvent system. The
case with ﬂash pressure of 190 kPa (which is actually the pressure in the reboiler)
is the case without LVC.

between the temperatures should be as small as possible. When
two positions with a similar temperature difference are available,
the location with the lower main condensate temperature is energetically more beneﬁcial.
Another option to increase the efﬁciency of the overall plant is
the waste heat (WH) integration which can be seen in Fig. 5. Heat
from the capture plant coolers, condenser, and the CO2 compressor
is used to preheat the feed water. Therefore, a split stream of the
main condensate stream is led to the heat exchangers in the capture
plant with a high temperature and to the intercoolers of the CO2
compressor. In the capture plant, the overhead condenser provides
heat at a sufﬁcient temperature level. The heated condensate is
returned to the feed water preheating train at the position were the
difference between returning condensate and main condensate is
smallest.
3.3.2. Integration with NGCC plant
The integration concept for the NGCC plant is shown in Fig. 6.
It is similar to the concept for the coal ﬁred plant in regard to the
steam extraction and attemperation. The position of the condensate return is different, though. In contrast to an ASC plant, an NGCC
plant is not equipped with feed water preheaters. This is due to the
pursued low ﬂue gas temperature at the outlet of the heat recovery
steam generator. Using steam to increase the feed water temperature would result in a higher ﬂue gas temperature and thus a lower
plant efﬁciency. Using heat from the reboiler condensate to heat
up the feed water would have a similar effect: the heat from the
condensate would replace the heat from the ﬂue gas, leading to a
higher ﬂue gas outlet temperature, but no additional steam production. The reboiler condensate is thus returned directly to the
condenser. The same is true for any other heat integration from
any source with low temperature level. As long as no additional
steam production is possible, there is no positive effect from heat
integration.
3.3.3. Integration with CO2 compressor
The CO2 compressor has four interface quantities that inﬂuence
the integration. All of them have to be considered when optimising the overall process: the speciﬁc power duty wcomp , the speciﬁc
cooling duty qcomp , the speciﬁc waste heat qwh and the temperature level of the waste heat twh . Heat that cannot be integrated into
the power plant counts to the cooling duty. For the coal case, the
integration of waste heat has a positive effect on the overall process
and is thus considered. Since the integration of waste heat into an
NGCC plant is not beneﬁcial qwh and twh are not considered during
the optimisation of the compression train for the NGCC case. The
number of intercoolers is thus chosen to be as high as possible to
reach lowest energy demand for compression.
For the coal base case, a conﬁguration with six stages, three
intercoolers and an aftercooler is found to be energetically optimal.

Fig. 11. Speciﬁc Reboiler duty vs. solvent ﬂow-rate for various ﬂash pressure values
and the case without LVC (blue line) for the NGCC power plant case with MEA as
solvent system. The power required for the LVC compressor is not included in the
SRD. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

Since the number of coolers is lower than the number of stages,
there are some stages with no intercooler in between. This leads
to a higher CO2 inlet temperature for the second stage, and thus
a higher energy demand for compression. Still, the increased temperature results in a higher overall efﬁciency, since the waste heat
from the intercooler has a higher temperature level as well. This is
beneﬁcial for the integration, since the amount of heat that can be
integrated at a certain temperature level is limited.
3.4. Cost-calculation
3.4.1. Cost-calculation in ECON2
The in-house cost-estimation tool by SINTEF, ECON2, was originally developed for cost estimation of chemical processes in
general. Now, however, it is more used for cost estimation of
amine based absorption/stripper processes. The tool is based on
the method described by Turton et al. (2003), modiﬁed, however,
for European and Norwegian terms and conditions.
3.4.1.1. CAPEX. The tool determines the direct and indirect costs
of various types of equipment (e.g. towers, storage tanks, heat
exchangers, pumps, compressors, etc.). By adding other associated
costs like contingency, fees, and auxiliary facilities and then account
for location, inﬂation and exchange rate, the total capital costs
(CAPEX) of a chemical plant can be calculated.
3.4.1.2. OPEX. The operating cost is estimated based on the following main categories: a) direct costs (such as raw materials,
utilities, operating labour, waste treatment), b) ﬁxed costs (such
as depreciation, taxes, insurance) and c) general expenses (such
as administration, distribution-selling and R&D) and a percentage
of the CAPEX. Since it is assumed that the capture plant does not

Fig. 12. Improvement in heat requirement and associated capture cost due to LVC
vs. ﬂash pressure for the NGCC power plant case with MEA as solvent system. The
case with ﬂash pressure of 190 kPa (which is actually the pressure in the reboiler)
is the case without LVC.
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Fig. 13. Speciﬁc Reboiler duty vs. solvent ﬂow-rate for various ﬂash pressure values
and the case without LVC (blue line) for the NGCC power plant case with CESAR1 as
solvent system. The power required for the LVC compressor is not included in the
SRD. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

Fig. 14. Improvement in heat requirement and associated capture cost due to LVC
vs. ﬂash pressure for the NGCC power plant case with CESAR1 as solvent system. The
case with ﬂash pressure of 190 kPa (which is actually the pressure in the reboiler)
is the case without LVC.

produce any marketable products no expenses for distribution and
selling are included in the estimation.
In the OCTAVIUS project the cost-calculation in ECON2 determines the CO2 capture cost related to the capture plant only. The
cost of the steam requirement and thus the effect on reduced electricity from the power plant is determined based on a simpliﬁed
approach. For the NGCC plant the effect on reduced electricity is
determined by an approach given by Bolland and Undrum (2003)
and assuming saturated steam at 4 bar. From Fig. 3 in this reference the ratio of incremental power reduction to the incremental
heat output is approximately 0.23, which is adopted in ECON2. For
the coal power plant case, the corresponding approach is given by
Liebenthal et al. (2011). However, it turned out that the same factor
could be used.
The CAPEX and OPEX factors used in OCTAVIUS were given by
Kvamsdal et al. (2015), but the most important factors are given in
Table 4. The basis for costs in OCTAVIUS is the year 2012 (while it
was 2009 in EBTF).
It should be noted that the most important cost factors for the
optimization of the reference capture plants here is the CAPEX for
the absorber and the LVC compressor. Likewise the electricity price
is the most important operating cost factor as it directly reﬂects
the effect of reduced electricity output from the power plant when
extracting both steam and electricity for use in the capture plant.
The cost of the LVC compressor is highly uncertain and there
have been some discussions within the OCTAVIUS consortium. For
ECON2, the standard compressor unit calculation based on the Turton method turned out to be unrealistically high. However, a new
correlation taking into account the effect of the ﬂow-rate and pressure ratio over the compressor has been established and the results
in CAPEX seem to be in line with earlier studies.
There are also other uncertainties in the cost-calculations, however, as long as the relative numbers are adequate this uncertainty
will not affect the results in the optimization performed in the
OCTAVIUS project.

CAPEX and OPEX for the two power plants considered here are
given in Table 5.

3.4.2.1. Power plant costs. Data for the CAPEX of a power plant was
supplied by the power companies in the consortium. The operational costs are divided into variable costs and ﬁxed costs. The
operational variable costs are mainly fuel costs. The ﬁxed operational costs are based on experience from power companies. The

3.4.2.3. CO2 capture plant costs. Table 6 provides a step by step
guide to the calculation of the CAPEX of the CO2 capture plant.
The operational costs/OPEX is the sum of direct production costs
and ﬁxed charges. The direct production cost is the sum of variable and ﬁxed production costs. The variable costs are related to
usage of raw materials and utilities. Raw material costs are for
the replacement of degraded MEA and activated carbon for MEA
cleaning. Utilities are costs for cooling water and process water
as obtained from the power plant. Steam and electricity are supplied by the power plant. The ﬁxed costs are related to supervision,
maintenance, labour and overhead costs.
The ﬁxed charges account for the taxes, insurance, and administrative expenses. No expenses are taken into account for
distribution, marketing, research and development and ﬁnancing.
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3.4.2.4. Cost of CO2 avoided. The breakeven cost of electricity (COE)
of the power plant with capture plant (COEcapture ) and power plant
without capture plant (COEreference ) is used to calculate the cost of
CO2 avoided. The cost of CO2 avoided is expressed as cost per ton

Overall eﬃciency penalty in %-points

3.4.2. Cost calculation of the entire plant for the reference cases in
OCTAVIUS
The cost of the entire plant (power-plant, capture plant and
compression) was determined for the four optimal capture reference cases only. The basis for these cost-estimates is also the EBTF,
but a summary of the method is given in Kvamsdal et al. (2015).

3.4.2.2. Cost of electricity with and without CO2 capture. The cost of
electricity is calculated for a power plant by varying the selling price
of electricity in order to ﬁnd a net present value (NPV) of zero from
the cumulative cash ﬂows over the construction and lifetime period
of the plant. The selling price for which the NPV is zero, is called the
breakeven Cost Of Electricity for the reference case (COEreference ).
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Fig. 15. Overall efﬁciency penalty and speciﬁc reboiler duty for capture plant without LVC at an ASC plant. 30 wt% MEA as solvent system.
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Table 8
Contributors to the overall efﬁciency penalty for capture plant with and without heat integration and without LVC. 30 wt% MEA as solvent system.
Case with heat integration

Case without heat integration

Steam extraction
Compressor duty
Cooling water duty
Auxiliary power duty
Heat integration

6.85%-points
3.19%-points
0.38%-points
1.18%-points
−0.71%-points

6.85%-points
2.98%-points
0.33%-points
1.18%-points
0%-points

Overall efﬁciency penalty

10.89%-points

11.34%-points

Table 9
Contributors to the overall efﬁciency penalty for capture plant with and without LVC. 30 wt% MEA as solvent system.
Case without LVC

Case with LVC, 110 kPa ﬂash pressure

Steam extraction
Compressor duty
Cooling water duty
Auxiliary power duty
Heat integration

6.85%-points
3.19%-points
0.38%-points
1.18%-points
−0.71%-points

5.57%-points
3.19%-points
0.28%-points
1.67%-points
−0.75%-points

Overall efﬁciency penalty

10.89%-points

9.95%-points

CO2 pollutant avoided. In all cases, the cost of CO2 avoided is given
relative to a reference plant without capture:
Cost of CO2 Avoided(D /ton)=

COECapture − COEReference
CO2 EmissionReference − CO2 EmissionCapture

where COE is deﬁned as cost of electricity for the capture case and
the reference case in D /MW h. CO2 Emissionreference is CO2 emitted per MW h of electricity produced for the reference case, while
the CO2 Emissioncapture is CO2 emitted with capture per MW h of
electricity produced with the capture unit attached to the power
plant.
3.4.2.5. Assumptions. The same input parameters and cost of consumables as listed in Table 4 were used for the cost calculation of
the total integrated plants. Table 7 shows the annual budget allocation for the plant construction period (including commissioning
phase) assumed for both of two the power plants.
A compounding factor is calculated with a Weight Average Cost
of Capital (WACC) of 8%. The annual cash ﬂow is the annual income
minus the annual costs before tax. The annual income is the number of operating hours times the selling price of electricity in D per
MW h. The annual discounted cash ﬂow is calculated by multiplying the yearly cash ﬂow and the compounding factor. The NPV is
the cumulative annual discounted cash ﬂow over the construction
period and the lifetime of the project.
4. Results and discussion
4.1. Capture plant
4.1.1. Base case design
A base case design was determined for all four reference capture cases. Based on the requirement of velocity of maximum 70%
of the ﬂooding velocity, the diameter of the absorber and stripper was determined. Based on the maximum absorber diameter
requirement it was determined to use two parallel trains for each
case. The numbers shown in ﬂow-rates etc. reﬂect simulation of
one train only.
4.1.2. Coal case and MEA as solvent system
The optimization procedure was given in Section 3.2.1 and the
numbers in the following list reﬂect this procedure:
1. The liquid ﬂow-rate was varied from 1065 kg/s. to 1230 kg/s (6
cases). The optimal ﬂow-rate was determined for all cases with

LVC (ﬂash pressure variating from 110 kPa to 180 kPa) and the
case without LVC. The heat input to the reboiler (Speciﬁc Reboiler
Duty-SRD) was varied so that 90% CO2 is captured in all cases.
The proﬁles are shown in Fig. 7 and as seen the optimal ﬂowrate is almost the same for each ﬂash pressure values and the
case without LVC (from 1130 to 1196 kg/s).
2. The associated capture cost was determined for the optimal
ﬂow-rate cases (6 cases) identiﬁed based on Fig. 7. As also can
be seen from Fig. 7 is that the SRD decreases for decreasing
ﬂash pressure and that the improvement in heat requirement is
almost 19% compared to the base case without LVC (see Fig. 8).
However, the corresponding improvement in capture cost is
slightly below 10% as also shown in Fig. 8. So even though the
heat input to the reboiler (SRD) has been reduced substantially,
the increased electricity consumption in the LVC compressor as
well as increased CAPEX has counteracted the positive effect.
However, it is considered to be an adequate improvement and
thus it has been decided that the case with LVC and lowest ﬂash
pressure is the most optimal for the reference coal case with MEA
as solvent system.
3. The variation in absorber packing height was done for the “optimal” case identiﬁed in point 2 (LVC with lowest ﬂash pressure). In
all cases shown previously the height of packing was 16 m. Two
cases with absorber height 14 m and 18 m were simulated and
the associated heat requirement and capture cost were determined. It can be seen that a lower limit for the SRD is approaching
with the increase to 18 m and this is also the case for the capture
cost. Due to the uncertainty in especially the cost calculation it
was decided to not increase the packing height even further.
To summarize it is concluded that the reference case for the coal
power plant using 30 wt% MEA as solvent system is a case with
LVC and low ﬂash pressure (110 kPa). The optimal liquid ﬂow-rate
is 1130 kg/s (this value concerns one process train out of two as
mentioned earlier) and the height of packing in the absorber is 18 m.
The corresponding SRD is 2.93 GJ/t CO2 .
4.1.3. Coal case and CESAR1 as solvent system
The optimization procedure was given in Section 3.2.2 and the
numbers in the following list reﬂect this procedure:
a) Case 1 (No absorber intercooling and no LVC) and 3 (No absorber
inter-cooling, but LVC) The liquid ﬂow-rate was varied from
573 kg/s to 853 kg/s (6 cases). The optimal ﬂow-rate was determined for all cases with LVC (ﬂash pressure variating from
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Table 10
Contributors to the overall efﬁciency penalty for capture plant with MEA and CESAR1
for the ASC case.
Case with MEA and LVC

Case with CESAR I

Steam extraction
Compressor duty
Cooling water duty
Auxiliary power duty
Heat integration

5.57%-points
3.19%-points
0.28%-points
1.67%-points
−0.75%-points

5.09%-points
3.19%-points
0.24%-points
1.25%-points
−0.77%-points

Overall efﬁciency penalty

9.95%-points

9.00%-points

110 kPa to 180 kPa) and the case without LVC. The SRD was varied
so that 90% CO2 is captured in all cases. The proﬁles are shown
in Fig. 9 and as seen the optimal ﬂow-rate is almost the same
for each ﬂash pressure and the case without LVC (from 588 to
619) kg/s.
b) The associated capture cost was determined for the optimal
(minimum SRD) ﬂow-rate cases (6 cases) identiﬁed based on
Fig. 9. As also can be seen from Fig. 9 is that the SRD decreases
for decreasing ﬂash pressure, but not as much as for 30 wt% MEA
as solvent system (Fig. 10). Actually, the improvement in heat
requirement is only slightly above 9% compared to the base case
without LVC (see Fig. 10). Thus the corresponding improvement
in capture cost is only slightly below 4% as also shown in Fig. 8.
Taken into consideration the uncertainty level in the cost estimation and the increased complexity in the system (may be more
difﬁcult to operate), it is decide not to use LVC for the reference
coal power plant with CESAR1 as solvent system.
c) Coal case:
d) The variation in absorber packing height was done for the
“optimal” case identiﬁed in point b) (i.e. case 1: No absorber
inter-cooling and no LVC). In all cases shown previously
the height of packing is 20 m. Two cases with absorber
height 18 m and 16 m were simulated and the associated heat
requirement and capture cost were determined. A lower limit
for the SRD is approaching with further increase beyond 20 m,
but with respect to capture cost the value is equal for 18 m and
20 m. Thus the base case of 20 m was used for further studies.
e) Absorber inter-cooling (IC) (Case 2: absorber inter-cooling
and no LVC) with cooling temperature of 30◦ C was applied
at four different height of packing (2, 3, 5, and 8 m). The lowest SRD is obtained for the placement towards the bottom.
The lowest SRD value is 1.6% lower than obtained with the
case without IC (and no LVC), but this improvement is considered not to be adequate. Since also the CAPEX (extra units and
pipes) will increase and even though the associated capture
cost was not determined with ECON2 for these four cases, it is
assumed that the capture cost will increase. A case with precooling to 30 ◦ C instead of 40 ◦ C was simulated and though
there is a slight improvement (less than 1%) the cooling-water
requirement will also increase and counter-act some of this
positive effect.
f) A combined effect of both inter-cooling and LVC with lowest ﬂash pressure was studied (Case 4), but any effect in the
results as presented in Fig. 8 was hardly seen.
g) The ﬂow-rate for CASE 4 was varied, but the same optimal
ﬂow as identiﬁed in case 1 was obtained.

To summarize it is concluded that the reference case for the
Coal power plant using CESAR1 as solvent system is a case with no
LVC and no inter-cooling. The optimal liquid ﬂow-rate is 618 kg/s
(per train) and the height of packing in the absorber is 20 m. The
corresponding SRD is 2.70 GJ/t CO2 .
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4.1.4. NGCC case and MEA as solvent system
The optimization procedure was given in Section 3.2.1 and the
numbers in the following list reﬂect this procedure:
1. The liquid ﬂow-rate was varied from 323 kg/s to 455 kg/s (6
cases). The optimal ﬂow-rate was determined for all cases with
LVC (ﬂash pressure variating from 110 kPa to 180 kPa) and the
case without LVC. The SRD was varied so that 90% CO2 is captured in all cases. The proﬁles are shown in Fig. 11 and as seen
the optimal ﬂow-rate is almost the same for each ﬂash pressure
and the case without LVC (from 389 to 405 kg/s).
2. The associated capture cost was determined for the optimal
(minimum SRD) ﬂow-rate cases (6 cases) identiﬁed based on
Fig. 11. As also can be seen from Fig. 11 is that the SRD decreases
for decreasing ﬂash pressure and that the improvement in heat
requirement is almost 21% compared to the base case without
LVC (see Fig. 12). However, the corresponding improvement in
capture cost is only 7% as also shown in Fig. 12. As for the coal
case the steam requirement has been reduced substantially, but
the increased electricity consumption in the LVC compressor as
well as increased CAPEX has counteracted the positive effect.
Still, it is considered to be an adequate improvement and thus it
has been decided that the case with LVC and lowest ﬂash pressure is the most optimal for the reference NGCC case with MEA
as solvent system.
3. The variation in absorber packing height was done for the “optimal” case identiﬁed in point 2 (LVC with lowest ﬂash pressure).
In all cases shown previously the height of packing is 22 m. Two
cases with absorber height 20 m and 24 m were simulated and a
lower limit for the SRD is approaching with the increase to 24 m.
However, since the capture cost is slightly lower for the base case
(i.e. 22 m), this is chosen as the optimum.
To summarize it is concluded that the reference case for the Coal
power plant using 30 wt% MEA as solvent system is a case with LVC
and low ﬂash pressure (110 kPa). The optimal liquid ﬂow-rate is
389 kg/s (one train out of two) and the height of packing in the
absorber is 22 m. The corresponding SRD is 3.15 GJ/t CO2 .
4.1.5. NGCC case and CESAR1 as solvent system
The optimization procedure was given in Section 3.2.2 and the
numbers in the following list reﬂect this procedure:
a) Case 1 (No absorber intercooling and no LVC) and 3 (No absorber
inter-cooling, but LVC): The liquid ﬂow-rate was varied from
187 kg/s to 335 kg/s (6 cases). The optimal ﬂow-rate was determined for all cases with LVC (ﬂash pressure variating from
110 kPa to 180 kPa) and the case without LVC. The SRD was varied so that 90% CO2 is captured in all cases. The proﬁles are shown
in Fig. 13 and as seen the optimal ﬂow-rate is almost the same
for each ﬂash pressure and the case without LVC (from 202 to
210) kg/s.
b) The associated capture cost was determined for the optimal
(minimum SRD) ﬂow-rate cases (6 cases) identiﬁed based on
Fig. 13. As also can be seen from Fig. 13 is that the SRD decreases
for decreasing ﬂash pressure, but not as much as for 30 wt%
MEA as solvent system (Fig. 11), but better than for the coal
case. The improvement in heat requirement is slightly above
11% compared to the base case without LVC (see Fig. 14). Thus
the corresponding improvement in capture cost is only slightly
above 2% as also shown in Fig. 14. As for the coal case (and the
CESAR1 solvent system), it is decided not to use LVC for the reference coal power plant with CESAR1 as solvent system due to the
high uncertainty level in the cost estimation and the increased
complexity of the system.
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Table 11
Contributors to the overall efﬁciency penalty for capture plant with and without LVC at NGCC plant. 30 wt% MEA as solvent system.
Case without LVC

Case with LVC, 110 kPa ﬂash pressure

Steam extraction
Compressor duty
Cooling water duty
Auxiliary power duty

5.32%-points
1.81%-points
0.27%-points
2.32%-points

4.23%-points
1.81%-points
0.24%-points
2.70%-points

Overall efﬁciency penalty

9.73%-points

8.98%-points

Table 12
Results of the TCI estimation of the capture units, the calculated COE reference and capture and the resulting cost of CO2 avoided for the optimized capture units.

TCI
COE reference
COE capture
Cost CO2 avoided

units

Coal power plant,
30 wt% MEA

Coal power plant
−CESAR1

NGCC power plant,
30 wt% MEA

NGCC power
plant, CESAR1

MD
D /MW h
D /MW h
D /t CO2

267
48.1
74.0
39.2

226
48.1
69.8
32.7

130
56.9
77.4
63.8

137
56.9
77.5
64.0

Table 13
Overview of the OCTAVIUS reference cases.

Power plant net output without capture (MWe )
Power plant efﬁciency without capture (%)
Power plant efﬁciency with capture (%)
Overall efﬁciency penalty in%-points
Speciﬁc reboiler duty in GJ/t CO2
Speciﬁc emission without capture (g/kWhnet )
Speciﬁc emission with capture (g/kWhnet )
Emission of CO2 without capture (mill. t/year)
Emission of CO2 with capture (mill. t/year)
Cost of CO2 avoided (D /t CO2 )
Process conﬁguration

Coal power plant,
30 wt% MEA

Coal power plant,
CESAR I

NGCC power plant,
30 wt% MEA

NGCC power
plant, CESAR I

744
45.4
35.4
10.0
2.93
762
97.7
4.5
0.45
39.2
LVC with 110 kPa
ﬂash pressure

744
45.4
36.4
9.0
2.70
762
95.0
4.5
0.45
32.7
No LVC, no
intercooling

424
57.8
48.8
9.0
3.15
364
43.1
1.2
0.12
63.8
LVC with 110 kPa
ﬂash pressure

424
57.8
49.4
8.4
3.01
364
42.6
1.2
0.12
64.0
No LVC, no
intercooling

c) NGCC case:
d) The variation in absorber packing height was done for the
“optimal” case identiﬁed in point b) b) (i.e. case 1: No absorber
inter-cooling and no LVC). In all cases shown previously
the height of packing is 26 m. Two cases with absorber
height 28 m and 24 m were simulated and the associated heat
requirement and capture cost were determined. A lower limit
for the SRD is approaching with further increase beyond 28 m,
but with respect to capture cost the value is lowest for 26 m.
Thus the base case of 26 m was used for further studies.
e) As for the coal case with CESAR1 as solvent system absorber
inter-cooling (IC) with cooling temperature of 30 ◦ C was
applied at four different height of packing (2, 3, 5, and 8 m).
However, it turned out that the SRD became even higher than
for the case without IC, so it can be concluded that IC is of no
interest for the NGCC case with the CESAR1 solvent system.
To summarize it is concluded that the reference case for the
NGCC power plant using CESAR1 as solvent system is a case with
no LVC and no inter-cooling. The optimal liquid ﬂow-rate is 210 kg/s
(per train) and the height of packing in the absorber is 26 m. The
corresponding SRD is 3.01 GJ/t CO2 .
4.1.6. Discussion of the results related to the properties of the two
solvent systems
The different results regarding the effect of process modiﬁcations for the two solvent systems can be explained based on their
relative properties. The CESAR1 solvent system has a higher cyclic
capacity than 30 wt% MEA. This means that the stripping steam
required for stripping of CO2 is less for the CESAR1 solvent system
than for the MEA solvent system. As a consequence, energy efﬁcient

desorber conﬁgurations, such as lean vapour recompression (LVC)
will be less effective for CESAR1 than MEA.
The effect of inter-cooling may be explained related to resistance to mass-transfer and kinetics. The mass-transfer resistance
and kinetic resistances will decrease with increasing temperature
while the equilibrium will become less favourable. The temperature bulge may be controlled by means of inter-cooling so that
the equilibrium controlled driving forces dominate towards the
bottom of the absorber column to increase the approach to equilibrium. Since the equilibrium temperature sensitivity is somewhat
higher for the CESAR1 solvent system the effect of inter-cooling
towards the bottom may explain higher effect on the reboiler duty
compared to MEA. However, the colder gas inlet temperature will
also contribute to cooling of the down-ﬂowing liquid and as shown
in Kvamsdal et al. (2011) pre-cooling had more effect than intercooling and the optimal absorber inlet temperature is around 40 ◦ C,
which is used for both solvent system in the present study.
4.2. Integration with the power plant and the CO2 compression
train
4.2.1. Coal case and MEA as solvent system
The overall process is evaluated for the case without LVC ﬁrst.
Integrating the capture plant into the power plant reduces the
net efﬁciency of the overall process. The difference between the
net efﬁciency of the power plant without CO2 capture and the
power plant with integrated capture unit is called overall efﬁciency
penalty and is shown in Fig. 15 for different solution ﬂow rates.
The overall efﬁciency penalty follows roughly the course of
the speciﬁc reboiler duty. The lowest penalty of 10.89%-points is
obtained for a lean solution ﬂow rate of 1196 kg/s. For comparison,
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Fig. 16. Overall efﬁciency penalty and speciﬁc reboiler duty for varying ﬂash pressure for a capture plant at an NGCC plant. 30 wt% MEA as solvent system.

the overall efﬁciency penalty for the basic integration case without
waste heat integration (HI) is shown as well. It can be seen that the
optimized integration of waste heat into the power plant results in
a reduction of the overall efﬁciency penalty by 0.45%-points. The
overall efﬁciency penalty can be divided into different contributors
showing the impact of different process effects. The contributors
to the overall efﬁciency penalty are shown in Table 8 for the cases
with and without heat integration for the operation point with the
lowest penalty.
The effect of the LVC on the overall efﬁciency penalty can be
seen in Table 9. Despite the increasing power demand of the LVC,
the overall efﬁciency penalty decreases with decreasing ﬂash pressure. Compared to the case without LVC approx. 1%-point reduction
can be achieved. The opposing effects of increasing power demand
and decreasing steam demand are apparent in the penalty due to
auxiliary power duty and steam extraction. For solvents with high
heat duty required for regeneration as MEA (as indicated in Section
4.1.5), LVC has high potential for reducing the overall efﬁciency
penalty.
4.2.2. Coal case and CESAR1 as solvent system
The lowest overall efﬁciency penalty for the coal case with
CESAR1 as solvent system is obtained at 619 kg/s for the case
without LVC. Compared to the MEA case with LVC, the penalty
is reduced close to 1%-points. This is mainly due to the reduced
speciﬁc reboiler duty. In addition, the auxiliary power duty is signiﬁcantly lower as well, since there is no LVC (Table 10).
For a ﬂash pressure of 110 kPa, the lowest overall efﬁciency
penalty obtained was 8.8%-points, so the possible reduction is
only 0.2%-points. Additional costs for equipment and the increased
complexity make this not a worthwhile option. This conﬁrms the
conclusion from Section 4.1.3 that LVC is not beneﬁcial for CESAR1.
The same is true for the integration of the case with intercooling.
For the case with the lowest overall efﬁciency penalty it is reduced
by 0.04%-points compared to the case without intercooling.
4.2.3. NGCC case and MEA as solvent system
For the NGCC case with MEA as solvent, the lowest overall efﬁciency penalty is reached for a ﬂash pressure of 110 kPa. In Fig. 16
the overall efﬁciency penalty is shown for different ﬂash pressures.
The operation points shown are the ones with the lowest penalty
for every ﬂash pressure. The possible reduction of the overall efﬁciency penalty is in a similar order of magnitude as for the ASC
case.
The opposing effects of increasing power demand and decreasing steam demand are apparent in Table 11 ,were the contributors
to the overall efﬁciency penalty are shown for the case without LVC
and the case with LVC and a ﬂash pressure of 110 kPa. The penalty
due to steam extraction is signiﬁcantly reduced. The penalty due
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to cooling water pumps is reduced as well since less heat has to
be removed from the capture plant. The increased penalty due to
auxiliary power is signiﬁcantly increased which is due to the LVC.
Still, the overall penalty is decreased signiﬁcantly.
4.2.4. NGCC case and CESAR1 as solvent system
The lowest penalty of 8.38%-points is obtained for a lean solution
ﬂow rate of 210 kg/s. Compared to the NGCC case with MEA, this is
a reduction of 1.35%-points. This is mainly due to the reduced speciﬁc reboiler duty. In addition, the auxiliary power and the cooling
demand are reduced which leads to small reductions of the penalty
as well.
Using LVC has the potential to reduce the overall efﬁciency
penalty by around 0.27%-points, to 8.11%-points. But as for the
coal case with CESAR1, the additional drawbacks are assumed to
outweigh this small beneﬁt. For the case with intercooling, the
overall efﬁciency penalty is not reduced at all, but higher for all
cases evaluated.
4.3. Overall cost estimations of the reference cases
Table 12 gives an overview of the results of the Total Capital
Investments (TCI) estimation of the optimized capture units for the
reference cases, together with the COE for the reference and the
capture cases and the costs of CO2 avoided.
When comparing the costs of CO2 avoided for the coal cases in
Table 12, it appears that the CESAR1 solvent system results in D 6.45
lower costs per ton CO2 . For the natural gas cases the MEA solvent
system is in fact less costly than the CESAR1 solvent system, but
the difference is only D 0.16 per ton CO2 avoided. The latter may
be explained from the differences in the absorber height of packing
and the energy penalty, which both contribute substantially to the
CO2 avoided cost. For the NGCC cases the difference in absorber
height is four meter (22 m for the MEA solvent system and 26 m for
the CESAR1 solvent system) and only 2 m for the coal cases (18 m for
the MEA solvent system and 20 m for the CESAR1 solvent system).
Likewise the difference in energy efﬁciency penalty is 0.95%-points
for the coal cases (9.95%-points for the MEA solvent system and
9.0%-points for the CESAR1 solvent system) and 0.6%-points for the
NGCC cases (8.98%-points for the MEA solvent system and 8.38%points for the CESAR1 solvent system). This means that even though
the CESAR1 solvent system is slightly more energy efﬁcient than the
MEA solvent system with LVC, the cost of more absorber packing
(and thus the TCI as seen in Table 12) counteract this effect for the
cost of CO2 avoided.
5. Conclusions
Four different reference cases for post-combustion capture have
been optimized with respect to energy penalty and cost within the
OCTAVIUS project. Two process modiﬁcations (LVC and absorber
inter-cooling) were tested and sensitivity in the absorber packing
height was performed for the capture plant cases. Furthermore, the
integration with the two types of power plants was also optimized.
It can be concluded that LVC is a viable option for the two 30 wt%
MEA solvent system cases, but not for the CESAR1 solvent system.
It must be emphasised though that such process modiﬁcation adds
complexity to the overall process, which may make it more challenging to operate. Based on results from the CESAR project, the
absorber inter-cooling option was tested for the two CESAR1 solvent system cases only. Despite a slight positive effect on the heat
requirement in the reboiler it was concluded that this positive effect
will be considerably counteracted by increased CAPEX due to extra
equipment.
The major results related to the SRD, The overall efﬁciency
penalty, the Cost of CO2 avoided and the chosen process conﬁg-
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uration for the four reference cases are summarized in Table 13. It
should be noted that these reference cases can be used for assessing
any other capture technology. All necessary information regarding
the computational assumptions is given by Kvamsdal et al. (2015).
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