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Technical Review

Incorporating Future Technological Improvements in Existing CO2
Post Combustion Capture Plants
Introduction
Post combustion capture technology will be the one of the potential CO2 capture technologies
that will be applied at large scale in the power generation in the future in order to reduce CO2
emission. The cost and performance of post combustion capture technology for coal and
natural gas power plants is still high around 58 and 80 USD/tonneCO2 avoided respectively,
IEA 2011.

Figure 2, Cost of CO2 ($/tonne CO2
avoided) for post combustion capture
Figure 1, CO2 avoided cost from different
unit, MEA solvent for 400MWe Coal
CO2 capture technology, IEA 2011.
fired power plant at 90% CO2 capture
rate, Singh et al. 2003.
Figure 1, shows a comparison of the different CO2 capture technologies post combustion
capture, oxy combustion capture and pre combustion capture on the basis of cost per tonne
CO2 avoided at 89% CO2 capture rate. The power plant net efficiency is reduced by around
25 and 15% for coal and natural gas power plant respectively when incorporating post
combustion capture technology, IEA 2011.
The operational cost based on the overall CO2 avoided cost contributes approximately 76%,
see Figure 2. Fuel consumption from the post combustion capture unit contributes up to 50%
to the operational cost, Singh et al. 2003. The fuel requirement is mainly from the heat
required for solvent regeneration which accounts for around 55-70%, Zahra 2009. The rest of
the fuel is required for CO2 compression, solvent circulation pumps and blowers. One of the
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most attractive methods to remove CO2 from diluted, low-pressure gas streams is by
absorption with chemical reaction using aqueous alkanolamine solutions forming carbamate
(R1R2NCOOˉ), bicarbonate (HCO3ˉ) and carbonate (CO32ˉ) species. The reference solvent for
this type of process is a 30 wt. % aqueous solution of Monoethanolamine (MEA) which,
however, has the drawback of having a high energy requirement for solvent regeneration.
Therefore, to make amine based post combustion capture technology competitive, it is
important to reduce the effect of post combustion capture technology on the power plant
efficiency and the CO2 avoided cost.
The stripping of CO2 from primary amine MEA or secondary amine Diethanolamine (DEA)
solutions requires significantly more energy than a tertiary amine Methyldiethanolamine
(MDEA) solution. The heat duty for solvent regeneration is the main contributor in the total
operating costs in a CO2 capture plant which includes solvent heating, water evaporation and
CO2 release. These are determined by cyclic CO2 loading capacity and carbamate species (or
bicarbonate) stability, Zahra 2009. Other operating costs concerns for amine based solvents
are their corrosiveness and stability. Hence, for better process economics it is essential to find
more efficient and improved solvents, tailored for the CO2 post combustion capture process.
It is important to demonstrate significant technological developments in CO2 post combustion
capture technology such as new improved solvents which could in future be retrofitted to early CO2 post combustion capture plants. In this way the perceived risks of building early
plants would be significantly reduced. Incorporating these future improvements in the technology would help to facilitate the construction of the CO2 post combustion capture demonstration plants and the tranche of second-generation CO2 capture plants which will be necessary to obtain operating experience, to improve confidence in CO2 post combustion capture
technology and reduce costs through ‘learning by doing’. Thus the incremental improvements
in amine scrubbing that should be looked at will be future improvements which could be
achieved in the coming 10 years. The main improvements expected to result from the use of
new improved solvents are for an example:
•
•
•
•
•
•
•

Reduced chemical reaction enthalpy
Increased solvent net CO2 loading (solvent capacity)
Reduced temperature for solvent regeneration
Increased regeneration pressure
Greater ability to tolerate flue gas impurities
Reduced solvent losses such as volatility, degradation
Reduced corrosion of capture process equipment

In some cases there will be trade-offs between the above mentioned criteria, for example a
new solvent may have a significantly lower steam consumption but require an increased solvent flow rate or this new solvent might be more expensive.
Other potential improvements which should be looked into are:
•
•
•
•
•

Increase in equipment sizes such as larger columns, large more efficient heat exchangers
More efficient or lower cost column packings
Improved/lower cost materials of construction
More efficient heat integration of the capture unit and with power plant
Improved CO2 compressor designs
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Moreover, some processes are substantially different to current amine scrubbing and may become commercially available in future, for example:
•
•
•
•

Processes combining SO2/CO2 removal
Membrane processes
Processes involving solid sorbents
Processes involving multi-phase solvent or phase exchange solvent

Hence, the possibility to incorporate such processes and to what extent existing amine scrubbing plant equipment could be re-used will require to be evaluated.
The IEA Greenhouse Gas R&D Programme (IEAGHG) commissioned the work on
‘Incorporating future technological improvements in existing CO2 capture plants’ to Imperial
College, UK, the report of this work is given in Appendix 1 and is referred to here as
Lucquiaud et al. 2012. This study intended to focus on the above mentioned process
improvements and 2nd and 3rd generation technology evaluation. However, the work by
Lucquiaud et al. 2012 focuses only on some of the above mentioned improvements such as
improvements in amine based solvent properties like CO2 absorption enthalpy, solvent heat
capacity and CO2 regeneration temperature by developing an equilibrium based model in
gProms software. In this model each solvent property changes were performed independently
to the other solvent properties. Table 1, shows the parameters used in the power plant and
base case amine based solvent CO2 post combustion capture plant.
Table 1, Details of power plant and CO2 post combustion capture process used in the
work by Lucquiaud et al. 2012.
Process Parameters
Power plant type
Plant life
Fuel specific efficiency
Plant efficiency w/o CO2 capture
Power plant capacity w/o CO2 capture
EOP before capture technology upgrade
Power plant capacity with CO2 capture
CO2 capture level
Mass flow rate of captured CO2
Absorber temperature
Stripper temperature
Solvent
Solvent heat of regeneration
Enthalpy of absorption
CO2 Absorption process model

Details
Ultra-Supercritical Pulverized coal
25 Years
327 kgCO2/MWth
44 % (LHV)
850 MW
321 kWh/tonne CO2
666 MW
87.5%
143 kg/sec
40°C
120°C
30 wt% Monoethanolamine (MEA)
3.2 GJ/ tonne CO2
82 kJ/mole CO2
Equilibrium based model in gProms software

Electricity Output Penalty
The electricity output penalty (EOP) studied by Lucquiaud et al. 2012, is the total net loss in
plant output due to the capture processes which include the reduction in steam turbine power
output due to steam extraction, the power requirement for compression and smaller amounts
of power for the capture plant ancillary equipment. The EOP also includes any offsets due to
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beneficial heat recovery for condensate heating and other purposes, divided by the absolute
mass flow of compressed CO2 exiting the plant boundaries, as given below:
EOP = 1000 × �

𝐿𝑜𝑠𝑠 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 + 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 + 𝐴𝑛𝑐𝑖𝑙𝑙𝑎𝑟𝑦 𝑝𝑜𝑤𝑒𝑟
�
𝐶𝑂2 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤
(1)

Electricity output penalty (EOP)

(kWhe / tonne CO2)

Loss of steam turbine generator output

(MW)

Compression power

(MW)

Ancillary power

(MW)

CO2 mass flow

(tonne/hr)

The change in the solvent properties like enthalpy of CO2 absorption, heat capacity and mass
transfer were performed independently and the effect on EOP of the plant with an upgraded
solvent was evaluated. Therefore, a change in EOP is basically the difference in the EOP of a
power plant without any upgrade (constrained regarding the changes in the hardware) and the
plant which is fully designed to be upgraded with an improved hypothetical solvent. An
additional electricity output penalty of the constrained power plant is identified which gives
the information on the possible performance lock-in situation for such a plant (which is a
result from the hardware design constraints).
Moreover, the financial value to the investors on the option of being able to upgrade a CO2
post combustion capture process at a power plant to increase the revenue from electricity
sales when a new improved capture technique becomes commercially available was also
evaluated. A specific pricing methodology based on Real Option Analysis (ROA) was used
for this evaluation. Further details on this reference work by Lucquiaud et al. 2012 can be
found in the Appendix 1.
In order to predict the incremental changes in amine based solvent properties it is important
to build a model which incorporates the current state of amine based solvent properties
improvement. Hence a rate based model is preferred as it accurately predicts the CO2 removal
percentage, CO2 rich loading and temperature profile in the absorber. On the reverse side the
equilibrium stage model over-predicts CO2 removal percentage and CO2 rich loading and is
incapable of correctly predicting the absorber temperature profile. Moreover the reboiler duty
predicted by the equilibrium based model is found to be lower than the results from the rate
based model and experimental data by up to10%, Zhang et al. 2013. The reason for this is due
to over-estimation of the CO2 rich loading by up to 6 %, Zhang et al. 2013, which leads to
under estimation of the reboiler duty. In the reference work by Lucquiaud et al. 2012 the
amine based solvent properties like solvent heat capacity, enthalpy of absorption and mass
transfer were changed independent of each other. This approach is not very realistic although
trends observed from this work are true. Thus, the values predicted from the model in the
work by Lucquiaud et al. 2012, are different when compared to the values predicted by a ratebased model (where solvent properties changes are dependent of each other).
Therefore, this review gives an insight on the current stage of solvent development on their
properties and critical analysis on the outcome from the reference work by Lucquiaud et al.
2012. This review will help in identifying the critical areas and more suitable approach which
4

shall be taken in future when evaluating the future possible upgrades applied in amine based
solvent CO2 post combustion capture process.

Regeneration Energy Requirement
A wide variety of solvents types like alkanolamines, amino acid and cyclic amines exists for
CO2 absorption process e.g. Monoethanolamine (MEA) including Diethanolamine (DEA),
Di-2-propanolamine (DIPA), Methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol
(AMP) and Piperazine (Pz). Some of these amine based solvents are already applied in
industry for many years. These solvents show clear differences in their performance during
CO2 absorption when using e.g. packed columns for contacting the flue gas with the
absorption liquid. Figure 3, shows the survey of reported energy requirement for post
combustion capture processes from different solvents reported in different literature, Singh et
al. 2013. It should be noticed that these presented values are dependent on the specific plant
design and operating conditions. Therefore, these values only give an orientation and should
not be compared directly.

Figure 3, Energy consumption in the stripper for various solvents from different
literature sources, Singh et al. 2013. The reported numbers only give an orientation and
should not be compared directly.
Mixed amines like AMP + Pz, DMMEA + MAPA or Sarcosine + Amine shown in Figure 3,
are also of an interest as these have been reported to maximize the desirable qualities of the
individual amines. Thus, the specific goal with respect to the use of mixed amines is to have a
solution consisting of tertiary and primary amines or tertiary plus secondary amines, in
comparison with single amine based systems, which retains much of the reactivity of primary
or secondary amines at similar or reduced solvent circulation rates and offers low
regeneration costs similar to those of tertiary amines, due to enhanced bicarbonate formation
and a higher CO2 cyclic capacity. Consequently, by blending a primary or secondary
alkanolamine with a tertiary alkanolamine, bulk CO2 removal is easily accomplished while
regeneration energy requirement is minimized. In addition, another degree of freedom (the
5

amine concentration) is gained. The amine concentration can be altered to achieve precisely
the desired separation for a given process configuration. Substantial reductions in the energy
requirements and a modest reduction in solvent circulation rates have been reported for amine
blends relative to the corresponding single amine system of similar total amine concentration,
Idem et al. 2006.
The regeneration energy requirement in the CO2 post combustion capture process is related to
the temperature at which the solvent can be regenerated. Hence, a solvent which can be regenerated at higher temperature means that the steam extracted from the power cycle becomes more valuable. Moreover, heat recovery from the CO2 capture and the CO2 compression unit also contribute in reducing regeneration energy demand, see Figure 4, Lucquiaud et
al. 2012.
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Figure 4: Variation in solvent energy of regeneration and desorber pressure as a function
of solvent temperature of regeneration - Constant cross heat exchanger pinch: 5°C – fixed
CO2 capture level 90%, Lucquiaud et al. 2012.
Increase in the regeneration temperature also increases the vapour liquid equilibrium which,
increase the CO2 partial pressure in the stripper. Thus an increase in stripper (desorber)
pressure occurs which leads to reduced energy demand from the CO2 compression unit, as
can be noticed from Figure 4. Zahra 2009, have also investigated the effect of an increase in
stripper temperature and pressure which results in reduction in regeneration energy
requirement. Solvent circulation rate depends on the flue gas flow rate and CO2 capture
percentage and thus is not changed with the change in the stripper operating conditions.
Whereas a solvent with low regeneration temperature around 100-120°C will benefit from the
low grade heat available from the compressor intercoolers into the low pressure feed water
heater of the power cycle. In the situation where a solvent is changed with a different regeneration temperature other than 120°C in a CO2 capture unit at a power plant which is not designed to be able to upgrade, a performance lock-in situation occurs.
6

Figure 5, shows that when a solvent regeneration temperature is above 120°C, the power
plant will be unable to provide the steam required at higher pressure and will have additional
energy penalty. Whereas when the temperature of regeneration is lower than 120°C there will
be an additional energy penalty due to the throttling losses of a valve in the extraction of the
steam for the reboiler. As well the lower regeneration pressure will result in increase in the
CO2 compression duty which also contributes to an increase in additional electricity output. It
should be noticed that the results shown in Figure 5 are more related to the solvent with similar properties like MEA. There might be new solvents which will have lower solvent energy
of regeneration at 120°C stripper temperature due to the increased solvent CO2 absorption
capacity, hence lower solvent circulation rate.
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Figure 5, Additional electricity output penalty and desorber pressure for a range of solvent temperature of regeneration in a constrained plant compared to the electricity output penalties of purposely built for an upgrade plant - Constant cross heat exchanger
temperature pinch: 5K – Fixed capture level, Lucquiaud et al. 2012.
Therefore, it is important to develop further our understanding on the solvent properties
influencing the regeneration energy requirement and affecting the reboiler duty. The
contribution to the overall reboiler duty is not only from the heat required to reverse the
chemical reaction between amine based solvent and CO2 (i.e. heat of reaction) as well as
from the driving energy for CO2 from the liquid (i.e. heat of dissolution), this sum of heat of
reaction and heat of dissolution is referred to as heat of absorption. Whereas in the case of
30wt% MEA approx.50-60% of the heat is contributed by the heat of absorption to the
reboiler duty, Oexmann et al. 2010. The other contributing factors to the reboiler duty are the
sensible heat required to bring the rich solvent from downstream heat exchanger to the
temperature of the reboiler (100-120°C) and the heat of evaporation of water vapour fraction
of the stripping steam which is rejected to the environment in the desorber overhead
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condenser. Therefore the reboiler duty is represented as sum of three energy requirement, see
Eq.2.
𝑞𝑟𝑒𝑏 = 𝑞𝑠𝑒𝑛𝑠 + 𝑞𝑣𝑎𝑝,𝐻2 𝑂 + 𝑞𝑎𝑏𝑠,𝐶𝑂2

(2)

qreb is the reboiler energy, qsens is the sensible heat required to heat the solvent, qabs,CO2 is the
heat of absorption and qvapH2O is the heat of vaporization. The energy required in order to
generate steam at the stripper to provide a high driving force for CO2 regeneration is the
evaporation energy. Hence, by reducing any of these three energies will result in reducing the
reboiler duty, Oexmann et al. 2010. These three individual energy contributions strongly
depend on the process conditions used and on each other.

Solvent Properties Improvements
Heat of Absorption
Figure 6, shows the effect of CO2 loading on the heat of absorption for different solvents at
40°C. It can be noticed that the heat of absorption is dependent on amine functionality in the
order of primary amine > secondary amine > tertiary amine.

Figure 6, Effect of CO2 loading on heat of absorption at 40°C for different amine based
solvents, Liu et al. 2012, Kim 2009, Bru´ der et al. 2011.
The heat of absorption is based on the energy required to break the bond between CO2 and
the active component in the solvent (which is amine group). Primary amine e.g. MEA have
the higher binding energy when compared to that of DEA (secondary amine), AMP
(secondary sterically hindered amine) and MDEA (tertiary amine). A physical solvent like
propylene carbonate is having 20% lower binding energy when compared to that of MEA,
Feron 2010. Hence, there is a potential in lowering the energy required to release CO2 from
the chemical solvent. The binding energy is dependent on the overall reaction path taken by
the amine based solvent, McCann et al. 2008. For MEA solvent following is the contribution
in binding energy (heat of absorption), McCann et al. 2008:
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•
•
•

~20 kJ/mole CO2 from the hydration of CO2 in solvent, which for water is around
25%
~10 kJ/mole CO2 is for carbamate formation, which is around 15% of the binding
energy (this will be different for different solvents)
~50 kJ/mole CO2 is from the protonation of the amine which contributes around 60%
of the binding energy (also varies with different solvents)

Therefore the summation of these contributions results in an overall binding energy (heat of
absorption) of around 80 kJ/mole CO2 for MEA. Hence, reducing either of these energies will
reduce the heat of absorption. It can be noticed that in sterically hindered amine where
carbamate formation energy is avoided resulting in a reduced heat of absorption, Yagi et al.
2006. Further reduction in the enthalpy of protonation will result in reducing further heat of
absorption. The solvents which form bicarbonate species such as ammonia and potassium
carbonate show the lowest heat of absorption.
When evaluating the heat of absorption, the solvent with the highest heat of absorption like
MEA, will benefit from the temperature swing between the absorber and regenerator. An
increase in regeneration pressure and the reboiler temperature will reduce the water vapours
at the absorber head. Figure 7, shows that the solvent absorption capacity (based on 82
kJ/mole CO2 at 40°C) is increased until the value of enthalpy of absorption is at 77kJ/mole
CO2, further increase in enthalpy of absorption decrease solvent absorption capacity.
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Figure 7, Variation in solvent flow rate and solvent capacity for a range of enthalpies of
absorption. Reference solvent enthalpy of absorption is 82kJ/mol at 40ºC - Constant cross
heat exchanger temperature pinch: 5ºC – fixed CO2 capture level, Lucquiaud et al. 2012.
Moreover the temperature in the regenerator is dependent on the thermal stability of the solvent. Higher heat of absorption solvents in most cases generally exhibit fast reaction kinetics
than those solvents with lower heat of absorption, Rochelle et al. 2007. In the case of some
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solvents like piperazine (secondary cyclic amine) which has around 40 times higher CO2 absorption rate constant than that of MEA, still the heat of absorption of Pz is lower than that of
MEA, Svendsen et al. 2011. The CO2 absorption kinetics also determines the absorption capacity which results in regulating the solvent circulation rate and therefore affects the sensible heat requirement.
Whereas a low heat of absorption solvent will benefit from the use of low quality steam
available from the steam water cycle of the power plant. There will still be an increase in auxiliary power consumption by CO2 compression due to the reduced pressure in the regenerator.
Tertiary amine like MDEA has a low heat of absorption compared to MEA, but on the other
hand stripping steam requirement for MDEA will increase, and in that case MEA is more favourable for energy consumption at the CO2 low partial pressure found in flue gases. However the impact on solvent pumps, the flue gas blower and additional cooling water pumps
should also be considered as that will affect the overall power loss of the power plant by approx. 10%, Linnenberg et al. 2009.
Evaluation of heat of absorption on the regeneration energy requirement and regenerator
pressure based on MEA enthalpy 82kJ/mole CO2 at 40°C was performed, see Figure 8. From
Figure 8 it can be noticed that the increase in enthalpy of absorption affects the solvent absorption capacity, hence the CO2 partial pressure is changed at the bottom of the stripper.
This results in an increase in the stripper pressure, which will result in a reduction of the CO2
compression energy requirement.

Figure 8, Variation in solvent energy of regeneration and desorber pressure for a range
of enthalpies of absorption. Reference solvent enthalpy of absorption is 82kJ/mole CO2 at
40ºC - Constant cross heat exchanger temperature pinch: 5ºC – fixed CO2 capture level,
Lucquiaud et al. 2012.
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As the enthalpy of absorption varies so does the CO2 vapour liquid equilibrium (VLE). A
maximum in the solvent capacity is observed when the most favourable VLE is attained for
that specific set of process operating conditions, which includes the approach to equilibrium
at the top and bottom of the absorber (in this case it is kept constant). Changes to the enthalpy
of absorption of the solvent will affect the mass transfer and effectively will be affected by
other solvent properties such as diffusivity, reaction rate, surface tension, solvent foaming
capacity, amongst many others. Therefore, replacing a solvent with a different enthalpy of
absorption will very likely result in the changes in other solvent properties and will affect the
mass transfer in the system.

Figure 9, Variation in the overall electricity output penalty for a range of enthalpies of
absorption. Reference solvent enthalpy of absorption is 82kJ/mole at 40°C - Constant
cross heat exchanger temperature pinch: 5°C – fixed CO2 capture level, Lucquiaud et al.
2012.
Regarding the performance lock-in situation based on the changes in the enthalpy of absorption, with an increase in enthalpy of absorption the solvent energy of regeneration of the constrained reference plant is increased due to lower solvent absorption capacity, see Figure 9.
This is not compensated by a reduction in the CO2 compression suction pressure.
Whereas for lower enthalpies of absorption, a lower solvent energy of regeneration is required for the constrained reference plant which does not have capacity in the low pressure
turbine (LP) to generate additional power from the excess available steam. The performance
lock-in is, however, relatively small, or, in some instances, negative. This is due to the fact
that there is an optimum enthalpy of absorption around 77kJ/mole CO2.
The approach taken in the work by Lucquiaud et al. 2012 is based on vapour equilibrium data
for MEA. This approach is a more suitable approximation for other aqueous mono- and primary amine based solvents which means that the amines with a theoretical maximum CO2
absorption loading of 0.5 mole CO2/mole amine. Whereas new improved amine based sol11

vents will most likely be formulated as mixtures and will have different CO2 absorption loading regimes approaching 1.0 mole CO2/mole amine. Therefore this evaluation is not very realistic although trends shown in Figure 9 can be correct. According to an expert a simple approach where the effect of varying CO2 partial pressure as a function of the regeneration temperature in accordance with the enthalpy (Clausius-Clapeyron) to determine the impact on the
regeneration process only will be more suitable.
Heat Capacity
The heat capacity determines the energy required in order to bring the solvent temperature
from the absorber to that of the reboiler. Thus the heat capacity is required in order to design
the heat exchanger used in the CO2 absorption process. Therefore heat capacity contributes to
the regeneration energy requirement.
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Figure 10, Effect of CO2 loading on the different solvent heat capacity at 25°C, Weiland
et al. 1997, Kuusela 2010.
Figure 10, shows different solvent heat capacity and effect of CO2 loading. It can be noticed
that different solvents have different heat capacities; still the change in the heat capacity is
not very significant with an increase in solvent absorption capacity.
The effect of solvent heat capacity changes on the regeneration energy requirement can be
seen in Figure 11. It is clear from the results that an increase in solvent heat capacity will
result in an increase in energy of regeneration as it changes the amount of steam extracted
from the turbine. As the heat capacity is related to the steam available for power generation at
the power plant, the changes in the output energy penalty are increased due to the increased
heat capacity see Figure 11. Regarding the first generation solvents such as MEA, the
contribution of heat capacity to the regeneration energy requirement can be further reduced
by reducing the approach taken in the heat exchanger, Zahra 2007.
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Figure 11, Variation in solvent energy of regeneration for a range of solvent specific
heat capacities and two values of temperature pinch in the cross heat exchanger - fixed
CO2 capture level, Lucquiaud et al. 2012.
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Figure 12, Additional electricity output penalty and desorber pressure for a range of
solvent heat capacities in a constrained plant compared to the electricity output penalties of plant purposely built for an upgrade. Two cases of cross-flow heat exchanger temperature pinch are illustrated, Lucquiaud et al. 2012.
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Figure 12, shows the effect from two different heat exchanger pinch 5 and 10 K taken on solvent energy requirement with changes in the solvent heat capacity percentage. It can be noticed from Figure 12, that certainly reducing the temperature pinch in the heat exchanger reduces further the heat requirement for regeneration. When a solvent is used with an increased
solvent absorption capacity and reduced heat capacity such as sterically hindered amine, it
will bring further reduction in energy of regeneration to up to 2/3rd, Feron 2010.
When the solvent heat capacity is reduced the thermal energy of regeneration is reduced and
more steam is available for power generation. The low pressure steam turbine (and alternator
and electricity export capacity) and power cycle condenser capacity are the most critical limiting factor for changes in solvent heat capacity. If the plant is not designed to cope with a
reduced steam extraction, the low pressure steam turbine will be unable to benefit from the
additional steam available. Therefore a performance lock-in will occur, which is shown by
the negative values in Figure 12. The new improved solvents will most likely have lower heat
capacities, as focus is to increase solvent concentration. This will result in reduced water in
the system which is now replaced by amine based solvent (usually with lower heat capacity).
Thus the effect of solvent improvement will likely be beneficial. Therefore, results from Figure 12, with reduced solvent heat capacity on the increase in EOP should be evaluated based
on the effect from other process parameters as well. Moreover with an increase of absorbent
concentration the viscosity of the solution will increase and will possibly hinder the ability of
the liquid to spread in the packing which will offset the positive effect of increased absorption capacity, Setameteekul et al. 2008.
In the situation where a solvent has a higher heat capacity, the whole system performance is
limited by the heat transfer surface area in the solvent reboiler and the cross-flow heat exchanger (between the absorber and the desorber). In this situation two separate effects will
limit the plant performance. First, a larger temperature pinch in the cross flow heat exchanger
increases the sensible heat contribution to solvent energy of regeneration. Second, a larger
approach temperature in the reboiler between condensing steam extracted from the power cycle and boiling solvent will result in a lower temperature of regeneration with more water vaporisation per unit of CO2 desorbed.

Absorption Kinetics
The CO2 absorption rate is an important factor when considering the size of the absorber
hence affecting the capital cost. Solvents with fast CO2 absorption rate will require smaller
absorption column, which will reduce the equipment cost and will save on the investment and
maintenance costs. Incorporating a solvent with a higher CO2 absorption rate will require
lower absorber height in an existing plant which will result in reduced packing material. This
will result in reduced cost; although the lifetime of the packing material will be based on the
solvent corrosiveness.
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Figure 13, Second order CO2 absorption rate constant (k2) for various amine based
solvent with their basicity at around 30°C and 1 mole/L solvent concentration except
Ethylenediamine 0.26-0.67 mole/L, Hexamethylenediamine N,N’ 0.5 mole/L and
Ammonia at 40°C, 1.5 mole/L, Singh 2011, Saha, 1995 and Puxty, 2010.
Figure 13, shows the second order CO2 absorption rate constant (k2, L/mole sec), for different
amine based solvents and amine basicity. Piperazine shows very high CO2 absorption rate
whereas the sterically hindered amine and ammonia are likely to have lower CO2 absorption
rates and therefore will lead to a larger absorber size. In this situation the use of a promoter to
enhance the absorption rate will be necessary in such solvents to avoid a large capital cost. As
mentioned in previous section, in reality solvents with fast kinetics are expected to have
higher heat of reaction and thus higher regeneration energy requirements, Zahra 2009.
The rate at which the equilibrium is reached will depend on the rate of absorption as well as
the transport properties such as diffusivity of CO2. Therefore the overall mass transfer is a
more complex parameter than just a CO2 absorption rate constant. In the work by Lucquiaud
et al. 2012, consideration to mass transfer is taken into account by controlling the approach to
equilibrium at the bottom and top of the absorber, as described in Eq.3, so that mass transfer
is controlled in the section of packing where CO2 is absorbed. In an infinitely tall section of
packing equilibrium would be reached at the bottom of the absorber and the value of
parameter Beta (β) in Eq.3 would be equal to one.
𝛽=

𝑃𝐶𝑂2 ∗
𝑃𝐶𝑂2

β

Approach to equilibrium

PCO2*

Equilibrium pressure of CO2 over aqueous solvent (Pa)

PCO2

Pressure of CO2 into the flue gas (Pa)

(3)
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Figure 14, Variation in solvent flow rate and solvent rich loading for a range of
thermodynamic equilibrium approaches at the bottom of the absorber, Constant cross
heat exchanger temperature pinch: 5°C – fixed CO2 capture level, Lucquiaud et al. 2012.
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Figure 15, Variation of the overall electricity output penalty for a range of
thermodynamic equilibrium approaches at the bottom of the absorber, Constant cross
heat exchanger temperature pinch: 5°C – fixed CO2 capture level, Lucquiaud et al. 2012.
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Figure 14 and 15, respectively shows variation in the approaches taken for thermodynamic
equilibrium at bottom of the absorber on the solvent capacity and the overall change in
electricity output penalty. The effect of the new solvent on its improved absorption rate and
the factors affecting the performance of the packing material such as effect from the viscosity
were not taken into account in the work by Lucquiaud et al. 2012. Effect of temperature on
the solvent mass transfer coefficient will also be useful information to identify at what
temperature the trend shown in Figure 14 is valid. The result shown in Figure 15 on varying
the equilibrium approach is valid for the MEA solvent due to the closer approach taken and it
will not result in higher liquid CO2 loading. Whereas for a new improved amine based
solvents such an evaluation has to incorporate changes in other solvent properties as well, this
is due to the fact that new solvents will most likely benefit from the closer equilibrium
approach taken in the absorber column.

Solvent Losses
Amine based solvent losses in a CO2 absorption process can occur at multiple locations in the
system through different processes. Solvent losses occur mainly due to volatility, oxidation,
and thermal degradation. Amine based solvent is lost depending on its volatility at the top of
the absorber in the exiting treated flue gas. With the help of a suitable water wash column on
top of the absorber the majority of the amine lost through volatility from the treated flue gas
can be recovered. This will result in mitigating or completely controlling amine based solvent
losses due to volatility, Freeman 2011.

Figure 16, Estimated stripper maximum temperature for various amine based solvent
on the basis of their thermal degradation based on 2% of initial amine loss per week;
Freeman 2011.
Amine based solvent degradation in post-combustion CO2 capture process is one of the main
problem because of the consequences on process units and the potential impact of
degradation products on the environment. Amine based solvent degradation accounts for
around 10% of the total cost of CO2 capture as reported by Rao and Rubin, 2002. Amine
based solvent degradation can be of mainly two types: thermal degradation, which occurs at
high temperature and high CO2 partial pressure in the stripper, Davis, 2009; Holub et al.,
1998; Lepaumier, 2008 and the second type is oxidative degradation Lepaumier et al., 2009b;
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Rooney et al., 1998a, Sexton, 2008. Oxidative degradation is mainly due to the presence of a
large amount of O2 in flue gases. For instance, in the case of coal-fired power plants, flue
gases typically contain 70–75% N2, 10–15% CO2, 8–10% H2O and 3–4% O2, Bhown and
Freeman, 2011 and Gouedard et al 2012.
Figure 16, shows the estimated stripper maximum temperature for various amine based
solvents on the basis of their 2% amine loss per week by Freeman 2011. Figure 16, shows
that improving solvent property on their thermal stability can result in a higher operating
stripper temperature. Hence, operating the stripper at a higher temperature will result in an
increase in the stripper pressure and will lead to a reduction in the CO2 compression power.

Solvent Corrosivity
Corrosion of equipment by amine based solvents is also an important factor when considering
the solvent improvements. The presence of oxygen increases the likelihood of corrosion in
the process equipment. The factors that influence corrosion rates in amine based solvent
plants are CO2 loading, amine type and concentration, temperature, solution velocity and
degradation products, Davidson 2007. Monoethanolamine (MEA) is very corrosive compared
to the secondary or tertiary amine based solvents used for gas treating, Kittel et al., 2009.
Corrosion is found to be reduced in the following order of different amine based solvents
MEA > AMP > DEA > MDEA, Davidson 2007.
The corrosion problem can be overcome by constructing the stripper (including reboiler) in a
stainless steel material. This will not impact the cost when considering the small scale
application of CO2 capture process compared to the conventional carbon steel columns.
However at large scale CO2 absorption process, an improved solvent on its corrosion property
will result in a reduced cost of equipment, Davidson 2007. This is more valid for a newly
built plant rather than a retrofit case. In a retrofit case the benefit will be in reduced
consumption of an anti-corrosion additive and maintenance cost. In the situation when a new
solvent is more corrosive there will be an additional cost of replacing or lining of existing
equipment.

Other Improvements
Process Integration
Several process integrations have been reported in open literature and patents for amine based
CO2 post combustion capture process. These different process integrations focus on reducing
steam consumption in the reboiler, reducing CO2 compression energy, reducing solvent
circulation rate and reducing water consumption as shown in Table 2, Cousins et al. 2011.
Different process integration presented in Table 2, results in reducing energy requirement for
the CO2 capture process. When considering these process integrations, one should focus on
the following main issues:
1. Effect on the power plant performance related to steam requirement, electricity duty,
utilities, operational flexibility
2. Incorporation of process integration to an existing CO2 capture plant
3. Site specific issues like available space for additional units and pipe work, water
requirement, ambient conditions
From Table 2, it can be noticed that any particular process integration brings a certain level of
additional complexity and additional units. This shows that it is required to look further in
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detail on the impact on operation of the plant as well as effect on the capital cost due to
increase in additional equipment. For example when an increase in the reboiler temperature is
required by process integration (e.g. 140°C reboiler temperature leads to required steam
pressure of 5.2 bar) the steam requirement extracted from IP/LP crossover pipeline will
change and that will increase the power generation loss, Oexmann 2011.
An integrated plant is the suitable option for effective integration of the capture process and
steam cycle of an existing plant when considering the retrofit options for the CO2 post
combustion capture unit. Several steam turbine retrofitting options like the addition of
desuperheated feed water heater, addition of a let-down back pressure turbine and throttle
valve at the LP turbine were investigated in the study by IEAGHG 2011/02, Retrofitting CO2
capture to existing power plants. Therefore, different process integrations for the post
combustion capture shall be evaluated further on their effect on power plant steam turbine.
Moreover, it can be noticed that the changes which shall be made to the steam turbine are not
permanent otherwise this will create a lock-in situation for flexible operation of the power
plant. This area is not evaluated by Lucquiaud et al. 2012, thus cannot come to any
conclusion yet. However, IEAGHG is currently investigating in the area of different process
integration for post combustion capture technology on the basis of similar solvent and
process conditions.
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Table 2, Various solvent based CO2 post combustion capture process integration options, their impact on the process performance and
additional unit required (beside standard CO2 post combustion capture plant design), Source: Cousins et al. 2011.
Process Heat Integration

Claimed Saving

Multi Component Column
(2 type process scheme)

2 pumps
1 Caustic Recirculation tank
Reduce waste
1 Cooler on Caustic Stream
from pre-treatment
1 Lean/rich heat exchange on SO2 solvent recolumn, Reduce
generation
solvent degrada1 SO2 stripping column reboiler
tion
1 Two-stage pre-treatment
column

Inter-stage temperature
control

Heat integrated stripping
column

56% reduction in
reboiler duty

33-50% lower heat
requirement (18%
lower work requirement)

Additional Units and Design Considerations

Impact on Process and performance

Reducing pre-treatment energy requirement and solvent loss due to lower solvent
degradation.

Lean/rich heat exchanger
3 Pumps
Novel stripping column with integrated heat
exchange
Multi-stage absorber

Increase in CO2 loading in the rich solvent
thus increasing the CO2 flashing before
stripper. Reduction in solvent circulation.

3 pumps
1 Lean/rich heat exchange
Stripping column with integrated heat exchange

Reduction in regeneration energy requirement due to fully integrated lean/rich heat
exchanger in the stripper brining the equilibrium and operating condition closer in
the whole stripper length and reducing energy expenditure.

20

Improved Split flow processes (3 type process
schemes)

Vapour recompression

70% energy saving over standard
split flow; 30%
reduction in condenser duty; 20%
reduction in reboiler duty

1 Side-draw reboiler/ Ultra-lean solvent Reboiler
1 Semi-lean cooler /Ultra-lean cooler
1 Pumps
1 Flash tank
1 Side stripper
1 Modified lean/rich heat exchanger
1 Condensate flash drum
1 Throttling valve
1 Semi-lean regenerator
1 Ultra-lean stripping column/ multi-stage
stripper
1 Rich and lean solvent stream split

24% reduction in
reboiler duty

Reduction in reboiler duty, Reduction in
CO2 compression duty, Increase in electricity power consumption due to addition1 Reboiler
al compressor (compare to the base case),
1 Lean/rich heat exchange
Water balance in the stripper need to be
1 Pump
maintained and water will require pre1 Flash drum
Require solvent with lower thermal degradation treatment before disposal/re-use. Decrease
in cooling water, Can affect thermal degradation

Multi-Pressure Stripping
(Stripping at 3 different
pressure 2, 2.8 and 4 Bar 8% reduction in
with an Optimum lean equivalent work
loading 0.215 mole/mole
for MEA case)

More optimal temperature profile is obtained in the absorber, reduction in steam
consumption in stripper, increase in overall solvent circulation rate, cause back
mixing of steam condensate with the lean
solvent at the bottom of stripper

Compressors (no. depend on number of stages) Lower reboiler duty, less energy for final
Novel multi-pressure stripping column
CO2 compression, Overall CO2 compresRequire solvent with lower thermal degradation sion duty is increased
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Matrix stripping

Lean/rich exchangers
Overhead coolers
Reboilers
15-30% reduction
Pump
in stripping energy
Additional columns (some
requirement
multi-stage) Rich stream split
(all above equipment no. depend on column
included in matrix)

Increase complexity of system, reduction
in regeneration energy

Vapour recompression +
split flow

17.3% reduction in Compressor
reboiler duty
Flash tank

11% cooling water requirement

Different heat integration options
Semi lean solvent heat
2 Heat exchanger
6.77% reduction in
2 Pump
exchange with hot flue gas
reboiler duty
from boiler
Integration with boiler flue gas

Reduction in reboiler duty, slight increase
in condenser duty

Pre heating Rich solvent 30% reduction in
from stripper over head reboiler duty

1 Heat exchanger
1 Pump
Bypass on lean/rich heat exchange
Filter Flash tank

Maximise overall heat exchange, reduce
condenser duty

Pre heating Rich solvent
with inlet feed gas

Heat exchanger
Pump

Less effective for low partial pressure CO2
capture

3 Heat exchanger
3 Pump
1 Rich solvent cooler
1 Condensate drum

Increase complexity of system, reduction
in steam consumption

Heating partial regenerated solvent by lean/rich 39% reduction in
heat exchange and also steam consumpheat exchange with steam tion
condensate
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Improved Packing Material
Packing in the column affects the gas-liquid contacting time during CO2 absorption process.
There have been several researches performed in developing different packing material for
CO2 absorption process and it have been found that structured packing in an absorber can
provide a much higher overall mass-transfer coefficient than random packing see Figure 17
and 18, Tan et al. 2012.

Figure 17, Surface area of various commercial structured packing, Tan et al. 2012.

Figure 18, Surface area of various commercial random packing, Tan et al. 2012.
Moreover structured packing provides more evenly distributed flow of solution throughout
the column packing compared to random packing, Tan et al. 2012. In general the volumetric
mass transfer coefficient increases with an increase in the surface area. However, other
factors such as packing arrangement, corrugation angle and crimp height are important
factors influencing the mass transfer coefficient. Therefore, the effect of improved packing
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material on the efficiency of CO2 absorption process and power plant performance should be
evaluated further.
Other expected improvements which need to be evaluated further are: an increase in
equipment sizes such as larger columns, large more efficient heat exchangers,
improved/lower cost materials of construction and improved CO2 compressor designs. It
should be noted that in a retrofit situation a reduced absorber height and other reductions in
equipment size are not very useful.
It is also important to develop an insight of all these above mentioned improvements in
solvents properties and process units by looking at them from an engineering point of view.
Therefore Table 3 and 4 gives a preliminary insight from engineering side on these expected
improvements.
Table 3, An insight from engineering side on future upgrades based on process
equipment and condition improvements.
Process & Equipment
Improvement

Impact on Process and
Performance

Process Design Considerations

Packing material,
arrangement, corrugation angle and crimp
height (for structured
packing)

Affect surface area for
mass transfer and regeneration energy requirement; CO2 cyclic capacity

Reducing absorber height, solvent
flow rate and blower energy consumption; excess steam available for
LP turbine for electricity generation

Equipment size Heat
exchanger and
Compressor

Affect the CAPEX (capiEffect on utilities requirements,
tal cost) and OPEX (operplant layout
ating cost)

CO2 Capture percentage level

Affect equipment size, Need to increase height of the absteam consumption and sorber column/add extra absorption
other utilities
column, increase in utilities
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Table 4, An insight from engineering side on future upgrades based on amine based solvent properties improvements for CO2 post
combustion capture process.
Solvent Improvement
CO2 Regeneration
energy

CO2 Absorption cyclic
Capacity

Impact on Process and PerforRelationships Changes Process Design Considerations
mance
Direct impact on fuel consump- Heat of absorp- Increase Increase steam consumption for reboiler, require
tion and affects OPEX
tion, Sensible
higher LP steam to produce extra steam. Lower waheat (Heat cater vapour at the stripper head therefore will reduce
pacity) and
heat for the reboiler.
heat for water
vaporization
Decrease Require LP steam turbine to generate electricity
from extra steam; Low quality steam is required;
require additional energy for compression due to
lower regeneration pressure.
Determine solvent mass flow rate
affects the CAPEX and OPEX;
Direct impact on reducing sensible heat requirement affects
OPEX and affecting 1/3rd of the
reboiler duty; Indirect effect on
stripper CAPEX as mass flow
rate affect stripper diameter. Also
diameter of absorber will be reduced affecting CAPEX. Also
affect heat exchanger size affecting CAPEX.

Heat of absorption (is higher
at lower CO2
loading and
lower at higher
CO2 loading)

Increase

Require higher LP steam turbine capacity for reduction in steam demand from the capture unit; reducing size of stripper, Changes in the flow rate

Decrease Require additional electricity due to increase in solvent flow rate pumps and higher steam from LP
steam turbine for increase in reboiler duty, Changes
in the solvent flow rate
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Determine the height of absorber CO2 Rich loadaffects CAPEX, also impact the ing
power consumption by blower (as
pressure drop is linked with the
height of the column), as well as
affects maintenance cost, affects
CAPEX and OPEX
Contributing solvent properties to kinetics
Affect reactivity towards CO2.
Base strength (pKa)
pKa is affected by molecular
structure and distance between
amine group and other functional
groups.
CO2 Absorption
Kinetics/ Mass transfer

Molecular weight (per
NH functionality)
Viscosity

Affect CO2 absorption capacity

CO2 Heat of
absorption

Affect reboiler duty affecting Absorption
OPEX of the stripper
Capacity (Rich
loading)

Solvent heat capacity

Increase

Require higher LP steam turbine capacity for reduction in steam demand from the capture unit

Decrease Require higher electricity due to increase in blower
power consumption; Require increase in absorber
height

Affect mass and heat transfer
rates, affect pumping cost

Affect sensible heat contribution
to the regeneration energy requirement, affect heat exchanger
design

Absorption cyclic capacity,
Solvent concentration and
efficient
rich/heat exchanger

Increase

Higher LP steam turbine capacity for reduction in
steam demand from the capture unit

Decrease Require additional steam due to increase in steam
demand from reboiler for solvent regeneration
Increase

Require additional steam due to increase in steam
demand from reboiler for solvent regeneration; heat
exchanger pinch

Decrease Higher LP steam turbine capacity for reduction in
steam demand from the capture unit
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Water solubility /
Volatility

Affect volatility and emission potential, affect solvent slip in absorber and water wash capacity,
affect mass transfer (although
balanced approach should be taken)

Increase

Reduce solvent circulation rate therefore solvent
pump will require less electricity; reduction in water
consumption in water wash; Increase in concentration will increase heat of absorption which will reduce absorption capacity. Also viscosity will increase will affect mass transfer

Decrease Increase solvent circulation rate therefore solvent
pump will require higher electricity; Increase in water consumption in water wash
Degradation

Corrosivity

Affect solvent characteristics, Presence of
foaming, heat stable salts, corro- Impurity in
sion, fouling tendency (also af- Flue gas
fected by solvent melting point)
affect solvent makeup Cost,
OPEX. Thermal degradation affect stripper temperature and
pressure will affect OPEX and
CAPEX; Oxidative degradation
affect solvent makeup cost
Affected by oxidative and thermal Degradation
degradation, affect CAPEX

Increase

Increase solvent make-up rate, fouling of system,
corrosion rate, reclaimer waste; will also require
deeper SOx and NOx removal, Require addition
pre-treatment column and utilities

Decrease Reduce solvent makeup cost, reclaimer waste, regeneration at higher stripper pressure and temperature

Increase

Increase degradation and solvent makeup cost; Increase equipment maintenance cost; Require additional coating to the capture equipment

Decrease Reduce solvent makeup cost, equipment maintenance cost
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Regarding to the 2nd and 3rd generation technologies such as amino acid salts, ionic liquids,
solid sorbents and membranes, retrofit issues in an existing solvent based post combustion
capture plant have been discussed briefly based on available literature information by
Lucquiaud et al. 2012, see Appendix 1.

Financial Value of an Upgrade
In the evaluation based on real option analysis (ROA) to evaluate the value of an option to
upgrade the CO2 capture plant at power plant by Lucquiaud et al. 2012, the CO2 post
combustion capture plant is starting in operation at the beginning of 2015. The assumption
was that for global post-combustion capture installed capacity is taken as 4GW in 2015. The
technology learning rate for the electricity output penalty of post-combustion capture
technologies with flue gas wet scrubbing is taken in the order of 6%, with a standard mean
error of 20% each year, for each doubling of global installed capacity. This is in accordance
with the IEA (2010) suggestions, on global CO2 capture installed capacity increases to
585GW by 2040 at the end of the economic life of the plant, with a global deployment rate of
22% per year with a 10% standard deviation of the deployment rate each year. Illustrative
possible paths for reduction in EOP at a 6% learning rate and 0.5 mean reverting ratio are
shown in Figure 19.
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Figure 19, Illustrative simulated Paths for the Electricity Output Penalty (EOP) of postcombustion capture at 6% learning rate (0.5 mean reversion ratio and a sample of 20
trials), Lucquiaud et al. 2012.
Based on above mentioned assumptions the estimated mean EOP follows a mean reversion
process and would be approximately 250kWh/tonne in 2025. A technical boundary,
corresponding to the thermodynamic limit of removing CO2 from atmospheric flue gases and
compressing it to 110 bar, has been set at 180kWh/tonne, i.e. the EOP would not decrease to
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below 180kWh/tonne in any case. It is worth noting that a reduction of the EOP of capture
may not necessarily follow linearly the deployment of installed capacity. Based on the trends
from Wet Flue Gas Desulphurisation (WFGD) and Selective Catalytic Reduction (SCR) it is,
reasonable to argue that the EOP may not necessarily be reduced during the first period of
commercialisation of post-combustion capture.
Therefore, it is very likely that the plant will undergo an upgrade at least once in its 25 years
lifetime. For the illustrative case study example used here, the probability of upgrading the
plant twice over its lifetime is 94.8%, and the probability of making a third upgrade is 9.5%
for assumed electricity selling price of 81.5$/MWh, as shown in Table 5.
Table 5, Probability of a first, second and third upgrade over a plant’s lifetime at different Initial Electricity Price Assumptions*, Lucquiaud et al. 2012.
Electricity Selling Price ($/MWh)

81.51

86.51

91.51

First upgrade

100%

100%

100%

Second upgrade

94.8%

97.2%

98.3%

Third upgrade

9.5%

16.6%

21.9%

Fourth upgrade

0.6%

3.7%

5.7%

Note: *Baseline assumptions of 6% learning ratio and Capital cost of upgrade is assumed
to be 4% of the total CCS capital cost and 0% for long term growth rate for coal and electricity price.

Figure 20, Probability distribution of exercising the option to upgrade the capture technology in a future-proofed CCS power plant, based on assumptions from Table 5, Lucquiaud et al. 2012.
For a plant starting operation in 2015, there is approximately a 98% probability that a first
upgrade of the capture technology would take place before 2025, and a separate and independent 86% probability that a second upgrade would take place between years 2025 to 2035,
as shown in Figure 20. The probability of upgrading three times or four times in the 25-year
lifetime is very low because there is insufficient remaining time to recover the capital invest29

ment for the third upgrade. However, coal-fired power plants typically operate for longer periods than their initial economic lives. Provided that operation can be extended to 30 years or
longer, the probability of a third upgrade, and potentially a fourth upgrade, could be significant.
In the situation when the capital spent at the time when the plant is upgraded is increased
from 4 to 7% the probability of upgrading two times will be still suitable. Moreover when
the electricity and coal selling price is increased to 3% the price return of the mean value of
option is $681M.
Table 6, Effect of the option to upgrade the capture technology of a CCS power plant on
the Lifetime Levelised Cost of Electricity (LCOE) at different initial electricity price,
assumptions with the baseline assumptions of Table 5, Lucquiaud et al. 2012.
Electricity Selling Price ($/MWh)

81.51

86.51

91.51

Average change in LCOE ($/MWh)

-2.75

-2.74

-2.74

Std Dev ($/MWh)

0.54

0.54

0.53

Std Err ($/MWh)

0.0170

0.0171

0.0166

Max ($/MWh)

-1.43

-1.27

-1.21

Min ($/MWh)

-4.80

-4.96

-4.76

16%
14%
12%

Frequency

10%
8%
6%
4%
2%
0%
210 : 221 : 231 : 242 : 252 : 263 : 273 : 284 : 294 : 305 : 315 : 326 : 336 : 347 : 357 : 368 : 378 : 389 : 399 : 410 :
221 231 242 252 263 273 284 294 305 315 326 336 347 357 368 378 389 399 410 420

Value of Upgrade Option (in million US$)

Figure 21, Histogram of the Net Present Value of the payoff of the option to upgrade a
CCS power plant at an electricity selling price of 81.5$/MWh, baseline assumptions
given in Table 5, Lucquiaud et al. 2012.
In a liberalised electricity market system, the average wholesale electricity selling price
would be determined by supply and demand, and would include the cost of generation of
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other technologies. Table 6, shows that if the electricity price increased to $91.51/MWh, the
probability of a third upgrade would increase to 21.9% and the value of the upgrade option
would increase from $52M to $363M.
At 81.51 $/MWh the value of the option of an upgrade is approximately 17.7% of the original
fixed capital expenditure of the CCS power plant. In other words, this means that an initial
investment to keep the option to upgrade a CCS power plant open is worth up to $311
million, and if this can be achieved at the time of construction of the plant for lower than the
value of the option, it is then worthwhile future-proofing the plant. Table 6, shows that the
impact of upgrading the capture technology on a plant’s levelised cost of electricity over its
25 years lifetime is a reduction of $2.75/MWh, before considering the additional levelised
cost of the additional initial investment to future-proof the plant, for the electricity selling
prices considered here.
It is worth noting that, although the impact of the option to upgrade the plant on Levelised
Cost of Electricity (LCOE) is minor, the total electricity output of the CCS power plant is
increased after each upgrade, which has a major effect on the value of the option. For
example, the value of the option increases by $25M to $336M if the electricity selling price is
increased by $5/MWh, as shown in Table 6.
Figure 21, shows illustrative Net Present Value of the option payoff for an assumed
electricity selling price of 81.5$/MWh. This follows the typical bell shape of a normal
distribution. The 10% to 90% range of the option payoff is $249M to $382M, which
corresponds to a 90% probability that the option value is higher than $249M.

Conclusions
This review shows the main focus of the current stage of research and development in the
amine based solvent for CO2 post combustion capture technology and process equipment and
the feasibility of incorporating future technology improvements in existing capture plants.
This work shows that certain improvements in solvent properties will benefit the CO2 capture
process performance but at the same time could create a performance lock-in situation when
power plant equipment is not designed to incorporate these future improvements. For
example a reduced enthalpy of CO2 absorption and solvent heat capacity can create a
performance lock-in situation in the steam turbine when it is not designed to generate
additional electricity from the additional available steam. This would not be a problem if a
larger turbine had been selected over a small turbine to provide maximum flexibility in the
event of an anticipated difference in availability of the CCS plant, as in the CCS Tenaska
Trailblazer project FEED study 2011.
Hence, the options which might be required for a conventional amine based post combustion
capture unit in order to incorporate 2nd/3rd generation technology or improved amine based
solvent systems are a flexible steam turbine, the option of additional height for the absorber,
the ability to change the stripper operating condition such as pressure, additional space for
units required from improved process integrations, additional space for heat exchangers, the
ability to change the compressor inlet pressure and volumetric flow in the compressor first
stage etc. Regarding the incorporation of possible upgrades available during the CCS plant
lifetime they can be performed during the plant maintenance, for example according to the
2011 feed study the CCS plant at Longannet power plant was planned to have periodic shutdown for maintenance on a two yearly basis. Major maintenance lasting 5-7 weeks was
planned every four years.
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From this study it can be noted that it is important for a power plant to be able to operate with
different levels of steam extraction and electricity export to benefit from the capacity to
upgrade its CO2 capture technology with a limited cost when compared to the plant sized at a
fixed CO2 capture level throughout its life. The real time analysis on the financial value of the
option of an upgrade shows that there is a probability of 94.8% that a capture plant will be
upgraded twice during its lifetime. In other words a pre investment in the upgradability of
CO2 post combustion capture plant will be beneficial in order to increase the electricity
output and reduce the CO2 capture cost.

Recommendations
When considering the improvement related to the amine based solvent properties it is
important to identify the relationship between different solvent properties. Hence, changes
should be made to a combination of solvent properties for a more realistic approach. One of
the draw backs from the work performed by Lucquiaud et al. 2012 is that the solvent property
changes evaluated were independent of each other. Therefore, IEAGHG recommends further
work in this area, where a rate based model is developed for a solvent based CO2 absorption
process and a combination of expected solvent properties improvements is evaluated. With
regard to the process heat integration improvements, IEAGHG has commissioned a study in
this area, where evaluation of different solvent based post combustion capture process heat
integration on similar solvent and process conditions will be performed.
Other process improvements such as improvement in equipment size (heat exchanger,
compressor), improved column packing material and low cost construction material should be
looked into in further detail when considering the future upgrade of a CO2 post combustion
capture process. Furthermore the CO2 capture plant lifetime costs of various combinations of
improvements should be evaluated. An increase in CO2 capture percentage should be
evaluated further on its feasibility and cost of retrofitting to an existing plant. Other emerging
2nd and 3rd generation CO2 post combustion capture technologies such as multi-phase solvent
or phase exchange solvents, ionic liquids, solid sorbents, membrane technology etc. should be
evaluated on the basis of their feasibility of retrofitting and impact on the cost of an existing
CO2 post combustion capture plant.
Regarding the analysis of a financial value for an option of an upgrade, a dynamic model
shall be used in future where operational flexibility of the power plant is incorporated.
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1. Introduction
1.1 A model for the deployment of CCS
In future low-carbon electricity systems the operating patterns for fossil power plants with carbon
capture and storage (CCS) are likely to be largely determined by the need to fill in the gap between
variable demand and generation from nuclear and, largely intermittent, renewables as well as by
‘traditional’ baseload generation.
Even if CCS generation has lower levelised costs of electricity (LCOE) values than nuclear or
renewables its short-run marginal cost (SRMC) will generally 1 be higher than SRMC values for
nuclear and renewables such as wind. Plants with lower SRMC values are expected to have higher
‘merit’ and run first, although for short periods operational requirements may see lower merit plants
being kept running rather than being stopped and started frequently. Operating patterns may also
be determined by the revenues that operators receive as well as by the SRMC of the plants. For
example, arrangements that give biomass generation plants a fixed subsidy whenever they are
generating would be likely to see them operating ahead of fossil fuel or nuclear plants with a lower
SRMC that do not receive such a subsidy, or receive it at a lower level.
Depending on the amount of nuclear, wind and other renewables, and other electricity system
features such as electricity storage and imported supplies CCS may then be operating as:
a) baseload generation – with CCS plants running at their maximum availability
or
b) ‘fill-in’ generation – with CCS plants running at a range of load factors (duty cycles) below
their maximum availability, to meet the irregular gap between demand and supply.
It is expected that the lowest load factor operation generation duties will be undertaken by
unabated fossil power plants, but the extent to which unabated fossil power plants can be used in
the future, and hence the lowest likely load factor for CCS generation plants, will depend on overall
emissions caps.
To deliver a rapid reduction in global CO2 emissions in electricity generation with CCS requires an
approach with two parallel tracks. The full chain of capture, transport and storage needs to be
developed at scale as quickly as possible through an initial tranche of first of a kind (FOAK) projects
while, in the meantime, any new fossil plants built without CCS, should be built CO2 capture ready
(CCR). CCR plants can then be subsequently retrofitted when the technology is commercially
available.

1

Except in the theoretical case where revenues from CO2 sales for enhanced oil recovery (EOR)
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FOAK projects are likely to start with modest deployment in a small number of countries before
more widespread commercial deployment globally. This will be followed by a series of learning-bydoing cycles through consecutive tranches of CCS projects. As a result of this prospect for rapid
learning in capture technologies both capture ready and early capture plants face future technology,
cost and regulatory uncertainties. This leads to a set of challenging risks for electricity utilities
seeking to invest as ‘early movers’ in fossil power generation with CCS.
These FOAK/CCR ‘technology lock-in’ risks can, however, be mitigated through innovative
engineering approaches that will allow technology developments occurring during the early stage of
CCS deployment to be subsequently incorporated into the first generation of CCS plants. This would
avoid locking these plants to a specific version of capture technology, and by extension to higher
than necessary electricity generation costs and/or reduced performance (e.g. lower capture levels)
throughout the life of the plant. In this context, future-proofing CCS units by enabling them to
incorporate future improved technologies effectively acts as a hedge against a wide range of risks
including those associated with:
•

technology obsolescence in competitive electricity markets;

•

evolving regulatory frameworks on by-products of capture technologies; and

•

future regulatory frameworks on CO2 emissions imposing capture levels from CCS power
plants beyond the current standards adopted by the industry.

Coal 90% capture – 110-120 gCO 2/kWh
Gas – 85% capture – 65-70 gCO2/kWh

Figure 1-1: Declining carbon-intensity and increasing generation of UK electricity to 2050
compared to illustrative carbon intensity of fossil power generation with CCS (based on
Committee on Climate Change, 2009).
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The latter risks can notably be expected to occur when the carbon intensity of electricity generation
required to meet national carbon budgets falls below the carbon intensity of the first generation of
CCS plants. An illustrative example is shown in Figure 1-1 where the carbon intensity of electricity
generation for the United Kingdom recommended by the Committee on Climate Change (Committee
on Climate Change, 2009) is plotted against the carbon intensity of gas and coal CCS power plants
operated at respectively 85% and 90% CO2 capture levels. In this example, it is possible that CCS
power plants built around 2020 may need to decrease their carbon intensity, i.e. increase their
capture levels to above 90%, as soon as 2030. Required and delivered CCS plant carbon intensity will
obviously strongly depend on the generation mix at the time and the amount of other low-carbon
generation sources, but this is nonetheless a regulatory risk that needs to be addressed so that CO2
emission lock-in from these plants can be avoided.
Risks associated with evolving regulatory frameworks on non-CO2 aspects of capture plant operation
are more difficult to evaluate as it is difficult to predict the future development of capture
technologies. Fugitive emissions to atmosphere of amines and amine degradation products can,
however, be used as an illustrative example. Questions have been raised about the environmental
impacts of some solvents used for post-combustion capture (IEAGHG, 2011a). Although these
emissions are expected to be effectively managed with water-wash systems added at the top of
absorption section columns and brought back to parts per million levels, very low levels of volatility
may still occur. Since regulatory frameworks for CCS power plants are currently being established on
the basis of amine solvents as Best Available Technology (BAT), these very low levels of amine
emissions are, today, acceptable. Novel non-volatile absorbents are currently being developed to
compete with amine solvents – ionic liquids and amino-acid salts – and, should amine emissions
prove to be no longer acceptable, these novel solvents may establish new standards for Best
Available Technology. Existing CCS units operating with amines may have to replace and upgrade
their solvents and/or solvent retention facilities to meet these new standards. With a capture
system hardware designed for a specific amine solvent, the power plant may effectively be locked-in
unless it has been designed to operate with a wide range of solvent properties. Design options for
CCS plants capable of upgrading solvents will be addressed in detail in Chapter 6.
Technology obsolescence essentially creates financial risks for power plant developers. As capture
technologies develop it can reasonably be expected that the amount of electricity used to capture a
unit of CO2 will reduce as the installed capacity of CCS power plants increases. CCS demonstration
projects fitted with a first generation capture technologies are thus at risk of having to compete with
plants built, or retrofitted, later with improved technologies, and operating at lower marginal costs
of electricity generation. Future fuel prices and carbon prices clearly have an impact here and it is
important to understand the potential change in financial revenue from electricity sales to be able to
attempt to quantify these risks. CCS demonstration projects engineered to incorporate technology
developments as they occur are more likely to be able to compete on marginal costs with second or
third generation CCS plants.
Technology obsolescence is likewise a concern for plants built without CCS but with CCR features.
Making new fossil plants carbon capture-ready has been proposed to ensure that plants constructed
now and in the future can be retrofitted at a feasible cost and their carbon emissions abated. It has
been implemented by an EU directive for all new coal, gas and biomass plants above 300MWe (EC,
2009). Capture-readiness is effectively a transition measure to facilitate the deployment of CCS, and
11

also reduce the exposure of fossil and biomass power plants to technology risks linked to the
development of improved capture technologies. Plants built as capture-ready for a retrofit with
state-of-the-art technology at the time of permitting, as required by local regulators, will have to
compete, when retrofitted with improved CCS plants. The uncertainty of the timing of a CCS retrofit,
and, by extension, the uncertainty of technology developments during the period of time where the
plant operates without capture, i.e. whilst CCS is in a demonstration phase, need to be addressed
when the plant is permitted by allowing technology improvements to be implemented by designing
capture-ready features for a range of capture technologies.

New fossil plants built as capture-ready
Retrofit capture-ready plants with
CCS using 2nd generation solvents

Number of plants

Retrofit 1st CCS units with 2nd generation solvents

TODAY

1st generation solvents
1st and 2nd generation solvents
2nd generation solvents and beyond
Figure 1-2: A model for a deployment of CCS with technology development being incorporated in
CCS demonstration units and retrofitted capture-ready plants (based on Gibbins and Chalmers,
2008)
A model for deployment of CCS where technology improvements are implemented into the first
generation of CCS demonstration plants built around 2015-2020 and capture-ready plants retrofitted
around 2020-2025 is illustrated in Figure 1-2. Two tranches of demonstration projects corresponding
to two learning cycles to develop improved capture technologies are shown here, before a roll-out in
leading CCS countries from 2020 onwards and globally from 2025 onwards.
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1.2 Objectives and outline
Very little underpinning research has been undertaken to develop the approaches required to
mitigate the risks that first-movers in demonstrating and deploying current state-of-the art CCS
technologies will encounter. Most of the current research on CO2 capture from power stations is
instead typically focused on operation of the power cycle and the capture plant with the assumption
of a fixed technology throughout the life of the plant. This report was commissioned by IEAGHG to
address this gap. Its main purpose is to examine, at a generic level, the scope for future-proofing
CCS plants against technology developments so that they are able to incorporate technology
improvements. In this context it should be seen as an initial screening assessment to address the
general issue of ‘what options might it be worth considering when designing CCS plants to be able to
incorporate improved capture technologies’? As a generic study it can address technology and
design options and the financial implications of upgrading CCS plants, but does not analyse detailed
capital cost considerations or site - and regional - specific regulatory questions that will typically
govern the drivers for technology upgrade.
The scope of the analysis is principally limited to pulverised coal plants with post-combustion CO2
capture using flue gas wet scrubbing with liquid solvents since this technology is likely to be used on
many of the first CCS plants and is inherently upgradable through replacement of the solvent. It
addresses the technical and financial implications of upgrading solvents in amine scrubbing plants
integrated with a compression train and a thermal plant power cycle. It should be noted that the
methodology and the findings presented here are generic and can, therefore, be extended to other
capture technologies and to natural gas plants fitted with CCS.

The work presented in the rest of this report is organised as follows:
-

Chapter 2 describes the methodology developed to estimate the additional capital cost that
can be justified to future proof CCS power plans to incorporate future technological
improvements

-

Chapter 3 examines the capital cost implications for a pulverised coal plant mandated to fit
CCS and operating in a competitive electricity market

-

Chapter 4 describes the methodology developed to quantify the performance lock-in that can
be avoided by future proofing CCS power plants

-

Chapter 5 compares the performance lock-in of a ‘typical’ CCS power plant with a future
proofed CCS power plant for a pulverised coal design with amine-based capture

-

Chapter 6 examines design strategies and practical recommendations to future-proof the
design of a pulverised coal plant to incorporate improved post-combustion solvent
technologies

-

Chapter 7 identifies post-combustion capture (PCC) technologies that may, in the future, be
implemented to upgrade state-of-the art amine-based capture at the time of writing and
discusses considerations for possible re-use of existing equipment

-

Chapter 8 provides concluding remarks and recommendations for future work
13

1.3 The rationales for upgrading solvents in power plants with post-combustion capture
The implications of upgrading solvents used for CO2 capture within the constraints of an existing
power generation asset attached to a dedicated capture and compression plant are complex. Just as
a number of factors can influence decisions related to if and how a CCS or CCR power plant should
be future-proofed, many possible reasons can justify actually undertaking a solvent upgrade.
Upgrades can generally benefit different group of stakeholders and these benefits can be classified
in three general categories. Each of these categories is outlined briefly here.
1.3.1 Lower long-run costs of deploying CCS
Given the present uncertainty in the economics of CCS projects, most of the first generation of CCS
plants is expected to receive financial support from public funding mechanisms. Delivering a CCS
infrastructure with power plants locked into first generation capture technologies would not only
increase the costs to society for electricity decarbonisation in the long run, but also necessitate the
building or retrofitting of many power generation assets to demonstrate the various capture
technologies available. If investments are made to future-proof designs to incorporate technology
developments and improvements into the first (and future) tranches of CCS plants, this would
reduce the number of power generation assets that need to be built, contributing to minimising the
cost of electricity decarbonisation through CCS. In addition, this would also be expected to stimulate
an open market where power plant owners are not tied in to using the same solvent technology
supplier throughout the plant’s lifetime, which is likely to effectively drive costs down in the long run
through more competition between suppliers.
Ideally, the first generation of CCS plants – typically built as part of a funded demonstration
programmes – would therefore be capable of operation with a broad range of solvent properties.
They would facilitate rapid progress by allowing several learning cycles to occur on a single capture
and power generation asset with limited support required for additional capital expenditure. This
contrasts with a deployment route where new capture units and/or power plants are built to
demonstrate and deploy each new solvent.
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1.3.2 Keep the plant license to operate by securing compliance with stricter environmental
legislation
A number of factors could ultimately be relevant here and two illustrative examples that were
introduced in Section 1.1 are included here for completeness.
•

Amine solvent volatility is associated with poorly understood environmental impacts at the
time of writing. Limits on emissions to atmosphere of solvents (and their associated
degradation products) could possibly tighten over time, especially if more environmentally
friendly solvents are developed and demonstrated successfully, and then become established
as Best Available Technology.

•

Reduced specific CO2 emissions per unit of electricity may be needed as a response to evolving
regulatory requirements. For example, recent analysis shows that average electricity specific
emission levels as low as 50 gCO2 per kWh – equivalent to around 95% capture on a coal unit
without the use of biomass co-firing – may be needed by 2030 in the UK (Committee on
Climate Change, 2009 – see Figure 1-1), and most likely in other economies. This implies that
CO2 transport and storage infrastructure for future-proofed plants may need to be
‘engineered’ with flexibility for initial operation so that additional CO2 export capacity is
readily available in the future, possibly within a large scale CO2 transport network.

1.3.3 Increase power plant revenue
As above, a number of factors could be relevant and some illustrative examples are given here.
•

Plant capacity and efficiency can be increased by replacing the plant’s initial solvent with a solvent
resulting in a lower overall Electricity Output Penalty (EOP) for capture and compression. This
would enable the plant owner to recover some of the power necessary for capture, either through
reduced steam extraction or reduced ancillary compression power. This might reduce the cost of
electricity generation at the plant and/or potentially generate additional net plant revenues by
increasing the volume of electricity sales. Given the potential for fast learning with CCS
technologies, this type of upgrade would also enable first generation plants to compete with
newer plants built later with improved solvents. Although efficiency savings would be useful at any
plant, the potential to increase power export capacity is likely to be critical in determining how
attractive this type of upgrade would be, as discussed in Chapter 6.

•

Reduce the other operating costs of the amine plant, such as solvent degradation losses,
volatility losses or maintenance costs (corrosion, heat exchanger fouling etc).

•

Reduce specific emissions per unit of electricity if economically justified rather than paying for
emitting CO2 (e.g. to respond to a change in tax or trading scheme). The CO2 export capacity is
critical here as previously noted.

•

Enhance one or more aspects of plant reliability, maintainability, availability and operability
performance. For example, under some circumstances it is possible that the plant owner
would upgrade their solvent to improve flexibility, and thus be able to access additional
income through providing ancillary services from faster response. For example, an inexpensive
solvent inventory could be useful for interim storage of solvent between the absorber and the
desorber to shift the financial penalty of capture from high to low electricity prices.
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2. Methodology to evaluate the financial value of options to upgrade CCS
power plants
This section describes the methodology developed for this study to evaluate the financial value to
investors of the option of being able to upgrade a CCS power plant to increase revenue from
electricity sales when new improved capture techniques become commercially available. As noted
previously, it is applied in this study to an illustrative new build pulverised coal plant with postcombustion CO2 capture using solvent-based flue gas scrubbing, but could be adapted for other
capture technologies and for other fuels. The focus of this Section is in describing the methodology
used to quantify potential changes in plant revenue. As noted in Box 2.1 below, this change in
revenue should be compared to any expenditure required for future-proofing (i.e. to make the
option to upgrade available) to determine whether there is a viable economic case for investment in
future-proofing to be undertaken.

2.1 Introduction to Real Option Analysis for a capture technology upgrade
A legislative driver for upgrade, as in Section 1.3.2, implies the option either to upgrade, or to cease,
or significantly reduce, production of electricity. The power plant operator must evaluate whether
the anticipated revenue for continued life of the plant after upgrade is worth the investment
necessary to gain a continued licence to operate. Extensions of residual plant life times may be a
consideration in this circumstance, so that an economically-viable operating life can be obtained for
the upgraded capture technology. Although existing base power plants are typically valuable assets,
there may be cases where the most economically attractive option is simply to cease operation.
Alternatively, a power plant upgrade could also be justified by an economic driver, particularly if the
option to export additional power is available, as introduced in Section 1.3.3. From an investment
perspective, the option of being able to upgrade a CCS power plant with new improved technology
may provide additional benefits to an initial investment in CO2 capture and increase revenue. The
holder of an upgrade option – typically a power utility - would have the right, but not the obligation,
to exercise that option to upgrade a power plant with an improved technology potentially several
times throughout the plant’s lifetime.
Analysing the value of options to upgrade CCS plants presents similarities with the up-front
investment associated with making fossil fuel power plants CO2 capture ready 2 (CCR). Since 2005, a
number of studies have been conducted to investigate the economics of CO2 capture readiness
(Sekar, 2005; Liang et al 2009), the economics of retrofitting power plants with capture CO2 (Patinoecheverri et al, 2007; Reinelt and Keith, 2007; Abadie and Chamorro, 2008; Chen et al, 2010) and the
economics of regional CCS development (Kemp and Stephen, 2010; Li et al, 2011). This work extends
and adapts the methodology used in these previous studies to investigate the economic value of
establishing and maintaining an upgrade option on a CO2 capture power plant.
The drivers for an upgrade are here limited to technology developments, which are expressed as a
reduction of the Electricity Output Penalty (EOP) of CO2 capture and compression – the amount of

2

From an investment perspective the concept of capture-readiness is that a new plant built without CCS is designed from
the outset such that a future retrofit to allow for carbon capture will be cheaper to accomplish
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electricity used per tonne of CO2 captured and stored. The objective is to improve the understanding
of the economics of pre-investment into a new plant with CCS to ensure that the CO2 capture power
plant can be upgraded by addressing the following two research questions:
•

What is the value of the option of being able to upgrade the capture system in a pulverised
coal-fired power plant with post-combustion CO2 capture to reduce the Electricity Output
Penalty and increase revenue from electricity sales?

•

What are the potential strategies to inform investment decisions concerning the upgrade of
the plant, i.e. whether and when to exercise the option?

It should be noted that other potential economic drivers described in Section 1.2.3 have not been
considered in the quantitative economic analysis undertaken for this study. There is, however,
scope for further work to extend the approach used here to include some or all of these factors.
The pricing methodology used to evaluate the value of the option of a capture technology upgrade
in this study is based on Real Option Analysis (ROA) methods. Existing ROA studies in the energy
sector can be classified into three clusters:
•

Analysis of private investment decisions under market uncertainty, e.g. electricity, fossil fuel,
and/or carbon markets (Rothwell, 2006; Fortin et al, 2008; Szolgayova et al, 2008; Yang et al,
2008);

•

Optimisation of R&D, commercialisation strategies and diffusion of energy technologies of a
firm (Kumbaroglu et al, 2005; Tan et al, 2008; Siddiqui et al, 2007);

•

Investigation of public energy policy decision-making in an uncertain or flexible energy system
(Lee and Shih, 2005; Marreco and Carpio, 2006; Lin et al, 2007; Fuss and Szolgayova, 2010).

The methodology of this study builds on the knowledge and understanding gained from the existing
ROA and CCS economic studies described in Box 2.1. The perspective is that of a project investor
(e.g. power companies) to investigate the value of exercising the option to upgrade a CCS plant.
Uncertainty is here the primary driver for the option. A number of uncertainties may potentially
affect this investment decision:
•

The global installed capacity of CCS power plants with post-combustion capture (PCC);

•

Cost reduction through technological development and learning;

•

Electricity price;

•

Fossil fuel price (the coal price in this study); and

•

Carbon price.

It should be noted that this study does not address the question of whether it is viable to invest in a
CCS power plant under certain market conditions. It is assumed that this decision has been made
and that the CCS power plant will be constructed. In addition, for the quantitative economic analysis,
the decision to invest in a CCS power plant is driven solely by a mandatory requirement to capture
87.5% of the CO2 emitted through the stack (as an illustrative example), and that by extension the
carbon market does not have a direct effect on the investment decision to build a new CCS power
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plant. This also implies that the electricity tariff is sufficient to support new-build CCS power plants
at this capture rate.
The rationale to exercise the option and upgrade the capture technology is to increase power plant
revenue through electricity sales. Upgrading the capture technology is assumed to reduce the shortrun marginal cost (SRMC) of electricity generation, and thus the power plant may be able to
generate more electricity in a typical electricity market system. This analysis also assumes that the
maximum generation capacity of the plant is increased through a reduction of the Electricity Output
Penalty (EOP) brought about by the upgrade at a constant fuel input. A power company will typically
increase the electricity output of a given plant until the short-run marginal cost (SRMC) – fuel,
carbon and other operating costs – is equal to the on-grid tariff or the plant reaches the maximum
capacity.

Box 2.1 Real Option Analysis of a capture technology upgrade
Real Option Analysis (ROA) is a pricing methodology for financial options, which has been applied
to valuing uncertain or flexible real assets since the 1970s (Myers, 1977). A real option is the right
— but not the obligation — to undertake some business decision; it is typically the option to
make, abandon, expand, or contract a capital investment. ROA is often applied when an
alternative, deterministic net present value method fails to capture value of an option involved in
sequential decision-making. The life of the asset is typically divided in decision nodes, and, as part
of a real option model, investment decisions are made at each decision node.
An investment decision is the decision to invest or not, and, therefore, does not necessarily
trigger a financial investment. In the context of this work the option is the right – but not the
obligation – to undertake an upgrade of the capture technology of an existing coal plant with
post-combustion capture.
It is assumed that the existing CCS power plant considered can always be upgraded (once or
several times) to match the best technology available at the time. In other words, operational
limits of the plant are not taken into account. If the decision is made to upgrade the capture
technology at a decision node, an investment is made into the existing CCS power plant. As a
result the electricity output penalty of the capture and compression process becomes identical to
the best technology available at the time.
The value of the option takes into account the capital cost spent at the time of the upgrade, but
does not include the additional pre-investment to future-proof the plant, i.e. to make future
upgrades possible. At the end of the plant economic life – note that this may be different from
the plant operating life – the value of the option thus represents the maximum additional capital
costs which, if invested when the plant is commissioned, would have returned a present value of
zero. In other words, any additional pre-investment into the CCS power plant lower than the
value of the option would be economically justified under the present assumptions.
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2.2 Evaluating the change in revenue from electricity sales of a capture technology
upgrade
In practice, it is difficult to estimate how the yearly operating hours of a plant may change after an
upgrade, given that this will be specific to the electricity market in which the plant operates. When
an improved solvent becomes commercially available, e.g. for post-combustion capture, utilities
with a future-proofed asset can upgrade the solvent to generate additional net revenue, or do
nothing and keep running, possibly with reduced hours, when the plant changes rank in the merit
order 3. Regardless of the driver for upgrading CCS technology, changes in net short run cash flow
(i.e. cash available to pay back capital investment and/or as long-run profit once income and short
run costs have been considered) can be considered to come from two differences between an
upgraded and non-upgraded plant:
•

A change in short run marginal cost, δ1

•

A change in operating hours as a result of this reduced short run marginal cost, δ2

The first contribution is given by:
(Eq2-1)
δ1
ΔSRMC
Op hours1
ΔMW

δ1 = ΔSRMC * Op hours1 * ΔMW
$
First contribution to change in net short run cash flow
$/MWh Difference in short-run marginal cost between the initial and the upgraded plant
hr
Number of operating hours of the initial plant
MW
Difference in power output between the initial and the upgraded plants

The second contribution to the change in net short run cash flow is more difficult to quantify
precisely since it is particularly dependent on the SRMC and the number of operating hours of the
next plant in the merit order, and hence the electricity market where the plant is operating. It is,
however, limited by the difference in SRMC and in operating hours between the initial plant and the
upgraded plant, since it is assumed that the selling price for electricity from the upgraded plant must
be less than the SRMC of a plant that has not been upgraded. If the selling price were any higher
then both plants would be operating. This second contribution can thus be approximated as follows:
(Eq2-2)
δ2
ΔSRMC
ΔOp hours
ΔMW

0 < δ2 < ΔSRMC * ΔOp hours * ΔMW
$
Second contribution to change in net short run cash flow
$/MWh Difference in short-run marginal cost between the initial and the upgraded plant
hr
Difference in operating hours between the initial and the upgraded plants
MW
Difference in power output between the initial and the upgraded plants

3

The merit order is a way of ranking available sources of energy, especially electrical generation, in ascending
order of their short-run marginal costs of production, so that those with the lowest marginal costs are the first
ones to be brought online to meet demand, and the plants with the highest marginal costs are the last to be
brought on line.
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Whether or not this extra revenue is significant is a function of the magnitude of ΔSRMC, as well as
electricity market fluctuations in the period when an upgraded plant would operate but a nonupgraded plant would not operate. This suggests that a full economic evaluation of a potential
upgrade requires consideration of a wide range of commercial and legislative aspects, including
market analysis to establish likely power plant load factors and electricity prices. Once the expected
change in short run net cash flow associated with having an upgraded plant has been determined,
this can be compared to the fixed costs, especially capital expenditure, to be considered for a preinvestment to future-proof the CCS power plant to be able to incorporate technology upgrade.

δ1

δ2

SRMC 1
Δ SRMC
SRMC 2
Δ Op hours

0

Op hours1

Op hours2

Grid demand (GW)

Electricity selling price ($/MWh)

Figure 2-1 provides an illustrate example and shows a case where the SRMC of an initial plant,
SRMC0, is reduced to a value SRMC1 by a solvent upgrade with δ1 represented by the red area and
δ2 by the shaded orange area.

8760

Cumulative plant operating hours in a given year

Figure 2-1: Illustrative example of cumulative electricity wholesale prices for original (1) and
upgraded (2) CCS plant

20

2.3 Technology learning rates and deployment rates
As new capture technologies with lower EOP become commercially available power plant owners must
decide throughout the life of a plant whether to invest to upgrade their capture technology or not.
Although it is difficult to predict technology developments, several studies have used technology
analogues and estimates based on expert panels and interviews to estimate future improvements in
CO2 capture technologies. The terminology used in this report is described in Box 2.2.
The International Energy Agency Greenhouse Gas Programme (IEAGHG, 2006a) estimated that the
capital cost of CO2 capture could reduce by 10-15% for each doubling of installed capacity. A study
by Mckinsey (Mckinsey, 2007) estimated cost learning rates for the CCS process at 12% - this is
equivalent to a 12% cost reduction each doubling of global installed capacity - and an absolute 1%
reduction in the efficiency penalty after the first 20 to 30 commercial scale projects are
implemented. The cost learning rate of flue gas desulphurisation technologies has also been
examined to estimate the learning rate of post-combustion CO2 capture since it is a potential partial
analogue. Rubin et al (2004) investigated the capital cost reduction of worldwide wet FGD capacity
from 1976 to 1985 and yielded a cost learning rate of 11%.

Box 2.2 Technology learning rate and cost learning rate - Terminology
It is difficult to find analogues for the entire chain of CO2 capture, compression, transport and
storage, whether on the technological challenges, the economic model or the regulatory
aspects. In the analysis conducted in this study, learning rates play an important role to
determine potential lock-ins between new-build plants built with improved capture
technologies, plants that cannot be upgraded and plants that have been future-proofed to be
able to incorporate technological improvements.
The terminology used in this report refers to cost learning rates and technology rates, defined
as follows:
Cost learning rate: this corresponds to a reduction in the capital expenditure required to add
capture to a power plant without CCS for each doubling of global installed capacity.
Technology learning rate: This corresponds to a reduction in the Electricity Output Penalty,
expressed in kWh/tCO2, required to operate a CO2 capture and compression unit in a power
plant with CCS, for each doubling of global installed capacity. A lower boundary is set at 180
kWh/tCO2 to represent thermodynamic limits to potential future improvements (See Table 3-1
and Figure 3-4 for more details)
It should be noted that transport and storage capital expenditure and operating energy
requirements are not considered in this report.

Kramer and Haigh (2009) examined historical deployment rates for energy technology, as shown in
Figure 2-2, and proposed two laws for energy-technology development (see Box 2.3). They argue
that there are robust empirical laws showing that physical limits have applied to the build rate of
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new and existing energy technologies, and thereby will also limit the potential to deliver much of the
transformation of the energy system needed by 2050, and that policy-makers need to tailor their
policies to specific technologies in ways that recognise the stage of development to accelerate
deployment.
Deployment levels of new technologies (expressed in this example as energy delivered per year)
tend to go through a few decades of exponential growth followed by a period where growth curves
historically level off. In Kramer and Haigh’s analysis, the second period is effectively a consequence
of the lifetime of energy assets, typically 25-50 years, which implies that slow replacement rates,
typically around of 2-4%, apply to energy systems. They argued that “these replacement rates are
hard to increase because the economic barrier to replacing old technology is extremely high:
industry will only consider early retirement of the existing capital stock if the total cost of the new
technology (capital and operating costs) falls below the operating cost of the old”.

Figure 2-2: Global production of primary energy sources (Kramer and Haigh, 2009).
Projections after 2007 taken from Shell’s Blueprints scenario

4

4

th

Shell International (2008) Shell Energy Scenarios to 2050, available at http://www.shell.com/scenarios [Accessed 12
December 2012]
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Box 2.3 The two laws of energy-technology development (Kramer and Haigh, 2009)
In the twentieth century, it took 30 years for energy technologies that were available in principle to
grow exponentially and become widely available (Figure 2-2). This reaching 'materiality' can be
defined as delivering about 1% of the world's energy mix. After that, the growth becomes linear
until the technology captures its final market share. This pattern is remarkably consistent across
energy technologies and the two growth phases can be seen as the 'laws of energy deployment'.
Law 1
When technologies are new, they go through a few decades of exponential growth, which in the
twentieth century was characterized by scale-up at a rate of one order of magnitude a decade
(corresponding to 26% annual growth). Exponential growth proceeds until the energy source
becomes ‘material’ —typically around 1% of world energy.
Law 2
After ‘materiality’, growth changes to linear as the technology settles at a market share. These
deployment curves are remarkably similar across different technologies.

In contrast, the 2010 International Energy Agency CCS Roadmap (IEA, 2010a) suggests that nearly
1000 CCS power and industry projects need to be operational globally by 2030 as part of actions to
halve greenhouse gas emissions by 2050. In the IEA BLUE Map scenario 55% of the CO2 being
geologically stored worldwide comes in 2050 from the power sector (IEA, 2010b), representing 9.4
Gt of CO2 captured from electricity production using fossil fuels.
Although this represents a challenging building rate based on historic growth in energy systems,
Kramer and Haigh’s analysis treats CCS as a traditional energy technology with replacement rates
similar to say nuclear or LNG (liquefied natural gas) when ‘materiality’ of the technology is achieved.
This effectively overlooks the fact that CCS is rather a climate change mitigation technology than an
energy technology, and that it can be retrofitted to existing coal, gas and biomass power stations.
Hence it can be deployed without having to replace existing capacity, and without significant
modifications to the base power cycle for post-combustion capture. It is therefore likely that higher
deployment rates can be achieved for several decades, since replacement rates of the base power
plant - and hence the second law of Kramer and Haigh, does not apply in the case of CCS retrofits.
Technology learning rates for this work are thus based on deployment rates taken from the IEA BLUE
Map scenario to avoid these limitations.
A number of studies have applied different stochastic models for evaluating the cost reduction
process through technological development. For example, Fuss and Szolgayova (2010) model the
learning process through two parameters, the arrival rate of an innovation (i.e. the certainty of an
innovation arrival within a period of time) and the magnitude of uncertainty. Although these
approaches provide a better regime to model cost reduction through the technological learning
process, they are difficult to apply to the development of CCS given that most of the current existing
estimates for CCS are based instead on technology learning rates.
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As illustrated by Yeh et al (2007) and Rubin et al (2007), the use of experience curves associated with
costs of separating CO2 from flue gas is beset by a number of uncertainties including:
•

the learning rate may change over the modelling period;

•

for complex and large-scale technologies such as CCS, costs in the early commercialisation
stage may be much higher than the initial estimate based on laboratory-scale projects or
pilot plants; and

•

costs could sometimes also be higher than predicted by technology learning rates due to
changes in market conditions, e.g. through a change of fuel cost or a change of commodities.

Technology learning rates, assumed in this work to be translated into a reduction of the EOP of
capture with new technologies entering the market, are therefore critical to determine the value of
the option considered for upgrading CCS plants. These learning rates focus on the performance of
the CO2 capture process rather than the total cost of separating CO2. The EOP of available capture
technologies is here modelled by a one-factor learning curve model (Alberth, 2008; Junginger et al,
2010), given by:

𝐶𝑎𝑝

(Eq 2-3)
EOPn
Capn
m

kWhe/tCO
MW
-

𝐸𝑂𝑃𝑛 = 𝐸𝑂𝑃0 ( 𝐶𝑎𝑝𝑛 )log(1−𝑚)
0

Electricity Output Penalty at year n
Global installed capacity of PCC power plants at year n
Technology learning rate

For simplicity, it is assumed that the technology learning rate and global deployment capacity are
not affected by other assumptions or the model specification, so that they are exogenous,
independent values. It should be noted that there is currently no study estimating the learning rate
of the electricity output penalty for CO2 capture. The estimated learning rate of the overall fuel cost
for CCS pulverised coal fired power plants is estimated at 3.5%, incl. fuel for both capture and base
plant (IEAGHG, 2006a). Therefore, this study assumes that the technology learning rate, m, is taken
as 6% and a number of sensitivity analyses are conducted to explore a wide range of scenarios with
learning rate from 2% to 10%. In addition it is assumed that a stochastic process applies to the
technology learning rate, m, and the rate at which global generation capacity with post-combustion
capture is installed. The technology learning rate is thus not constant over the lifetime of the CCS
plant and varies stochastically. It is assumed to follow a mean reverting process and tends to drift
towards its long term mean assumption at a hypothetical reversion rate of 0.5. Identically, the
deployment rate of installed capacity growth Cap varies stochastically and drifts towards its mean
value with a mean hypothetical reversion rate of 0.25. As indicated previously, the baseline
deployment rate is based on scenarios by IEA (2010a) for estimate of global post-combustion
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deployment capacity 5. The technology learning rate and deployment rate of installed capacity can
be written as:
(Eq 2-4)
ωm
Qt
QL
Z

$
$
-

𝑄𝑡 = 𝑄𝑡−1 + 𝜔𝑚 (𝑄𝐿 − 𝑄𝑡−1 ) + 𝑍𝑚

Mean reverting rate
Rate at year t
Long run equilibrium Rate
Random variable following a standard Wiener process

2.4 Probabilistic Monte-Carlo analysis
The main driver for upgrading the capture technology of an existing CCS power plant is assumed to
be an increase in revenue driven by a potential reduction of the Electricity Output Penalty (EOP) per
tonne CO2 captured and stored geologically, resulting in a higher electricity output and lower short
run marginal costs. The value of being able to upgrade in the future is inherently uncertain and a
robust exploration with probabilistic Monte-Carlo analysis has been conducted to take this into
consideration.
For simplicity, it is now assumed that changes in operating hours are not significant after an
upgrade, so the second contribution to change in net short run cash flow δ2, defined in section 2.2,
is not taken into account. The results of the probabilistic analysis are thus power plant specific and
independent of the electricity grid or market the plant operates in. Further work could consider
overall system costs allowing the second contribution to change in net short run cash flow δ2 to be
taken into account quantitatively if it was significant. For example, in reality the load factor may
possibly rise, depending on the electricity pricing and the dispatch regime of the electricity grid the
plant operates in. A sensitivity analysis is conducted in Chapter 3 to investigate the option value for
different load factors.
At each decision node, the decision to upgrade a CCS power plant in the long run occurs when the
cost of a one-off capital investment to upgrade the plant balances against the sum of future cost
savings. Additional revenues are generated with a reduction in the Electricity Output Penalty (EOP)
of the capture technology since the plant output increases at constant fuel input. A stochastic free
cash flow model has been built to estimate the net present value of the CCS power plant asset at
each decision node and justify the decision to upgrade or not. The net present value of the future
cash flow at year T is given by:

5

There is no segmented estimate on the deployment scenario of post-combustion capture and it is assumed
here that 40% of CCS power plants apply post-combustion capture technologies.
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(Eq 2-5)
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𝑃𝑉𝑇 (𝑆𝑡 , 𝐼𝑡 , 𝑂𝑡 , 𝐹𝑡 ) = ∑𝐿𝑛=𝑇

(𝑆𝑡 −𝐼𝑡 −𝑂𝑡 −𝐹𝑡 )
(1+𝑟)𝑡

Present economic life of the power plant at a decision node
Lifetime of the project
Present value of the future cash flow at year T
Revenue from electricity sales at year t
Investing cash flow at year t
Non-fuel and non-carbon operating cash flow at year t
Cash flow for purchasing fuel
Discount Rate

The additional electricity output after an upgrade results from a reduction of the EOP and is
reflected in the lower cost of electricity per unit and higher sales revenue of electricity. The total CO2
emissions are assumed to be constant before and after an upgrade since the fuel input and capture
rate remains the same, but the emissions per kWh of electricity dispatched are reduced due to a
higher electricity output after the upgrade. In addition, it is assumed that the operating costs of the
post-combustion capture unit do not change after an upgrade, and thus the uncertainties associated
with operating costs have no impact on the decision to upgrade.
The main barrier to the upgrade is thus the cost of the upfront capital investment necessary to
future-proof the CCS power plant to incorporate technology developments, and the main driver is
the lower marginal cost and the higher electricity output resulting from a lower Electricity Output
Penalty. It should also be noted that it is assumed that the plant operates as a base load plant and
does not receive any revenue from the ancillary services market. The long run electricity price can
therefore be estimated as the mean levelised cost of electricity without any upgrade option.
To represent the uncertainty for coal price and electricity selling price a stochastic process is
modelled by a Geometrical Brownian Motion (GBM) process mean reverting process, as in Equation
2-6.
(Eq 2-6)
α
ωm
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PL
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$
$
-

𝑃𝑡 = 𝑃𝑡−1 (1 + 𝛼) + 𝜔𝑔 (𝑃𝐿 − 𝑃𝑡−1 ) + 𝑍𝑔

Drift factor (growth)
Mean reverting rate
Price at year t
Long run equilibrium price
Random variable following a standard Wiener process
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In the Real Option Approach model developed for this study, a sensitivity analysis is conducted to
investigate the value of upgrade option for different electricity and coal price growth scenarios. The
boundary for exercising the option to upgrade the plant aims to estimate the probability of
exercising the option at each decision node. Thus the ROA decision-making framework is a complex
model with the following characteristics:
•
•
•

•

It is an American style claim ROA, i.e. options could be exercised anytime from now to any
expiry date;
Because of the sunk cost in exercising the option, only one decision node per year is
considered;
In the baseline scenario, it is assumed that both the electricity price and the fossil fuel price
are not growing, thus in that case, the drift (i.e. growth) of electricity and coal price is zero;
and
A backward looking algorithm is used to estimate the optimal exercise boundary.

A four step approach is applied to evaluate options to upgrade the CCS power plant
(a) Identify the sample paths for each variable undergoing a stochastic process;
(b) A least square regression method with Monte-Carlo simulation is used to estimate the
probability of an upgrade and the value of the option to be able to upgrade the plant at each
option decision node, based on the current Electricity Output Penalty and the current
information for other stochastic variables - fuel price, electricity price, deployment rate, and
learning rate;
(c) Estimate the initial value of the upgrade option exercised through a backward deduction
approach;
(d) Calculate the mean value of the upgrade options at year 0.

Eventually, the value of the upgrade option is estimated by considering the value of the EOP of a CCS
power plant 𝑥𝑡 at the beginning of a given period 𝑡. Suppose that the best technology commercially
available returns an EOP 𝑒𝑡 . It is clear that 𝑥𝑡 depends on the market penetration in previous
periods, i.e. that 𝑥𝑡 ∈ {𝑒0 , … , 𝑒𝑡−1 }. If a decision is made to upgrade, then the value of the EOP of
the CCS power plant 𝑥𝑡 then becomes the value of the EOP of the best available technology 𝑒𝑡 . If a
decision is made to not upgrade, then the EOP remains 𝑥𝑡 and 𝑥𝑡+1 = 𝑥𝑡 . The value of the option to
be able to upgrade the plant can then be evaluated by the following Bellman equation (2-7).
𝑉𝑡 (𝑥𝑡 , 𝑒𝑡 ) = 𝑚𝑎𝑥 �

(Eq 2-7)

1
1+𝑟

𝑏𝑡+1 (𝑒𝑡 ) − 𝑘𝑡 +

1
𝐸[𝑉𝑡+1 (𝑒𝑡 , 𝑒𝑡+1 )],
1+𝑟

1
𝐸[𝑉𝑡+1 (𝑥𝑡 , 𝑒𝑡+1 )]
1+𝑟

�

t

year

Present economic life of the power plant at a decision node

T

years

Lifetime of the project

Vt

$

Stochastic value of the option(s) to be able to upgrade the plant at year t
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E[Vt+1] $

Value of the upgrade option at year t+1

bt+1

Marginal benefit in present value of the operating cash flow of the plant at

$

year t+1 with an upgrade option exercised at year t
xt

$

EOP level at year t

et

$

EOP of best available technology at year t

r

%

Discount rate

kt

$

One-off capital cost investment to upgrade the plant at year t

The decision to make an additional investment at year 0 to future-proof a CCS power plant to
incorporate technology developments depends on the present value of the additional investment
required, I0, and the mean value of the option to be able to upgrade the plant, 𝑉0 (𝑥0 , 𝑒0 ) . In other
words, an additional investment to future-proof a plant would be justified if the present value of the
investment (I0) is lower than the anticipated value of the option (Eq 2-8).

(Eq 2-8)
𝐼0

𝑉0

Invest, if 𝑉0 ≥ 𝐼0

Do Not Invest, if 𝑉0 < 𝐼0

$

Additional investment at year 0 to future-proof the CCS power plant

$

Value of the option to be able to upgrade the CCS power plant

It should be noted that the investment required to future-proof the plant, I0, is site specific, and
would, in practice, require a detailed engineering design study. The scope of this analysis is limited
to introducing a methodology applied to an illustrative case study, which could also be used to assist
decision-making in real projects. Also, the initial investment I0 is not added directly to the cash flow
model. This is justified by the fact that, since the decision to upgrade the plant or not, is based only
on the difference between short-run marginal cost and electricity selling price, the inclusion or not
of the initial investment I0 does not directly affect a future upgrade decision. The outcome of the
model is the value V0, in $, of the option of being able to upgrade the plant under the different
assumptions for fuel price, electricity selling price, technology learning rate and deployment rate. The
decision to invest or not in a CCS power plant itself is out of the scope of this study.
Improvement in capture technologies are likely to be incremental and occur over many learning
cycles. It has therefore been assumed that a plant can be upgraded more than once, although the
decision-maker can exercise the option to upgrade the plant only once per year to take into account
the possibility of high sunk capital cost associated with the upgrade. Each decision node occurs at
the end of each financial year, and, if the upgrade takes place, it would also do so at the end of the
financial year. For a 25 year economic lifetime there are therefore 24 time-steps, or decision nodes.
In theory, increasing the number of time-steps would result in higher option values, but the process
to evaluate an upgrade investment decision would incur sunk costs (e.g. detailed engineering and
economic assessment, special board assemblies). Therefore, it has been assumed that the decision is
only made at the end of each year. In other words, if one upgrade takes place in year t, a further
28

upgrade could still be made at year t + N. A decision tree is shown in Figure 2-3 for multiple
upgrades, assuming that the underlying plant can be upgraded more than once in its lifetime.

Figure 2-3: Strategic Decision Tree to upgrade a future-proofed CCS power plant with multiple
options throughout an economic lifetime of 25 years.
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3. The financial value of the option to upgrade a pulverised coal plant with
post-combustion capture
This section applies the methodology of Chapter 2 and presents an illustrative case study for a
pulverised coal plant equipped with post-combustion capture using wet flue gas scrubbing with a
liquid solvent. It assumes that new improved solvents become commercially available after the plant
has been commissioned, and that the Electricity Output Penalty of CO2 capture and compression
improves when the solvent inventory of the capture unit is upgraded.

3.1 Reference plant
The reference generic power plant for this study is that described in a study commissioned for the
IEAGHG in 2004 for an ultra-supercritical coal pulverised fuel (USCPF) with CO2 Capture (IEAGHG
(2004) Case 4). The plant operates base load at a constant load factor of 85% before and after each
potential upgrade, except for year 1 after commissioning where the load factor is assumed to be
45% 6. The total boiler input with capture is 1913MWth, the net electricity output with capture
666MWe and the mass flow of CO2 capture and stored geologically is 547tonne/hr. The Electricity
Output Penalty is 321 kWh/tonne, and was calculated by comparing the output with a reference
plant without capture from the same study and accounting for the difference in boiler input of each
plant. The CO2 specific emission level before upgrade is constant at 0.117 gram/kWh, and reduces
after upgrading due to the increase in net power output.
The capital investment to upgrade a capture plant in the future is, in practice, difficult to predict and
depends on many factors. It is most likely also technology and site-specific. In order the estimate the
value of an “upgrade option”, i.e. the value associated with future-proofing a CCS power plant, a
sensitivity analysis with a number of scenarios was conducted with the illustrative capital investment
for upgrading the plant ranging from 1% to 7% of the original up-front capital cost of the CCS power
plant. The range of up-front capital costs is based on previous work by Liang et al (2009) assessing
the value of capture-ready options in new-build pulverised coal power plants.
Finally, the valuation of the ‘real option’ was conducted under a risk-free environment with a cash
flow model calculated in real terms. The 30-year US inflation-indexed treasury yield was used as a
proxy for the risk-free rate, which was accordingly set at 2% (Bloomberg, 2011).
Key assumptions are listed in Table 3-1. The base electricity price that is received by the CCS power
plant is set at $81.51/MWh and is the levelised cost of electricity necessary to justify investing in the
power plant with CCS. The carbon price and coal price are assumed independent. All prices are
adjusted to 2004 price level.

6

Possible efficiency losses associated with a lower load factor in year 1 are neglected

30

Table 3-1: Key assumptions for reference future-proofed pulverised coal plant

Parameters
Plant Type
Project Life
Risk-free Rate
Base Year

Input (Baseline)
25 years
2%
2004 Price Level

Gross Output (MW)

827

Net Output (MW)
Fixed Capital ($M)
Working Capital ($M)
Baseline Cost for Upgrade
(% of Original Fixed Capital)
EOP before Capture Technology
Upgrade (kWh/tonne)

666
1652
29
4

Notes
Ultra-Supercritical Pulverised Coal Plant
From start of operation
In real terms
Based on (IEAGHG, 2004) Case 4
Fluor Amine Technology

Sensitivity analysis with ±1%,±2%, and ±3%,

321

Electricity price ($/MWh)

81.51

Coal Price ($/GJ)

4

Capture level (%)

87.5

Specific Emission Level (g/kWh)
Fixed operating and maintenance
costs before upgrade ($M)
Fixed operating and maintenance
costs after upgrade ($M)
Baseline Long Run Technology
Learning Rate for Electricity
Output Penalty (%)
Long Run Post-combustion
Deployment Rate
Financing Cash Flow

117

Function of year of the upgrade,
technology learning rates and global
installed capacity. Technical boundary set
at 180 kWh/tonne
1.5% point degradation over the plant’s
lifetime
For year 2-25; year 1 at 40% (base-load)
Mean average value with 0% drift, 10% std
dev, 0.5 mean reverting rate, and 80% of
variance for coal price movement (with a
sensitivity analysis of ±1%, ±2% and ±3% of
the growth rate)
Mean average value 0% drift, 16% std dev
and 0.3 mean reverting rate movement
(with a sensitivity analysis of ±1%, ±2% and
±3% of the growth rate)
Regulatory mandate. Fixed over plant’s
lifetime
gram/kWh

76

Per year

EOP after Capture Technology
Upgrade (kWh/tonne)
Plant Efficiency (%LHV)
without CO2 capture
Load Factor (%)

44
85

unchanged
6

for every doubling of global installed
capacity (with 2% std dev each year)
sensitivity analysis of ±2% and ±4%

22%

Growth per year, with 10% std dev

not considered
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3.2 Net previous value of a non-future proofed CCS power plant
Examples of simulated paths for coal price and electricity selling price with no drift of their mean
average value under a stochastic environment are provided in Figure 3-1 and Figure 3-2 for
illustrative purposes. The electricity selling price is assumed to follow a 3% mean growth per year
scenario, 10% standard deviation and 0.5 mean reverting rate.
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Figure 3-1: Illustrative simulated paths for annual averaged coal price
(0% drift, 16% standard deviation, 0.3 mean reverting ratio for a sample of 20 trials in a mean
reverting model)
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Electricity selling price (Us$/MWh)
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Figure 3-2: Illustrative simulated paths for annual average electricity selling price
(0% drift, 10% standard deviation, 0.3 mean reverting ratio for a sample of 20 trials in a Mean
Reverting Model Assumption)
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A critical assumption of the model is that the electricity selling price is sufficient to justify investing in
a CCS power plant in the first place. Under the electricity selling price provided in Table 3-1, the
probability distribution of the Net Present Value (NPV) of a CCS power plant that is not futureproofed, i.e. one that is not capable of upgrading its capture technology, is provided in Figure 3-3.
It should be noted that, the probability of early closure of the plant, or of a suspension of operation
due to a negative operating cash flow is very low with these assumptions (below 1% before 2033,
overall 1.6%), and that the $81.51/MWh electricity selling price is sufficient to support the reference
plant for base-load operation.
18%
16%
14%

Frequency

12%
10%
8%
6%
4%
2%
0%
-900 :-820 :-740 :-660 :-580 :-500 :-420 :-340 :-260 :-180 :-100 : -20 : 60 : 140 : 220 : 300 : 380 : 460 : 540 : 620 :
-820 -740 -660 -580 -500 -420 -340 -260 -180 -100 -20 60 140 220 300 380 460 540 620 700

NPV of Coal + CCS without an upgrade Option (6% Real Discount Rate, $81.51/MWh
Initial Electricity Price), in US$ million

Figure 3-3: Illustrative Probability Distribution of the Net Present Value for a CCS power plant
without an option to upgrade capture technology. Coal and electricity selling price stochastic
parameters are taken respectively from Figure 3-1 and Figure 3-2

3.2 Technology learning rates and deployment rates for global installed CCS capacity
As discussed in Chapter 2, assumptions about technology learning rates and deployment rates are
critical to determine the value of future-proofed CCS power plants. There is no study currently
investigating the technology learning rate of CO2 capture technologies in the case of incremental
upgrade.
This work assumes that, for a plant starting operation at the beginning of 2015, and with the
assumption that global post-combustion capture installed capacity is 4GW in 2015, the technology
learning rate for the electricity output penalty of post-combustion capture technologies with flue gas
wet scrubbing is of the order of 6 %, with a standard mean error of 20% each year, for each doubling
of global installed capacity. In accordance with the IEA (2010) suggestions, global installed capacity
increases to 585GW by 2040 at the end of the economic life of the plant, with a global deployment
rate of 22% per year with a 10% standard deviation of the deployment rate each year. Illustrative
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possible paths for reduction in EOP at a 6% learning rate and 0.5 mean reverting ratio are shown in
Figure 3-4.
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Figure 3-4: Illustrative simulated Paths for the Electricity Output Penalty (EOP) of post-combustion
capture at a 6% learning rate (0.5 mean reversion ratio and a sample of 20 trials)
Under these assumptions, the estimated mean EOP follows a mean reversion process and would be
approximately 250kWh/tonne in 2025. A technical boundary, corresponding to the thermodynamic
limit of removing CO2 from atmospheric flue gases and compressing it to 110 bar, has been set at
180kWh/tonne, i.e the EOP would not decrease to below 180kWh/tonne in any case.

3.3 Results and discussions for a future-proofed CCS power plant
Under the assumptions of technology learning rate and global deployment capacity outlined above,
and for a baseline scenario reported in Table 3-2, upgrading the CO2 capture process in a postcombustion CCS power plant seems inevitable.
Table 3-2: Assumptions for baseline scenario
Technology learning ratio (%)

6

Long term growth rate for coal price (%)

0

Long term growth rate for electricity price (%)

0

Capital cost required to upgrade the capture technology plant
(% of total CCS plant capital cost)

4
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It is very likely that a plant would exercise the option to upgrade at least once in its 25-year lifetime.
The mean value of the option is reported in Table 3-3, at a value of $311M for an electricity selling
price at 81.5$/MWh. As explained in Chapter 2, the value of the option to upgrade the plant takes
into account the capital cost to upgrade the plant, but not the additional capital cost at year 0 to
future-proof the plant to be able to upgrade the plant in the future. This effectively does not affect
the decision to upgrade since that decision is solely based on the difference between the electricity
selling price and the plant short-run marginal cost.

Table 3-3: Value of the options to upgrade a CCS power plant at different initial electricity price
assumptions with the baseline assumptions of Table 3-2
Electricity Selling Price ($/MWh)

81.51

86.51

91.51

Average Value of the Option ($M)

311

336

363

17.7

19.1

20.7

Std Dev ($M)

50

52

57

Std Err ($M)

1.59

1.66

1.79

Maximum Value ($M)

474

511

573

Minimum value ($M)

164

147

177

Average Value of the Option
(% of total CCS power plant CAPEX)

For the illustrative case study example used here, the probability of upgrading the plant twice over
its lifetime is 94.8%, and the probability of making a third upgrade is 9.5% for assumed electricity
selling price of 81.5$/MWh, as shown in Table 3-4.

Table 3-4: Probability of a first, second and third upgrade over a plant’s lifetime at different Initial
Electricity Price Assumptions with the baseline assumptions of Table 3-2
Electricity Selling Price ($/MWh)

81.51

86.51

91.51

First upgrade

100%

100%

100%

Second upgrade

94.8%

97.2%

98.3%

Third upgrade

9.5%

16.6%

21.9%

Fourth upgrade

0.6%

3.7%

5.7%
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For a plant starting operation in 2015, there is approximately a 98% probability that a first upgrade
of the capture technology would take place before 2025, and a separate and independent 86%
probability that a second upgrade would take place between years 2025 to 2035, as shown in 3-5.
The probability of upgrading three times or four times in the 25-year lifetime is very low because
there is insufficient remaining time to recover the capital investment for the third upgrade.
However, coal-fired power plants typically operate for longer periods than their initial economic
lives. Provided that operation can be extended to 30 years or longer, the probability of a third
upgrade, and potentially a fourth upgrade, could be significant.

Figure 3-5: Probability distribution of exercising the option to upgrade the capture technology in a
future-proofed CCS power plant with the assumptions of Table 3-2
In a liberalised electricity market system, the average wholesale electricity selling price would be
determined by supply and demand, and would include the cost of generation of other technologies.
Table 3-4 shows that if the electricity price increased to $91.51/MWh, the probability of a third
upgrade would increase to 21.9% and the value of the upgrade option would increase by $52M to
$363M.
At 81.51 $/MWh, the value of the option is then approximately 17.7% of the original fixed capital
expenditure of the CCS power plant. In other words, this means that an initial investment to keep
the option to upgrade a CCS power plant open is worth up to $311 million, and if this can be
achieved at the time of construction of the plant for lower than the value of the option, it is then
worthwhile future-proofing the plant.
Table 3-5 shows that the impact of upgrading the capture technology on a plant’s levelised cost of
electricity over its 25 years lifetime is a reduction of $2.75/MWh, before considering the additional
levelised cost of the additional initial investment to future-proof the plant, for the electricity selling
prices considered here.
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Table 3-5: Effect of the option to upgrade the capture technology of a CCS power plant on the
Lifetime Levelised Cost of Electricity at Different Initial Electricity Price Assumptions with the
baseline assumptions of Table 3-2
Electricity Selling Price ($/MWh)

81.51

86.51

91.51

Average change in LCOE ($/MWh)

-2.75

-2.74

-2.74

Std Dev ($/MWh)

0.54

0.54

0.53

Std Err ($/MWh)

0.0170

0.0171

0.0166

Max ($/MWh)

-1.43

-1.27

-1.21

Min ($/MWh)

-4.80

-4.96

-4.76

It is worth noting that, although the impact of the option to upgrade the plant on Levelised Cost of
Electricity (LCOE) is minor, the total electricity output of the CCS power plant is increased after each
upgrade, which has a major effect on the value of the option. For example, the value of the option
increases by $25M to $336M if the electricity selling price is increased by $5/MWh, as shown in
Table 3-3.
Figure 3-6 shows illustrative Net Present Value of the option payoff for an assumed electricity selling
price of 81.5$/MWh. It follows the typical bell shape of a normal distribution. The 10% to 90% range
of the option payoff is $249M to $382M, which corresponds to a 90% probability that the option
value is higher than $249M.
16%
14%
12%

Frequency

10%
8%
6%
4%
2%
0%
210 : 221 : 231 : 242 : 252 : 263 : 273 : 284 : 294 : 305 : 315 : 326 : 336 : 347 : 357 : 368 : 378 : 389 : 399 : 410 :
221 231 242 252 263 273 284 294 305 315 326 336 347 357 368 378 389 399 410 420

Value of Upgrade Option (in million US$)

Figure 3-6: Histogram of the Net Present Value of the payoff of the option to upgrade a CCS power
plant at an electricity selling price of 81.5$/MWh and with the baseline assumptions of Table 3-2

37

3.4 Sensitivity analysis to key parameters
The assumptions of the baseline scenario of section 3-3 are now subjected to sensitivity analysis to
determine what parameters can affect the value of the option.
3.4.1 Sensitivity to electricity selling price and coal price
Whereas the baseline scenario assumed no long term growth of both coal and electricity selling
prices, a growth rate is now applied to both the electricity and the coal prices. At a 1% growth rate,
the mean value of the option increases by 28% to $398M, while a 3% growth assumption for both
prices returns a mean value of the option of $681M, as indicated in Table 3-6.
Table 3-6: Sensitivity analysis of Net present value of the option to upgrade a CCS power plant to
long-run electricity and coal price growth rates
Growth rate for coal and electricity
selling prices
Average value of the option ($M)

1%

2%

3%

500

696

985

28.5

39.7

56.1

Std Dev ($M)

75

94

133

Std Err ($M)

2.36

2.98

4.22

Max ($M)

746

989

1410

Min ($M)

276

423

588

Average Value of the Option
(% of total CCS power plant CAPEX)

3.4.2 Sensitivity to technology learning rate
The value of the option is also very sensitive to the learning rate assumption, as shown in Table 3-7.
For an average technology learning rate of 10% the value of the option (with the possibility of
multiple upgrades) increases by 46% to $454M. For a more conservative average technology
learning rate of 2%, the option value would be reduced by 50% to $156M and the probability to
upgrade twice or more would be reduced to 56%.
This confirms that the technology learning rate is critical in this analysis, in other words the
assumption about anticipated reduction in the Electricity Output penalty (EOP) of post-combustion
capture technologies.
In addition, it is worth noting that a reduction of the EOP of capture may not necessarily follow
linearly the deployment of installed capacity. For example, the capital costs of wet flue gas
desulphurisation technologies increased from $50/kW to $250/kW over a 8 year period during the
first period of commercialisation (Rubin et al, 2007), and then dropped to around $140/kW in 1995.
Likewise selective catalytic reduction capital costs increased from $60/kW to $110/kW over a 3 year
period during the first phase of commercialisation, and then dropped to $50/KW in 2000 (Rubin et
al, 2007). The capital cost of post-combustion capture with amine solvents will not necessarily be
correlated to the EOP for capture and compression. It is, however, reasonable to argue that the EOP
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may not necessarily be reduced during the first period of commercialisation of post-combustion
capture.

Table 3-7: Sensitivity analysis of the value of an option to upgrade a CCS power plant to different
average technology learning rate
Learning Ratio

10%

8%

6%

4%

2%

Average value of the option
($M)

454

385

311

233

156

25.9

21.9

17.7

13.3

8.9

Impact on COE ($/MWh)

-3.76

-3.27

-2.75

-2.20

-1.63

Probability of upgrading
twice or more
Probability of upgrading
three times or more

100%

98.7%

94.8%

82.6%

56%

47.4%

19.2%

9.5%

1.8%

0%

Average Value of the Option
(% of total plant CAPEX)

Different scenarios have thus been considered to conduct a sensitivity analysis of technology
learning rates associated with a reduction in EOP. Table 3-8 indicates the value of the option if it is
assumed that reductions in EOP are not achieved until global installed capacity reaches an
equivalent of 10GW, 50GW and 100GW of installed power generation capacity with CCS. For
example, if the EOP is constant for the first 50GW of global installed capacity, the option value is
reduced to $239M while the probability of upgrading twice would reduce by one third to 61.7%.
Table 3-8: Sensitivity analysis of the value of an option to upgrade a CCS power plant to different
technology learning rate and commercialisation scenariosa.
Installed Capacity at
Constant EOP

0GW

10GW

25GW

50GW

100GW

Option Value ($M)

311

301

274

239

162

Impact on COE ($/MWh)

-2.75

-2.72

-2.51

-2.19

-1.71

Probability of upgrading
twice or more

94.8%

91.7%

75.7%

61.7%

23.3%

Probability of upgrading
three times or more

9.5%

5.5%

0.3%

0%

0%

a

The Electricity Output Penalty of capture and compression is assumed to be constant until global capacity
deployed reaches a certain value. After that, a 6% technology learning rate apply for each doubling of global
installed capacity
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3.4.3 Sensitivity to additional capital cost to perform the capture technology upgrade
The baseline assumption for the cost of the capture technology upgrade is that an investment
equivalent to 4% of the total capital cost of the CCS power plant is spent to upgrade the capture
technology. The senstivity of the value of the option to the cost of the upgrade is provided in Table
3-9.

If the capital spent at the time when the plant is upgraded increased from 4% to 6% of the original
total CCS power plant capital investment, the value of the upgrade option is reduced to $264M and,
the probability of upgrading twice or more during the plant’s economic life is reduced to
approximately 77%. On the other hand, if the capital investment to upgrade the plant is reduced to
2%, it is certain that a second upgrade would take place during the plant’s 25-year lifetime and the
probability for the third upgrade is also increased from 9.5% to 94%.

Table 3-9: Sensitivity analysis of the value of an option to upgrade a CCS power results to the
additional capital cost to perform a capture technology upgrade
% of original capex

1%

2%

3%

4%

5%

6%

7%

Capital cost at Upgrade ($M)

17.6

35.1

52.7

70.2

87.8

105.3

122.9

Average value of the option
($M)
Average Value of the Option

393

365

341

311

288

264

241

22.4%

20.8%

19.4%

17.7%

16.4%

15%

13.7%

(% of total plant CAPEX)
Impact on LCOE ($/MWh)

-2.76

-2.76

-2.74

-2.75

-2.75

-2.75

-2.76

100%

100%

99.8%

94.8%

86.5%

77.0%

51.7%

79.5%

39.2%

22.3%

9.5%

3.1%

0.2%

0%

Probability of upgrading
twice or more
Probability of upgrading
three times or more

3.4.5 Sensitivity to load factor
The operating hours of a power plant operated as base-load obviously has a significant impact on
the revenue that this plant generates through electricity sales. A sensitivity analysis to load factor,
i.e. the operating hours the plant operates at constant output before and after the upgrade, is
provided in Tabe 3-10.
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Table 3-10: Sensitivity analysis of the value of an option to upgrade a CCS power results to load
factor
Power plant load factor

80%

85%

90%

Average value of the option ($M)

285

311

335

16.2

17.7

19.1

Probability of upgrading twice or more

92.5%

94.8%

97.4%

Probability of upgrading three times or more

4.6%

9.5%

15.7%

Average Value of the Option
(% of total plant CAPEX)

3.4.6 Value of the option to upgrade the capture technology of a CCS power plant under
unfavourable conditions
Finally, a stress test was conducted to understand changes in the value of the option under
unfavourable conditions. Assumptions are reported in Table 3-11.

Table 3-11: Assumptions for baseline and unfavourable scenarios
Scenario

Baseline

Unfavourable

Technology learning ratio (%)

6

2

Long term growth rate for coal price (%)

0

0

Long term growth rate for electricity price (%)

0

0

4

10

85%

80%

Additional investment to future-proof the plant
(% of total CCS plant capital cost)
Load factor

Compared to the baseline, under unfavourable scenario assumptions:
-

the value of the option to upgrade the plant reduces from $311M to $59M

-

the probability to upgrade the plant once reduces from 100% to 90.4%

-

the probability to upgrade the plant twice drops from 94.8% to 0.1%

-

the probability distribution of the timing for the upgrade is between the year 2024 and
2035, i.e. between year 9 and 20 of commissioning for a 90% confidence interval.

-

the timing for an upgrade is defered. The probability distribution of the timing for the first
upgrade is between the year 2024 and 2035, i.e. between year 9 and 20 of commissioning
for a 90% confidence interval compared to an upgrade occuring between year 5 and year 11
for the baseline scenario.
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3.5. Concluding remarks
A framework for analysing the value of upgrade options has been developed in this work. It provides
insights that can be used to assist in managing upgrade options with the assumption that the base
CCS power plant is driven solely by a mandatory regulation to capture 87.5% of the plant emissions.
In the baseline scenario, to justify the upgrade of a CO2 capture plant, it indicates that an initial extra
capital investment of US$311 million or less to implement specific design strategies to incorporate
future technology improvements would be economic.
There is almost a certain probability (94.8% probability) that a plant will be upgraded twice during its
lifetime, but there is also a low possibility that there will be three (9.5%) upgrades. In other words,
pre-investment in upgradability, i.e. the potential to upgrade the capture technology of the plant,
would avoid locking-in the electricity penalty while creating the potential to increase electricity
output and reduce the cost of generation.
The choice of the learning rate for CO2 capture technology is critical in establishing the value of the
upgrade option, as a 1% change of the learning ratio assumption could result in a significant change
in the option value (i.e. 16% change at a 6% learning ratio). In a stress testing scenario of low
learning rate (2% learning rate), with high additional capital costs to upgrade the plant (equal to 10%
of initial Capex) and a 5% reduction in the baseline load factor, the value of the option of being able
to upgrade the plant is still positive and worth $59 million, while the economic viable probability of
making the upgrade is still above 90%.
In addition, this work shows that the probability of a third upgrade could be significant if the plant’s
life can be extended to 30 years or longer. The probability of further upgrades is, however, very
sensitive to the assumption on how much capital investment is required for the upgrade. Finally, the
value of the upgrade option is significantly higher, under scenarios of growing fuel and electricity
prices.
A number of areas for future work can also be envisaged building on this initial case study. These
would integrate other flexibilities and options, and could address the following simplifications made
in this study:


The study does not take into account operational flexibility of the power plant, for example,
solvent storage and capture by-pass. One of the most important characteristics for
upgradability is for the base power plant to be able to operate with any level of steam
extraction and also with any level of electricity output up to the maximum rating without
capture. Operational and upgrading flexibility are, however, complementary since they
require modifications to identical part of the power plant. This is discussed further in
Chapter 5 and 6.



A one-factor model is applied for modelling the technology learning process, which may not
be appropriate for a 30 year period. This is because the learning process may be non-linear
at different development phases of technology.



The Real Option Approach assumes investors are rational in making investment decisions,
but power companies may have other internal or external constraints in exercising options
at the optimal timings (e.g. lack of understanding or access of the up-to-date technologies;
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risk aversion attitude towards using new CO2 capture process; other planned outages such
as a large maintenance every 4-5 years).


The study assumes CCS investment is driven by mandatory regulation of CO2 capture ratio.
The investment decision could also be driven by carbon market in a specific region.



The study applies a heuristic approach to approximate the value of the upgrade option.
Alternative approaches, such as dynamic programme, may also be applied in the future.
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4. A methodology to identify the performance lock-in of a solvent upgrade
The previous chapter shows that additional pre-investment to incorporate future technological
improvement in pulverised coal plants with post-combustion CO2 capture may be attractive under a
range of scenarios. The economic model assumes, however, that the pulverised coal plant with
capture considered can upgrade its capture technology as often as is economically justified, and that
each upgrade improves the performance of the overall capture and compression system to that of
the best technology available at the time. In practice, this is not necessarily possible and
performance lock-in may occur due to sizing of equipment or the operating conditions of the
hardware of the capture unit, the compression unit or the power cycle. If solvent inventory is
replaced with an improved solvent, the power plant and/or the capture unit may, in practice, not be
capable to operate at the process conditions that would optimise the performance of that new
solvent. Although performance would improve with the upgrade, it would thus not match that of the
best solvent available at the time.
This chapter describes the methodology used to identify, and then quantify, the performance lock-in
that may affect pulverised-coal plants with solvent-based flue gas scrubbing under these conditions
It is assumed that increase revenue by additional electricity sales through a reduction of the
Electricity Output penalty is the sole driver for upgrading the solvent of the post--combustion
capture unit, i.e. that fuel input and the capture level of the amine plant are otherwise kept
constant. Other possible drivers, e.g. a regulatory driver to increase capture level or to replace the
solvent inventory, are equally not considered.
Form a technical perspective, implications for the capture unit, the compression train and the power
cycle are taken into account to return a performance lock-in expressed as an additional Electricity
Output Penalty (EOP), as described in Box 4.1
Box 4.1: Definition of the performance lock-in of a solvent upgrade
The performance lock-in of a solvent upgrade is the additional electricity output penalty,
expressed in unit of electricity per unit of CO2 captured and stored geologically, that may occur
when the solvent inventory of an existing CCS power plant solvent is upgraded with a new
improved solvent, compared to a new CCS power plant built to operate with that improved
4.1
Electricity output penalty: definition and assessment
solvent.
The solvent upgrade reduces the electricity output penalty of the existing CCS power plant, but
the electricity output penalty is higher than that of the new-build unit using the improved
solvent.
The overall energy requirement for CO2 capture is commonly indicated in two ways. Some studies
report it as the fall in the total electricity output by adding capture to the plant (e.g. a 20% drop in
output from the plant), others, as a percentage point drop in the overall thermal efficiency of the
plant when capture is added (e.g. a 9 percentage point efficiency penalty – so the fall in electricity
output per unit of fuel energy input). The latter is the more representative metric since it can be
shown that the energy requirement per mass of CO2 captured is independent of the base plant
efficiency at constant boiler stack losses (Lucquiaud and Gibbins, 2011a). Thus, although the fraction
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of the electricity output lost for CO2 capture and compression in low efficiency plants is greater than
in high efficiency plants, the absolute loss of electricity output, per unit of the same fuel burnt,
would be the same, giving the same percentage points drop in plant efficiency.
The efficiency penalty is, however, dependent on fuel composition since the amount of CO2
generated by combustion per unit of useful thermal energy, and hence the total energy requirement
for capture and compression, varies depending on the ratio of carbon content to heating value. So,
while the percentage point penalty is a convenient approximation for some purposes, a better
metric to assess capture technologies independently of the fuel composition is the loss of electricity
output per unit of CO2 captured and compressed on a mass basis (e.g. kWhe/tonne CO2): the
electricity output penalty, as defined below:
(Eq 4.1)

Electricity Output Penalty = Efficiency penalty / Fuel specific emissions

Electricity Output Penalty

(kWhe/tCO2)

Efficiency penalty

(kWhe/kWhth or % point LHV)

Fuel specific emissions

(tCO2/kWhth)

The electricity output penalty is the total net loss in plant output due to the capture processes,
including the reduction in steam turbine power output due to steam extraction and the power
requirement for compression and smaller amounts of power for the capture plant ancillary
equipment but also including any offsets due to beneficial heat recovery for condensate heating and
other purposes, divided by the absolute mass flow of compressed CO2 exiting the plant boundaries,
as indicated below:
(Eq 4-2) EOP = 1000 * (Loss of generator output + Compression power + Ancillary power)/ CO2 mass flow
Electricity output penalty (EOP)

(kWhe/tCO2)

Loss of steam turbine generator output (MW)
Compression power

(MW)

Ancillary power

(MW)

CO2 mass flow

(tonne/hr)

In order to evaluate rigorously the performance of solvents proposed for post-combustion capture,
it is critical to evaluate them on the basis of their end product, low-carbon electricity generated with
CCS in this instance 7.
An integrated model of the steam cycle of a pulverised coal plant, an amine capture process and a
dedicated compression system has been developed for this purpose so that process parameters of
the capture plant, resulting from changes to the composition of the solvent, can be converted into
an overall electricity output for pulverised coal-fired power plant.

7

It is worth noting that in the case of CCS power plants contracted to supply CO2 for enhanced oil recovery the
evaluation of performance need to take into account both the CO2 and the low electricity generated.
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The following multiple factors are assessed simultaneously and on an integrated basis by conducting
a thermodynamic analysis of the plant integrated with the capture and compression units:
Thermal energy of regeneration of the solvent,
•
•
•
•

Loss of power output from the turbine due to steam withdrawal for solvent regeneration,
related to the solvent energy of regeneration and also the temperature of regeneration
Power requirement for CO2 compression, related to the desorber pressure of the amine
plant
Recovery of low-grade heat available in the capture plant to replace regenerative feed water
heating, and
Ancillary power requirement (e.g. for solvent circulating pumps and flue gas booster fans)

Schematic diagrams for the steam cycle of the pulverised coal plant, including state-of-the-art
integration for the amine capture plant with heat recovery into the low pressure section of the feed
water heater train and with recovery of the superheat available from steam extraction, is shown in
Figure 4-1.

0

2
1

LP

LP

IP

HP
2

1
condenser

Desuperheater
0

Solvent reboiler

Added for CO2 capture

Heat recovery from stripper overhead reflux
condenser and compressor intercoolers

Figure 4-1: Steam cycle configuration with heat integration with the capture and compression
plant used for the base pulverised coal plant.
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The compression train with heat recovery from intercoolers into the steam cycle and relevant parts
of the amine plant, including the desorber overhead condenser for heat recovery into the steam
cycle and the desorber, are shown in Figure 4-2.
This approach incorporates the thermal energy of regeneration but also the temperature of
regeneration of the solvent and the desorber operating pressure. Results are presented based on
the respective contribution to the electricity output penalty (EOP) of steam extraction, compression
and ancillary power to the overall electricity output penalty, as shown below:
(Eq 4-3)

EOP = EOPx + EOPc + EOPa

EOPx

(kWhe/tCO2)

EOP associated with steam extraction for solvent regeneration

EOPc

(kWhe/tCO2)

EOP associated with CO2 compression

EOPa

(kWhe/tCO2)

EOP associated with ancillary power of the amine unit (booster fan,
circulating pumps etc)

Steam cycle boiler
feed water

pipeline

DESORBER

Condensate

Cooling water

Figure 4-2: Layout of the CO2 compression and drying train, including the desorber, the two stage
desorber reflux condenser, the compressors and the two stage compressor intercoolers
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4.2 A methodology to evaluate performance lock-in
Careful consideration of the power plant integrated with carbon capture - and not just the amine
capture process in isolation - is needed to characterise the overall EOP as solvents are replaced. The
methodology used in this work intends to identify key pieces of equipment that may lock-in the EOP
of a coal plant to a specific level when its solvent is upgraded and prevent full advantage being taken
of the improved solvent properties. Five steps are followed:
Step 1: The electricity output penalty of a reference power plant is evaluated as a base case for
comparison using the integrated power plant model of section 4.3. The reference plant is retrofitted
with a reference amine plant and a reference compression train operating with a reference solvent.
The reference solvent is taken as a 30%wt MEA solution, with properties based on values taken from
the public domain literature
Step2: A sensitivity analysis of key solvent properties is performed, with each solvent property
adjusted independently of the others. It is important to note that this approach effectively generates
a series of hypothetical solvent properties and these may not be deliverable in practice. Thus this
method may not necessarily represent accurately future solvent properties, but it has the advantage
of covering the wide possible range of uncertainty facing power plant developers at a time where
new solvents are still being actively developed. The four properties that are adjusted in order to
evaluate the impact of a solvent upgrade on the amine process, the compression train and the
power cycle are:


Solvent specific heat capacity, to account for changes in the sensible heat contribution to
solvent energy of regeneration during the solvent thermal swing between the absorber and
the desorber. A large part of the sensible heat is recovered in the cross-heat exchanger
located between the absorber and the desorber while the rest of it comes for condensing
steam withdrawn from the steam cycle. The sensible heat contribution is also sensitive to
solvent carrying capacity, defined as the difference in solvent loading expressed in mol CO2
per mol of solvent between the bottom of the absorber and the bottom of the desorber.
This property has not been varied in this analysis since its effects are very similar, with
respect to the parts of the process at risk of being locked-in, to those of the solvent energy
of regeneration.



Solvent thermal stability, to account for interaction with the steam cycle, notably its ability
to supply steam at a range of temperatures, and for its links to changes in solvent energy of
regeneration.



Enthalpy of absorption, to account for interaction between the amine plant and the
compression train, notably changes in solvent energy of regeneration, and desorber and
compressor train inlet pressure.



Mass transfer, to account for variations in the extent to which CO2 is transferred from/into
the solvent in the absorption and desorption columns. Variations of specific key solvent
thermodynamic and transport properties affecting kinetics and mass transfer have not been
considered here since they affect packed column heights in similar ways. Instead, the driving
force between the partial pressure of CO2 in the flue gas and the equilibrium pressure of CO2
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in the solvent is set constant throughout the absorber, and varies with changes in solvent
properties affecting mass transfer.
Step 3: The electricity output penalty is evaluated with the assumption that each hypothetical
solvent operates in a dedicated new-build power plant, which hardware is optimised for that
solvent, including the steam cycle, the dedicated compression train and the amine plant. This
returns the minimum electricity output penalty for each hypothetical solvent.
Step 4: The electricity output penalty of each hypothetical solvent is then evaluated for the
hardware of the plant optimised for 30% wt MEA in Step 1. This illustrates a situation where a plant
is initially commissioned with the reference solvent, with no consideration given to future-proofing,
and is later nonetheless upgraded with an improved hypothetical solvent. Performance, i.e. the
electricity output penalty, may be constrained by the hardware of the plant optimised for 30%wt
MEA.
Step 5: Finally, the difference in electricity output penalty between Step 3 and Step 4 is evaluated for
each hypothetical solvent. It represents the performance lock-in for the reference plant of Step 1,
expressed as an additional electricity output penalty, resulting from performance related hardware
constraints.
The integrated power plant model is described in more details in this chapter. Chapter 5 then
reports the electricity output penalty for fully upgradeable plant and the additional electricity output
penalty of constrained plants. It is then followed by a discussion of practical considerations, novel
concepts and strategies to mitigate performance lock-in.

4.3 A description of the integrated power plant model
4.3.1 Electricity output of steam extraction
A model of the steam cycle of Figure 4-1 developed in gPROMs is used to assess the reduction in
power output for steam extraction at a range of reboiler temperatures and steam extraction rates. It
is a tool designed to assess solvent-based capture technologies integrated into the power cycle of
new-build coal-fired plants on a consistent basis. Additional opportunities for integration may
possibly exist but need to be considered on a site-by-site basis, and are beyond the scope of the
work presented here.
Results are presented as a sensitivity analysis for a range of solvents with temperature of
regeneration varying from 90ºC to 170ºC and thermal energy of regeneration varying from 1.4 to 3.8
GJ/tCO2. The high pressure part of the steam cycle, including the boiler and the high pressure and
intermediate pressure turbines, is virtually unaffected by steam extraction, and is therefore common
to all cases. The electricity output penalty related to steam extraction for solvent regeneration of
each potential solvent studied – EOPx – is assessed on a consistent basis with respect to solvent
temperature of regeneration. This necessitates defining a set of steam turbine and heat integration
configurations suitable for each temperature considered with the same turbine power output
without capture, since steam extraction pressure varies considerably with solvent temperature of
regeneration, as indicated in Figure 4-3.
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Figure 4-3: Range of potential steam extraction pressure required for solvent regeneration for
post-combustion CO2 capture processes – Reboiler temperature pinch: 10K
This is achieved by:
a) Keeping the total number of turbine stages of the IP and the LP turbine constant; turbine
stages are assumed to be shifted from one turbine to another so that the IP/LP crossover
pressure can be set to the value required.
b) Purposely sizing the LP turbine cylinder, when steam is extracted for capture at the crossover,
to match the new steam mass flow and to allow for consistency of the condenser pressure
and LP turbine specific exit losses between the cases. Each configuration is then as
thermodynamically efficient as possible.
These variations in steam cycle configuration, depending on the solvent temperature of
regeneration, ensure that each solvent is compared using the most effective thermodynamic
integration with capture while providing consistency between the cases. For solvents with a
relatively low temperature of regeneration, the practicalities of steam turbine design, however,
require a different approach. For solvents regenerated at 90ºC the pressure of the steam extracted
from the steam cycle - of the order of 1 to 1.5 bara – is well below typical values of IP/LP crossover
pressures. The crossover pressure is therefore instead set to a more practical value (3.5 bar) and the
steam extracted for solvent regeneration is expanded in an additional back-pressure turbine down
to a pressure as close as possible to the reboiler requirements. The EOPx is thus independent of the
crossover pressure (Lucquiaud and Gibbins, 2010) and the addition of a valve at the front of the LP
turbine to maintain the crossover pressure – a thermodynamically efficient process - is avoided.
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Steam cycle arrangements are shown in Figure 4-1 for 120ºC, 150ºC and 170ºC solvents and Figure
4-4 for 90ºC solvents respectively. Modelling parameters are given for clarity in Appendix A.1;
further details are available in Lucquiaud and Gibbins (2011a) and Lucquiaud and Gibbins (2011b).
Changes in solvent thermal stability and hence steam extraction pressure and reboiler temperature
also affect the thermodynamic integration with potential low-grade heat sources in the desorber
overhead reflux condenser and the compressor intercoolers and need to be accounted for. Five
adiabatic compressor stages, their respective intercoolers and the desorber reflux condenser, as
represented in Figure 4-2, are therefore included to characterise the amount of heat available for
each solvent for boiler feed water heating in the steam cycle, as well as the respective temperature
of the heat sources available. It should be noted that additional intercooling between compression
stages using cooling water is used to further reduce compression inlet temperature and hence the
electricity output penalty associated with compression. In practice, additional cooling capacity is
obviously required for this and so it may only be implemented if economically justified. For the
purpose of this study, however, it allows for a fair comparison between solvents, irrespectively of
site-specific power plant cooling conditions.
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Figure 4-4: Steam cycle configuration for solvents regenerated at 90ºC
Modelling assumptions for thermodynamic integration and temperatures available for heat recovery
are also given in Appendices A1. The stripping steam, carried away with the carbon dioxide at the top
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of the desorber, is progressively removed in the reflux condenser and in the compressor intercoolers.
Solvent volatility was neglected so that the gas mixture leaving the desorber is assumed to be
composed only of water and carbon dioxide. Although this modelling assumption of low volatility
solvents, behaving as an ideal mixture, has to be used for generality, the methodology could easily be
extended to use vapour liquid equilibrium data for specific solvents. For a range of illustrative
hypothetical solvents the electricity output penalty of steam extraction EOPx is plotted in Figure 4-5 as
a function of solvent temperature of regeneration for a range of solvent thermal energy of
regeneration values, and for a constant desorber pressure of 3 bar 8. Figure 4-4 illustrates that the
EOPx, and by extension the steam cycle output, is a strong function of solvent thermal stability. For
example, the loss of output for a solvent with a thermal energy of regeneration of 2.6 GJ/tCO2
regenerated at 150ºC is 179 kWh/tCO2, and is higher than the 161kWh/tCO2 of loss of output of a
solvent requiring more heat per unit of CO2 –3.2 GJ/tCO2 – with the solvent reboiler run at a lower
temperature – 90ºC in this case.
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Figure 4-5: Illustrative example of electricity output penalty of steam extraction calculations for a
range of solvent regeneration temperature and solvent energy of regeneration 9. Note that these
solvents may not exist and that these may not be thermodynamically consistent

8

The desorber pressure determines the compression requirement for a given CO2 delivery pressure, and
therefore the amount of heat available in the compressor intercoolers for heat recovery into the steam cycle.
Although variations in desorber pressure have large effect on the overall electricity output penalty, their effect
on the electricity output penalty of the steam extraction, linked to the availability of low grade heat to be
recovered in the low pressure feed water heating train, is relatively limited. (Lucquiaud and Gibbins, 2011b)

9

The IP/LP crossover pressure is set by the desorber temperature, except for solvent regenerated at 90 ◦C, for
which a back-pressure turbine is fitted in the steam extraction line, as in Figure 4-4.
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4.3.2 Electricity output of compression and ancillary power requirements
The power needed for compression of the carbon dioxide to a suitable pressure for transport and
geological storage is also an important component in the overall electricity output penalty of postcombustion capture.
Figure 4-6 illustrates the variations in the electricity output of compression as a function of
compression inlet pressure (i.e. of desorber pressure) for a compression up to 100 bara, using the
configuration provided in Figure 4-3 modelled in gPROMs. More details on model parameters are
available in Appendix A1.
Ancillary power requirements for flue gas fans and various pumping duties - water wash section,
solvent circulating pump – are assumed to be constant and are assumed to contribute for 20
kWh/tCO2 to the overall electricity output penalty, based on (IEAGHG PH4/33). Although the
individual duty of each pieces of ancillary equipment is likely to change when solvent inventory is
upgraded, it is assumed that variations cancel out to a first order approximation.
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Figure 4-6: Electricity output penalty of compression to 100 bar as a function of desorber
pressure, with the assumption that the compression train operates with intercooling
4.3.3 Amine capture process

53

22

4.3.3.1 Solvent properties
In order to vary solvent properties for the purpose of identifying critical pieces of hardware, solvent
physical properties of the reference solvent - 30% MEA – are modelled using correlations based on
experimental data available in the public domain, including the enthalpy of the aqueous solvent
loaded with carbon dioxide from first principles of thermodynamics.
Reference state for enthalpy calculations of the loaded aqueous solvent and of flue gas are provided
in Table 4.1 and physical properties are provided in Table 4.2.
Table 4-1: Reference state for each component of the thermodynamic model
Component

state

Datum enthalpy

Water

liquid

25ºC, 1atm

Monoethanolamine

Liquid

25ºC, 1atm

CO2

Gas

25ºC, 1atm

N2

Gas

25ºC, 1atm

O2

Gas

25ºC, 1atm

Table 4-2: Physical and thermodynamic properties used in the model
Property
Enthalpy of vaporisation of MEA
Enthalpy of vaporisation of H2O
Gas heat capacity
Excess enthalpy of mixing of H2O and MEA
Specific heat capacity of MEA
Specific heat capacity of water
excess heat capacity of mixing H2O and MEA

Source
http://cameochemicals.noaa.gov/chris/MEA.pdf
gPROMS Ideal Physical Properties Foreign Object
Poling et al (2007)
Maham et al (1997)
Chiu and Li (1999)
gPROMS Ideal Physical Properties Foreign Object
Chiu and Li (1999)
Semi-empirical correlation of Eq 4.1 based on
data from Carson and Marsh (2000) and Kim and
Svendsen (2007). See Figure 4.7
Semi-empirical correlation of Eq 4.2 based on
data from Jou et al (1995), Ma’mun (2005),
Hilliard (2008), Dugas (2009).
See Figure 4-8 and Figure 4-9

Enthalpy of absorption of CO2 into aqueous MEA

Vapour Liquid Equilibrium of CO2, water and
30%wt MEA
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Vapour liquid equilibrium predictions of CO2 and aqueous 30%wt MEA are based on an empirical
correlation, provided in Equation 4-1, fitted to experimental data from Jou et al (1994), Ma’mun et al
(2005), Hilliard (2008) and Dugas (2009).

(Eq 4-1)
P*CO2
T

Pa
K

∗
𝑃𝐶𝑂2
= exp(𝑎0 +

𝑎1
𝑇

+ 𝑎2 ∗ ln(𝑇) + 𝑎3 ∗ 𝛼 + 𝑎4 ∗ 𝛼 2 + 𝑎5 ∗ 𝛼 3 )

Pressure of carbon dioxide at equilibrium
Temperature of solvent

A comparison of predictions from the correlation and experimental data is illustrated in Figure 4-7.
Similarly, predictions for the enthalpy of absorption of CO2 into aqueous 30%wt MEA are based on
an empirical correlation provided in Equation 4-2 and fitted to experimental data from Kim and
Svendsen (2007). Comparison between predictions and experimental date is illustrated in Figure 4-8,
with a validity range for loadings comprised between 0.05-0.55 mol CO2/mol MEA.
(Eq 4-2)
∆Habs
T
R

J/mol
K
J/mol/K

∆𝐻𝑎𝑏𝑠 = −(𝑎0 − 𝑎1 ∗ 𝑇) ∗ 𝑅

Enthalpy of absorption of CO2 into aqueous 30%wt MEA
Temperature
Universal gas constant: 8.3145

In order to represent accurately changes of process parameters with change of enthalpy of
absorption of CO2 into the solvent, the sensitivity analysis on the enthalpy is thermodynamically
consistent with vapour liquid equilibrium. In other words, modifications of the enthalpy of
absorption lead to changes of the vapour-liquid equilibrium (VLE) of the solvent, and vice-versa.
Parameters for equation 4-1 for the enthalpy of absorption and for equation 4-2 for the vapour
liquid equilibrium have thus been fitted to these experimental data so that they are related by the
Van’t Hoff equation, as shown in Equation 4-3. They are provided in Table 4-3
(Eq 4-3)

P*CO2
R
T
∆𝐻𝑎𝑏𝑠

∗
∆𝐻𝑎𝑏𝑠
𝑑(ln(𝑃𝐶𝑂2
)
= −
1
𝑅
𝑑( �𝑇)

Pa
J/mol/K
K
J/mol

Partial pressure of carbon dioxide
Universal gas constant: 8.3145
Temperature
Enthalpy of absorption of CO2 into aqueous 30%wt MEA
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Table 4-3: Values of parameters of equations 4-1 and 4-2

Jou 40ºC
Hilliard 40ºC
Dugas 80ºC
correlation 60ºC

Parameter

Value

a0

-216.492

a1

1531.858

a2

36.447

a3

34.793

a4

-81.645

a5

98.385

Jou 80ºC
Dugas 40ºC
Ma'mun 120ºC
correlation 100ºC

Jou 60ºC
Hilliard 60ºC
Dugas 100ºC
correlation 80ºC

Jou 100ºC
Dugas 60ºC
correlation 40ºC
correlation 120ºC

10000000

Partial Pressure of CO2 (Pa)

1000000
100000
10000
1000
100
10
1
0.1
0.00

0.10

0.20
0.30
CO2 loading (molCO2/molMEA)

0.40

0.50

Figure 4-7: Vapour Liquid Equilibrium of CO2 and aqueous 30%wt MEA – Comparison of correlation
in Eq 4-1 with experimental data. Experimental data from (+)Jou et al (1994), (ο)Ma’mun et al
(2005), (x) Hilliard (2008) and (∆) Dugas (2009)
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Figure 4-8: Enthalpy of absorption of CO2 into aqueous 30%wt MEA – Comparison of experimental
data with correlation of Eq 4-2. Data from Kim and Svendsen (2007). Correlation has not been fitted
to experimental points with empty markers
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Figure 4-9: Enthalpy of absorption of CO2 into aqueous 30%wt MEA as a function of temperature.
Prediction based on correlation of Eq 4-2
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4.3.3.2 Flowsheet of the post-combustion capture process
A sensitivity analysis of key solvent properties, as previously explained in Section 4.2, is performed in
a flowsheet of the amine process integrated to the power cycle and compression model. A
schematic diagram of the amine process flowsheet is illustrated in Figure 4-10. For each hypothetical
solvent generated by changing thermodynamic properties, the hardware of the CCS power plant –
the power cycle, the compression train and the amine plant - is purposely built to optimise
performance.
Consideration to mass transfer is taken into account by controlling the approach to equilibrium at
the bottom and at the top of the absorber, as described in Equation 4-4, so that mass transfer is
controlled in the section of packing where CO2 is absorbed. In an infinitely tall section of packing
equilibrium would be reached at the bottom of the absorber and the value of parameter Beta in
Equation 4-4 would be equal to one.
(Eq 4.4)
β
P*CO2
PCO2

Pa
Pa

𝛽=

∗
𝑃𝐶𝑂2
�𝑃
𝐶𝑂2

Approach to equilibrium
Equilibrium pressure of CO2 over aqueous solvent
Pressure of CO2 into the flue gas

towards stripper
overhead condenser

Towards water
wash section

Set approach to
thermodynamic
equilibrium

Condensate from stripper
and water make-up
Solvent cooler

Temperature
pinch

Capture level = 87.5%

Set approach to
thermodynamic
equilibrium

Thermodynamic
equilibrium

Saturated flue gas from
Direct Contact Cooler

Temperature
pinch

Figure 4-10: Amine process simplified flowsheet – Key assumptions are highlighted in blue
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It effectively represents an absorber configuration designed so that the hardware of the absorber –
packing, liquid distributors, etc - provides a controlled - and adequate - driving force for CO2 mass
transfer throughout the absorber column to red, whilst at the same balancing irreversibilities in the
absorber to avoid high solvent energy of regeneration. For each hypothetical solvent, the value of β
is set to 10% at the top of the absorber, and 20% at the bottom of the absorber as illustrated by pilot
plant data for the reference 30%wt MEA solvent from the CASTOR project at Esbjerg pilot plant (p52:
Oexmann, 2011). Other key assumptions are also shown in Figure 4-10:
- The capture level of the absorber is set to 87.5% ,
-

Thermodynamic equilibrium is achieved at the bottom of the desorber, and

-

The cross heat exchanger temperature pinch is set to 5K or 10K

-

The solvent reboiler temperature pinch is set to 10K
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5. Performance lock-in of CCS power plants with solvent upgrades
This chapter present the results of the methodology described in Chapter 4 to quantify the
additional performance penalties that would be incurred if the solvent was upgraded in an
constrained plant that could not take full advantage of the improved properties, i.e. the additional
electricity output penalty resulting from the hardware configuration compared to a new plant built
to operate with the improved solvent from the outset.

5.1 Effect of key solvent properties on the electricity output penalty of fully upgradeable plants
In this section, the electricity output penalty of a range of hypothetical solvents is calculated with
the assumption that the hardware of the amine process, the steam cycle and the compression train
is optimised for each solvent. If this performance could be achieved in an upgradable plant it would
represent an ideal case, where the plant is fully upgradeable and can always be upgraded to return
the lowest electricity output penalty when any commercially available solvent is used in it.
5.1.1 Sensitivity to solvent specific heat capacity
Changes in solvent specific heat capacity modify the sensible heat contribution to solvent energy of
regeneration. It results in changes in the amount of steam extracted from the turbines and, by
extension, relates to the power plant’s capacity to utilise additional steam available for power
generation and export additional power if needed. For this analysis the work of Chiu and Li (1999)
has been used to provide a correlation predicting the specific heat capacity of an aqueous MEA
solution as a function of the temperature and solvent concentration.
Heat capacity of pure MEA - Chiu and Li (1999)
(Eq 5.1)
𝐶𝑃𝑀𝐸𝐴 = 78.575 + 0.293
𝐶𝑃𝑀𝐸𝐴

𝑇

J/mol.K

Heat capacity of pure MEA at temperature T

K

Temperature of liquid

Excess heat capacity of mixing for MEA and water - Chiu and Li (1999)
𝑖−1
(Eq 5.2)
𝐶𝑝 𝐸 = 𝑥𝑀𝐸𝐴 (1 − 𝑥𝑀𝐸𝐴 ) ∑𝑛=2
𝑖=1 𝐴𝑖 [𝑥𝑀𝐸𝐴 − (1 − 𝑥𝑀𝐸𝐴 )]

The temperature dependence of coefficient 𝐴𝑖 in Eq 5.2

(Eq 5.3)

𝐴𝑖 = 𝑎𝑖,0 + 𝑎𝑖,1 ∗ 𝑇

−148.90
𝑎1 = �
�
0.49208

𝐶𝑝 𝐸
𝑥𝑀𝐸𝐴
T

J/mol.K
%
K

(Eq 5.4)

𝐶𝑝 = (𝐶𝑝 𝐸 + 𝑥𝑀𝐸𝐴 𝐶𝑝

28.033
𝑎2 = �
�
−0.09690

Excess heat capacity of MEA + H2O at concentration xMEA and temp T
Solvent concentration (mol basis)
Temperature of liquid

Aqueous solvent heat capacity – based on Chiu and Li (1999) with additional parameter α used for
sensitivity analysis

α

-

𝑀𝐸𝐴

+ (1 − 𝑥𝑀𝐸𝐴 )𝐶𝑝

𝐻2𝑂

) ∗ (1 + 𝛼�100)

Parameter for sensitivity analysis – varied between -75 and 100
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Figure 5-1: Variation of solvent energy of regeneration for a range of solvent specific heat
capacities and two values of temperature pinch in the cross heat exchanger - Fixed capture level

An additional parameter, α, is introduced to adjust the specific heat capacity and generate a family
of hypothetical solvents with varying heat capacity, all other solvent properties being kept constant .
Changes in solvent energy of regeneration and overall electricity output penalty are shown in Figure
5-1 and Figure 5-2 respectively for variations of the solvent heat capacity with a heat capacity
varying from 25% to 200% of the value of heat capacity for 30%wt MEA – expressed by changes in
the parameter α of Eq 5.4. The results are reported for two values of the temperature pinch in the
cross heat exchanger located between the absorber and the desorber in the solvent loop. Lower
solvent heat capacity reduces thermal energy consumption in the reboiler to cover the temperature
difference between the incoming rich solvent and the outgoing lean solvent.
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Figure 5-2: Variations of the overall electricity output penalty for a range of solvent specific heat
capacities and two values of temperature pinch in the cross heat exchanger – Fixed capture level

5.1.2 Sensitivity to solvent thermal stability
For this part of the analysis the solvent temperature in the reboiler is varied from 90ºC to 150ºC
while the remaining solvent properties are kept identical to those for the 30%wt MEA reference
solvent. Variations of the overall electricity output penalty are shown in Figure 5-3.
As reboiler temperature increases steam extracted from the power cycle tends to become more
valuable. Heat recovery between the amine and compression plant into the power cycle
compensates partially for this. Increasing the reboiler temperature also shifts the vapour-liquid
equilibrium of the solvent towards higher partial pressures of CO2, resulting in an increase in
desorber pressure, which then leads to a reduction of compression power. The latter overcomes the
increase in the EOP of steam extraction, as illustrated in Figure 5-4, and so elevated temperatures of
regeneration are more favourable for overall system performance.
Heat recovery from the compressor train into the steam cycle results in non-linearity at each end of
the diagram in Figure 5-3. Low temperature solvents benefit from the addition of low-grade heat at
temperature around 110-120ºC from the compressor intercoolers into the low pressure feed water
heater train of the power cycle, while the effect is less favourable for solvent regenerated at
temperature above 110-120ºC.
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Figure 5-3: Variations of the overall electricity output penalty as a function of solvent
temperatures of regeneration - Constant cross heat exchanger pinch: 5K – Fixed capture level
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Figure 5-4: Variations of solvent energy of regeneration and desorber pressure as a function of
solvent temperature of regeneration - Constant cross heat exchanger pinch: 5K – Fixed capture level
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5.1.3 Sensitivity to enthalpy of absorption
Changes in the enthalpy of absorption have several effects: on the amine process, the compressor
train and the power cycle. In order to rigorously evaluate those, an additional parameter δ is
introduced in Equation 4-1 and 4-2 to perform a sensitivity analysis on the enthalpy of absorption of
CO2 into the aqueous 30%wt MEA solution used as reference solvent, as illustrated in Equation 5-4.
(Eq 5-4)
δ
∆Habs
T
R

J/mol
K
J/mol/K

∆𝐻𝑎𝑏𝑠 = −(𝑎0 ∗ 𝛿 − 𝑎1 ∗ 𝑇) ∗ 𝑅

Parameter for sensitivity analysis
Enthalpy of absorption of CO2 into aqueous 30%wt MEA
Temperature
Universal gas constant: 8.3145

As a consequence, the solvent vapour-liquid equilibrium is also affected, as described previously by
equation 4-3, in order to maintain thermodynamic consistency with the enthalpy of absorption.
(Eq 5-5)
δ
P*CO2
T

Pa
K

∗
𝑃𝐶𝑂2
= exp(𝑎0 ∗ 𝛿 +

𝑎1
𝑇

+ 𝑎2 ∗ ln(𝑇) + 𝑎3 ∗ 𝛼 + 𝑎4 ∗ 𝛼 2 + 𝑎5 ∗ 𝛼 3 )

Parameter for sensitivity analysis
Pressure of carbon dioxide at equilibrium
Temperature of solvent

Changes to the enthalpy of absorption thus result in variations of the overall electricity output
penalty, as shown in Figure 5-5, where a minimum is observed for a value of the enthalpy of
absorption close to 77kJ/mol. This can be explained by changes in the following parameters:

a) Solvent capacity, defined as the difference between the solvent loading at the bottom and at
the top of the absorber, is modified as the equilibrium between the solvent and the partial
pressure of CO2 at the top and the bottom of the absorber is shifted towards lower - or higher values of loading for respectively lower – and higher - values of the enthalpy of absorption. This
is shown in Figure 5-5 where an increase in solvent capacity is observed for decreasing value of
the enthalpy of absorption until a maximum is attained at 77kJ/mol, which is then followed by a
reduction of solvent capacity.
As the enthalpy of absorption varies so does the solvent vapour liquid equilibrium (VLE) with
CO2 as pointed out in Equation 4-3. A maximum in solvent capacity is observed when the most
favourable VLE is attained for that specific set of process operating conditions, which includes
the approach to equilibrium at the top and bottom of the absorber, here kept constant.
Changes to the enthalpy of absorption – independently of other solvent properties – would have
an effect on mass transfer, and thus on the approach to equilibrium in the absorber. This effect
is difficult to estimate given that mass transfer is effectively affected by many solvent
properties, e.g. diffusivity, reaction rate, surface tension, capacity to foam, amongst many
others. In practice, replacing a given solvent with a solvent with a different enthalpy of
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absorption will very likely result in changes to other properties that also have an effect of mass
transfer.
Because the objective of this work is solely to identify critical pieces of equipment, neglecting
the effect on mass transfer of changes in enthalpy of absorption will have no impact on the
results presented, since it is taken into account separately in section 5.1.4.
It is important to note that, if plant designed for the reference MEA solvent were to be
upgraded with a solvent with an enthalpy of absorption of 77kJ/mol, this new solvent will most
likely require a different set of process operating conditions since thermal stability, specific heat
capacity and mass transfer in the absorber are likely to be different. A solvent with the same
temperature of regeneration, specific heat capacity, mass transfer charactersitics as MEA and an
enthalpy of 77kJ/mol may indeed not exist though.
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Figure 5-5: Variations of the overall electricity output penalty for a range of enthalpies of
absorption. Reference solvent enthalpy of absorption is 82kJ/mol at 40º - Constant cross heat
exchanger temperature pinch: 5K – Fixed capture level
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b) Solvent energy of regeneration:
The thermal energy of regeneration of solvents can be broken down into three principal parts:
• Sensible heat: the energy required from the solvent reboiler located at the bottom of the
desorber to cover the temperature difference between the incoming rich solvent and the
outgoing lean solvent
• Enthalpy of absorption: reversing the absorption reaction by breaking the chemical bond
between the CO2 and the sorbent
• Latent heat: vaporising water to establish an operating CO2 partial pressure and use steam as
the stripping gas to carry the CO2 to the top of the column
Figure 5-7 illustrates the effects of variations of the enthalpy of absorption on solvent thermal
energy of regeneration.
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Figure 5-6: Variations of solvent flow rate and solvent capacity for a range of enthalpies of
absorption. Reference solvent enthalpy of absorption is 82kJ/mol at 40ºC - Constant cross heat
exchanger temperature pinch: 5K – Fixed capture level
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c) Desorber pressure:
Equally, lean solvent loading at the outlet of the reboiler/at the top of the absorber changes the
partial pressure of CO2 entering from the reboiler into the bottom of the desorber. The compression
suction pressure is reduced at leaner solvent loading – and increased at richer solvent loading -, as
shown in Figure 5-7, resulting in changes of the electricity output penalty of compression.
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Figure 5-7: Variations of solvent energy of regeneration and desorber pressure for a range of
enthalpies of absorption. Reference solvent enthalpy of absorption is 82kJ/mol at 40ºC - Constant
cross heat exchanger temperature pinch: 5K – Fixed capture level

5.1.4 Sensitivity to mass transfer in the absorber
All other solvent properties being constant, solvents with specific properties resulting in higher mass
transfer in the absorber section of packing will benefit for a given column size from an increased
solvent capacity, i.e. defined here as the difference between rich and lean loading. A reduction of
solvent flow rate and of the sensible heat component of solvent thermal energy of regeneration
reduces the overall electricity output penalty. Figure 5-8 and Figure 5-9 respectively show variations
of loading at the bottom of the absorber and solvent capacity, and of the overall electricity output
penalty for a range of value of the approach to thermodynamic equilibrium at the bottom of the
absorber in Equation 4-4.
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Variations of mass transfer in the absorber may be affected by a range of solvent properties, notably
kinetics of reaction, diffusivity of CO2 into the aqueous solvent, diffusivity of reaction products into
the aqueous solvent, surface tension, density etc…
The objective of this work is identify key pieces of equipment and characterise their performance
lock-in. It is not to carry out a detailed sensitivity analysis of all solvent properties on performance,
i.e. on the Electricity Output Penalty. The effects on mass transfer of the solvent properties
mentioned above are instead discussed briefly here for completeness.
-

faster kinetics may result in more favourable mass transfer for solvents where this is the
limiting factor to mass transfer

-

a higher diffusivity of CO2 into the solvent and/or a higher diffusivity of reaction products in
the liquid film at the gas/liquid interface may result in more favourable mass transfer where
one of them is the limiting factor to mass transfer

-

A higher surface tension is likely to be detrimental to wetting of the packing and may result
in less favourable mass transfer, while

-

A higher density will improve wetting of the packing and hence mass transfer
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Figure 5-8: Variations of solvent flow rate and solvent rich loading for a range of approaches to
thermodynamic equilibrium at the bottom of the absorber - Constant cross heat exchanger
temperature pinch: 5K – Fixed capture level
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Figure 5-9: Variations of the overall electricity output penalty for a range of approaches to
thermodynamic equilibrium at the bottom of the absorber - Constant cross heat exchanger
temperature pinch: 5K – Fixed capture level

5.2 Effect of key solvent properties on the electricity output penalty of constrained non
future-proofed plants
The previous section reports the electricity output penalty of a range of hypothetical future solvents
using the system design of a dedicated amine process using reboiler generation with the steam cycle
and the compression train optimised for each solvent.
In practice, the performance of real plants upgraded with a new solvent is likely to be constrained to
a sub-optimal level by the existing hardware, because this was initially designed for operation with a
different solvent. If the design of the power plant – steam cycle, compressors and amine process has not been future-proofed to incorporate future technology improvements, this will result in an
additional electricity output compared to a plant with hardware specifically designed for that
solvent.
Sensitivity analyses on solvent properties are performed in this section to quantify this additional
electricity output by returning the electricity output penalty of matching hypothetical solvents of
section 5.1 with a hardware designed for the reference solvent, assuming that no considerations to
future-proofing has been given to the hardware. The following limitations notably occur:
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-

Unlike in the previous section, the surface area in the cross flow heat exchanger between
the absorber and the desorber is kept constant so that the temperature pinch varies with
solvent flow rate. Higher solvent flow rates lead to a wider temperature pinch and an
increase in the sensible heat contribution to thermal energy of regeneration, whilst lower
solvent flow rates will have a beneficial contribution to reducing the overall electricity
output penalty.

-

The capacity of the low pressure steam turbine and the power cycle steam condenser are
set to perfectly match the steam flow entering the steam turbine, and by extension the level
of steam extraction from the IP/LP crossover of the power cycle. Increased levels of steam
extraction are possible at the expense of thermodynamic losses generated by throttling the
inlet of the low pressure steam turbine to maintain its inlet pressure, but since the low
pressure steam turbine and the condenser do not have any excess capacity reductions in
steam extraction level do not lead to additional power generated at constant fuel input, and
hence a lower electricity output penalty.

-

Since the low pressure steam turbine does not have the capacity to handle variations in inlet
steam flow, the crossover pressure from which steam is sent to the reboiler needs to be
kept constant when steam extraction level are varied. This implies that the temperature of
regeneration of the solvent cannot be increased if needed, whereas lower temperature of
regeneration can be achieved by expanding steam through a valve located between the
crossover pipe and the solvent reboiler at the expense of additional thermodynamic losses.

-

Additional surface area in the solvent reboiler, where phase change occurs on both side of
the heat exchanger, cannot be added to reduce the approach temperature in the solvent
reboiler if needed. This leads to a higher electricity output penalty when steam extraction
levels are increased since higher pressure steam cannot be extracted from the power cycle
to compensate for the increased pressure drop in the supply pipeline and temperature
difference in the reboiler. Consequently solvent temperature of regeneration, and hence
CO2 partial pressure, is reduced, leading to an increased amount of water vaporisation for
the same quantity of CO2 desorbed10.

-

The stripper mechanical structure limits the range of operating pressure for desorption.
Changes in solvent properties resulting in increased stripper operating pressure cannot be
implemented. The process may instead be operated at a sub-optimal lower solvent loading
in the reboiler to keep the stripper pressure as high as possible, if justified. Reductions in
operating pressure are possible, but are expected to be limited to above atmospheric values
since negative pressure, i.e. below atmospheric pressure, operation cannot be achieved
without a reinforcement of the mechanical structure of the desorber.

-

Limitations on stripper operating pressure also have implications for the compressor train,
by constraining the scope for the compressor train to operate at higher suction pressures

10

The reader is referred to the work of Oyenekan (2007) for a description of the contribution of water
vaporisation to solvent energy of regeneration for a range of solvent enthalpies of absorption.
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than initially designed for, whilst it limits the extent to which reduced suction pressure may
be required.
Other process limitations not described above may occur. First, large variations in solvent volumetric
flow rates may limit drastically performance. It is assumed that, in the rest of this analysis, the
replacement of solvent circulating pumps or the addition of new circulating in parallel to the existing
pump hardware is carried out for each hypothetical if necessary to highlight the influence of
important solvent properties on other pieces of hardware.
5.2.1 Performance lock-in linked to solvent specific heat capacity
The low pressure steam turbine (and alternator and electricity export capacity) and power cycle
condenser capacity are the most critical limiting factor for changes in solvent heat capacity. A
reduction in solvent heat capacity lowers the thermal energy of regeneration of the solvent and
more steam is available for power generation. If the plant has not been designed to cope with a
reduction of steam extraction level, the low pressure steam turbine is unable to benefit from the
additional steam available 11. A performance lock-in occurs, illustrated by an additional electricity
output penalty compared to the performance of a plants purposely built for each hypothetical
solvents, as explained in section 5.1. This is shown by negative values on the horizontal axis for
Figure 5-10.
For an increase in solvent heat capacity whole system performance is limited by the heat transfer
surface area in the solvent reboiler and the cross-flow heat exchanger (between the absorber and
the desorber) respectively. Two separate effects then limit performance when improved solvents
with higher heat capacity are incorporated.
First, a larger temperature pinch in the cross flow heat exchanger increases the sensible heat
contribution to solvent energy of regeneration. Second, a larger approach temperature in the
reboiler between condensing steam extracted from the power cycle and boiling solvent on the other
side results in a lower temperature of regeneration with more water vaporisation per unit of CO2
desorbed.
Overall, the performance lock-in, i.e. the additional electricity output penalty, of plants unable to
adjust to variations of solvent heat capacity varies linearly with the latter. It is of the order of 25
kWh/tCO2 for a doubling of solvent heat capacity, and a temperature pinch in the cross flow heat
exchanger of 10K. It translates into a 0.8% percentage point efficiency penalty for a typical average
coal with fuel CO2 specific emissions around 350 gm/kWh, as the IEAGHG reference coal (IEAGHG,
2004)
Figure 5-10 also illustrates that changes in solvent heat capacity result in limited variations of the
desorber operating pressure.

11

unless an expensive retrofit with a separate turbine feeding into a dedicated condenser is added to the
power cycle
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Figure 5-10: Additional electricity output penalty and desorber pressure for a range of solvent heat
capacities compared to the electricity output penalties of plants purposely built for each solvents.
Two cases of cross-flow heat exchanger temperature pinch are illustrated.

5.2.2 Performance lock-in linked to mass transfer in the absorber
Variations of mass transfer in the absorber may be affected by a range of solvent properties but also
by process modifications, e.g. through the addition of intercooling in the absorber column.
Obviously, in practice thermodynamic limits limit the approach to equilibrium at the bottom of the
absorber. Solvent upgrades, e.g. with the addition of additives to limit solvent degradation or
hardware, corrosion may limit mass transfer, while promoters may be added to a specific solvent to
increase mass transfer.
This work analyses these effects by examining changes of the approach to equilibrium at the bottom
of the absorber, all other properties being constant. Likewise for changes of solvent heat capacity,
the overall electricity output penalty is modified by changes of the sensible heat contribution of
solvent energy of regeneration to the reboiler duty, as solvent capacity changes. This is illustrated in
Figure 5-11 along with changes of the desorber operating pressure, with an approach to equilibrium
at the bottom of the absorber of 20%, as defined in Equation 4-4, for the reference plant operated
with the reference solvent used in this work. The performance lock-in is somewhat limited to values
of the additional electricity output penalty lower than 10kWh/tCO2 for the range considered here. It
is worth stressing again that the additional electricity output penalty is calculated as the difference
between the electricity output penalty of a plant where no consideration to future solvent upgrade
has been given at the time of commissioning and the electricity output penalty of a range of plants
purposely built for each value of the range of approach to equilibrium at the bottom of the absorber.
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Figure 5-11: Additional electricity output penalty and desorber pressure for a range of approaches
to equilibrium at absorber bottom for a constrained plant compared to the electricity output
penalties of purposely built plants - Constant cross heat exchanger temperature pinch: 5K – Fixed
capture level.

5.2.3 Performance lock-in linked to solvent temperature of regeneration
The performance lock-in associated with solvent temperature of regeneration is directly related to
the capacity of the power cycle to provide heating steam for the reboiler at the pressure required to
minimise the overall electricity output penalty.
Unlike solvent properties associated with a change of mass transfer, the additional electricity output
penalty of plants with a power cycle unable to provide steam at the required pressure for improved
solvents can be significant. This is illustrated in Figure 5-12 for solvent temperature of regeneration
varying from 90ºC to 150ºC for a reference plant designed to supply heating steam at a pressure
suitable for solvent regeneration at 120ºC.
For temperatures of regeneration above 120ºC, on the right hand side of the horizontal axis, a
constrained plant is unable to supply steam at the required pressure, and the additional electricity
output penalty is the difference between the electricity output penalty of a purposely-built plant for
an elevated temperature of regeneration and the electricity output penalty of a constrained plant
regenerating the reference solvent at 120ºC.
For temperature of regeneration lower than 120ºC, the additional electricity output penalty results
from throttling losses of a valve in the extraction line going to the reboiler, and from an increased
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compression duty associated with a lower desorber operating pressure, as indicated in Figure 5-7. In
practice, the throttling losses could be avoided by the addition in the steam extraction line of a backpressure turbine capable of handling large flows and a relatively small pressure ratio. This option,
however, requires modifications to the turbine hall foundation and to the power cycle, requiring
design specific strategies at the time of the design of the plant. The performance lock-in is significant
for low temperature solvents regenerated around 95ºC, and is of the order of 80kWh/tCO2,
equivalent to 2.8% percentage point for coals with fuel specific emissions around 350gm of CO2 per
kWh.
It is also important to note that solvents regenerated at temperatures below 95ºC will operate with
a desorber pressure below atmospheric pressure and will therefore require a reinforcement of the
mechanical structure of the desorber.
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Figure 5-12: Additional electricity output penalty and desorber pressure for a range of solvent temperature
of regeneration for a constrained plant compared to the electricity output penalties of purposely built
plants - Constant cross heat exchanger temperature pinch: 5K – Fixed capture level.
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5.2.4 Performance lock-in linked to solvent enthalpy of absorption
Changes to solvent enthalpy of absorption have wider effect on the overall capture process and
constraints on the hardware of plants, which have not been commissioned to handle solvent
upgrades.
Figure 5-13 notably shows the performance lock-in for a range of hypothetical solvents with their
enthalpy of absorption varying from -15 to +15 kJ/mol compared to the enthalpy of absorption of
the reference solvent (82kJ/mol). For higher enthalpies of absorption than the reference solvent,
solvent energy of regeneration of the constrained reference plant is increased due to lower solvent
capacity, which is not compensated by a reduction in the compression suction pressure. An increase
of 15kJ/mol in enthalpy of absorption results in a performance lock-in of the order of 90kWh/tCO2,
equivalent to 3.15% percentage point of plant efficiency with fuel specific emissions of 350gm of CO2
per kWh.
For lower enthalpies of regeneration down to -10 kJ/mol compared to the reference solvent and
hence lower solvent energy of regeneration, the constrained reference plant does not have capacity
in the low pressure turbine to generate additional power from the excess steam available, and is
unable to operate with this family of hypothetical improved solvents. The performance lock-in is,
however, relatively small, or, in some instances, negative.
The latter is here due to the fact that there is an optimum enthalpy of absorption around -5kJ/mol
(equivalent to 77kJ/mol), as shown in Figure 5-7, different from the enthalpy of absorption of the
reference solvent: 82kJ/mol. At enthalpies of absorption ranging from -10 to 0 kJ/mol example,
solvent energy of regeneration is lower than that of the reference solvent. The constrained plant is
unable to fit these solvents, whereas the electricity output penalty of purposely-built plants goes
through a minimum and then increases when it is gradually reduces to -10kJ/mol.
At -11kJ/mol, corresponding to 71kJ/mol, solvent energy of regeneration is now higher than that of
the reference solvent, due to increased vaporisation of water per unit of CO2 desorbed. The
constrained plant electricity is unable to fit this range of solvents resulting in a performance lock-in
of 25-30 kWh/tCO2.
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Constant cross heat exchanger temperature pinch: 5K – Fixed capture level.
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6. Practical recommendations to incorporate improved solvent technologies
in existing CO2 capture plants
The previous chapter quantifies the performance lock-in for pulverised coal plants fitted with postcombustion capture when improved solvents with different properties become available. The
performance lock-in is expressed in an additional electricity output compared to a purposely-built
plant with hardware optimised for a specific solvent. It shows that a performance lock-in of the
order of 20-30 kWh/tCO2 is possible if plants are unable to accommodate changes to solvent heat
capacity. Mass transfer limitations can lead to performance lock-in of the order of 10kWh/tCO2,
while solvent temperature of regeneration and enthalpy of absorption hardware limitations can lead
to performance lock-in of the order of, respectively, 80 and 90 kWh/tCO2, which is equivalent to a
2.8/3.2 percentage points efficiency penalty for coals with fuel specific emissions around 350gm CO2
per kWh, and is equivalent to a 2.4/2.7 percentage point efficiency penalty with fuel specific
emissions around 300 gm CO2 per kWh.

6.1 Design strategies to future-proof power plants against technology develpments
This chapter discusses design strategies to future-proof power plants with post-combustion capture
so that their hardware is designed with the necessary flexibility to incorporate improved solvent
technologies, and avoid unnecessary performance lock-in. The main findings for the design of the
hardware for CCS power plants in order to be able to incorporate technological improvement in
solvent technology by upgrading are presented in Table 6-1. These design features should be
included in new CCS plants with post-combustion capture to make them more readily upgradable.
CCS power plants will be upgraded in the future if the benefits to plant operators are thought, at the
time, to outweigh the costs and risks of making the changes. Since the performance and the overall
economics of upgrade with future CO2 capture technologies depend critically on unknown
parameters, only low-cost options with no upfront performance penalty when the plant is operating
with its initial solvent are therefore presented. The absence of strong economic drivers to make
large pre-investment for future-proofing the plant design worthwhile justifies this approach.
Examples of uncertainties are the timing when improved capture technologies will become available,
performance of improved capture technologies, future fuel and CO2 prices, future operating hours
and regulatory developments on capture levels beyond 2030 and solvent emissions. Thus, significant
capital pre-investments, beyond space and access, are unlikely to be justified by the cost reductions
that can be achieved when the capture technology is upgraded. Utilities then face no need to resolve
the uncertainty surrounding the timescale for an upgrade in order to justify any initial capital
investments or generation revenue losses through increased CO2 capture levels.
There are also other important considerations to avoid performance lock-in that are not directly
related to the solvent properties discussed in Table 6-1.
Process upgrades can lead to reduction in the overall electricity output penalty through reduction of
the solvent energy of regeneration, e.g. solvent intercooling, lean vapour recompression from a flash
tank at the outlet of the reboiler into the desorber, split flow solvent loop, etc.
Other improvements may lead to higher revenues without necessarily leading to variations in the
overall electricity output penalty. This notably includes solvent management improvements to
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reduce costs associated with a replacement of solvent inventory, e.g. additives to reduce solvent
degradation, additives to reduce material corrosion, advanced solvent reclaiming techniques etc.
Process improvements leading to increase in reliability, availability, operability and maintainability
will also fall into that category.

6.2 Considerations for plants with electricity output export constraints
One of the most important characteristics for upgradability is effectively for the base power plant to
be able to operate with any level of steam extraction and electricity export up to the maximum
rating without capture. But this also will confer operational flexibility to allow by-pass of capture at
periods of time when electricity is extremely valuable or the additional power is critical to the
stability of the electricity grid the plant operates in. In other words, there are obvious synergies
between operational and “upgrading” flexibility and both needs to be accounted for when
determining the value of spare low pressure turbine, generator, alternator and steam cycle
condenser capacities.
Previous work by Tenaska Trailblazer has notably shown that oversizing the low pressure turbine,
generator and steam cycle condenser of a new-build pulverised coal plant with CCS may already be
economically justified in the ERCOT electricity market in Texas because of increased availability with
capture by-pass by (Tenaska Trailblazer Partners (2011)). The implementation of improved solvent
technologies reducing solvent energy of regeneration and resulting in additional electricity export at
constant fuel input may benefit greatly from such a pre-existing advantage for an oversized
turbine/generation system in new capture plants as well as retrofits.
For new pulverised coal post-combustion plants built without the steam turbine capacity to handle
the maximum possible steam flow it would still be possible to leave scope to add an additional LP
cylinder (and condenser), using a speed-synchronised clutch (e.g. SSS model), to the ‘free’ end of the
alternator. If this were not possible, plant operators may be left with the choice, depending on local
market conditions, of decreasing fuel input to reduce fuel costs, or to increase CO2 capture levels.
Effectively, this implies that power plants retrofitted with post-combustion capture, but also newbuild post-combustion capture power plants with oversized electricity output export capacity and
operating in electricity markets where flexibility comes at a premium, will benefit from the capacity
to upgrade their capture technology at limited additional costs compared to new-build plants sized
for fixed capture levels throughout their life. They are likely to be prime candidates to benefit from
the additional power associated with improved capture technology performance.
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6.3 Considerations for repowering when upgrading the capture technology
One of the most important characteristics for upgradability is for the base power plant to be able to
operate with any level of steam extraction and also with any level of electricity output up to the
maximum rating without capture, e.g. if a solvent-based system is upgraded with a technology
relying solely on electricity rather than a combination of electricity and heat (some membrane-based
technologies or adsorption with a pressure swing)
The ability to operate with any level of steam extraction and with any level of electricity output up to
the maximum rating without capture will also confer operational flexibility and so is likely to be
implemented in practice on new plants (e.g. as at SaskPower’s new Boundary Dam project 12) or on
any integrated CCS retrofit project. Even if new pulverised coal post-combustion plants were to be
built without the steam turbine capacity to handle the maximum possible steam flow it would still
be possible to leave scope to add an additional LP cylinder (and condenser), using a speedsynchronised clutch (e.g. SSS model), to the ‘free’ end of the alternator.
Retrofitting existing CCS power plants using additional gas turbine CHP plant to provide steam and
power for the post-combustion capture unit (e.g. NRG Parish project 13) has also been proposed
(IEAGHG, 2011b). It may also be an option for upgrading capture technologies, if economically
justified. It should be noted that not capturing CO2 from the gas turbine exhaust poses different
issues, with the obvious requirement being space for additional capture units for the gas turbine and
the necessary additional steam extraction from the gas turbine steam cycle (or a further additional
gas turbine). Alternatively, steam extraction may revert to the main unit if the gas turbine is not
going to be used for base load capture operation in the future.

6.4 Considerations to process improvements
It is also possible to reduce the electricity output penalty by modifications of the post-combustion
capture plant and compression train hardware. The reader is referred to a review by Cousins et al
(Cousins et al, 2011) for a description and a comparative assessment of the many possible process
modifications to the post-combustion capture process. In most cases, the focus is on a reduction
solvent energy of regeneration through better thermodynamic integration within the amine plant,
and a reduction of thermodynamic irreversibilities of CO2 absorption, which increases solvent
capacity.

12

http://www.saskpowercarboncapture.com/projects/boundary_dam

13

Anthony Armpriester & Satish Reddy, NRG Energy CCPI Program Update, USEA Presentation, Washington,
DC, October 5, 2011. http://www.usea.org/Programs/CCSBriefings/NRG_Fluor_CCPI_Update.pdf
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It is possible to future-proof CCS power plant by leaving space for hardware for specific process
improvements, e.g. flash vessels, ducting and compressors for additional flash regeneration or lean
solvent vapour recompression.
Although evaluating the performance lock-in of each possible process improvements is outside the
scope of this work, it should be noted that the key pieces of equipment necessary to implement
these ameliorations to reduce the overall electricity output penalty are common to those identified
for solvent upgrade, notably for improved mass transfer and reduced solvent specific heat capacity.
They are not discussed in details in this report since process upgrades and solvent upgrades lead to
similar conclusions.
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Table 6-1: Low-cost options for future-proofing strategies to incorporate improved solvent technologies
Critical piece of
hardware
CO2 compressors

Description of performance lock-in

- Decrease in suction pressure leads
to lower CO2 delivery pressure to
pipeline
- Increase/decrease
in
suction
pressure
leads
to
reduced
compressor efficiency and/or flow
rate
Solvent circulating - Inability to operate with different
pumps
solvent flow rates

Steam
turbines/Steam
cycle

Possible future-proofing strategies

Relevant solvent properties

- Space for booster compressor(s) if necessary
Enthalpy of absorption
- Capacity to by-pass compression stages
Thermal stability
- Provision for compressor inlet guide vanes and/or
variable speed drive to accommodate changes to
first stage volumetric flow

- Provision for variable speed drive
- Space for booster pumps if necessary
- Scope to fit a different/modified impeller

- Inability to use excess steam - Provision for excess steam swallowing capacity in
available to generate additional
low pressure turbine and condenser. Capacity is de
power
facto available in retrofitted plants, but not
- Inability to supply steam at elevated
necessarily in new-build.
pressure
- Extraction at elevated crossover pressure with
further expansion of extracted steam in backpressure turbine
- Floating crossover pressure to provide (limited)
flexibility to accommodate a range of extraction
pressure
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Heat capacity
Enthalpy of absorption
Thermal stability
Mass transfer properties (See
discussion on absorber column for
more details)
Heat capacity
Enthalpy of absorption
Thermal stability
Mass transfer properties (See
discussion on absorber column for
more details)

Critical piece of
Description of performance lock-in
Possible future-proofing strategies
hardware
Cross flow heat - Increased temperature pinch at - Space in heat exchanger structure for additional
exchanger
higher solvent flow rates lead to
surface area if necessary
increased solvent energy of
regeneration

Desorber column

- Inability to operate at elevated operating pressure or below
atmospheric
-

Absorber column

- Inability to operate with improved solvents requiring more surface area
and/or residence time
-

CO2 Pipeline

- Inability to transport additional CO2 at increased capture levels.

Heat
recovery - Inability to benefit from increased system into power
heat recovery at lower steam
extraction level from power cycle
cycle feed water
heating train
-

Relevant solvent properties

Heat capacity
Enthalpy of absorption
Reaction kinetics
Vapour liquid equilibrium
Diffusivity of CO2 in solution
Diffusivity of reaction products
Viscosity
Density
Surface tension
Reinforce mechanical structure for elevated Enthalpy of absorption
pressure/sub-atmospheric operation
Thermal stability
Maximise pressure design rating where codes
allow this to be done at minimal cost.
Provision for additional, unpacked, height in the Reaction kinetics
absorber
Vapour liquid equilibrium
Diffusivity of CO2 in solution
Space for (additional) intercooling infrastructure
Diffusivity of reaction products
Viscosity
Density
Surface tension
Strategies to compress and transport 95% or N/A
higher of the likely future CO2 production from the
plant (these will depend on the number and size of
compressors fitted and the pipeline system
downstream)
Space for additional heat exchanger in compressor Heat capacity
train(s) and/or for additional condensate and Temperature of regeneration
Enthalpy of absorption
heating medium flows
Space for additional boiler condensate circulating Mass transfer properties
pumps or for change of impellers/motor size.
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7. Future-proofing for novel post-combustion capture technologies
7.1 The background and context for novel post combustion capture technologies
7.1.1 Clarification of ‘novel’ and ‘2nd and 3rd generation’ technologies terminology and significance
It is obvious that the 2nd generation of a CO2 capture technology will be better than the 1st
generation and the 3rd better than the 2nd – and so on, due to ‘learning by doing’. But a novel
technology that first comes to market at the same time as 2nd, 3rd etc. generations of established
technologies cannot itself be anything but a 1st generation of that particular novel technology.
Novel technologies may be better than later generations of pre-established technologies when they
both come to market – but this cannot be taken for granted in the same way as it can be for true 2nd
and 3rd generations of a technology when compared to the 1st generation of the same technology.
The 1st generation of a novel CO2 capture technology ought to be better than the 1st generation of an
earlier CO2 capture technology (or whatever generation the latter had reached when the developer
became committed to the novel technology). But this may not be the case because:
•

The developer may not have assessed the competing technology correctly

•

The developer is quite likely to be optimistic about ‘their’ novel technology

•

The novel technology is 1st generation – things may not turn out as expected

While it is a common error to call novel CO2 capture technologies ‘2nd or 3rd generation’ it is
manifestly apparent that when they come to market they will be 1st generation examples of that
technology.

7.1.2 Novel post-combustion capture technology options
Each of the current dominant CO2 capture methods (pre- and post combustion and oxyfuel) offer
different, sometimes contrasting benefits, and for future new plant the appropriate choice of
capture plant technology is highly likely to be also due to local factors. Plant location and size, local
regulations, and fuel type, quality and price will determine respective design priorities, for example
whether to maximise plant efficiency or minimise capital costs, and this will in turn influence
decisions for the most appropriate capture method. Post combustion capture however, unlike the
other two approaches, operates without significant changes to the power plant combustion process
or the turbomachinery of the power generating cycles. Except for adjustments to (typically) the
bottom of the steam cycle to extract low grade steam for solvent or sorbent regeneration, the
power cycles remain relatively unchanged, and capture processes can be attached to the operating
plant with minimal interference. In addition, post combustion capture can be added to existing or
new power plants in a staged process where carbon dioxide is initially captured from a fraction of
the total plant output. This allows for large scale capture, transport and storage technologies to be
demonstrated and established at reduced cost and risk compared with full capture operation. The
technology can then be scaled up to full plant capture, making post combustion capture a strong
contender for first generation capture plant technologies. These first generation post combustion
technologies will, however, probably be susceptible to future technology or regulatory ‘lock in’ or

other uneconomic operations, and as such post combustion technologies are the focus of this
literature review 14.
7.1.3 CO2 separation from post combustion flue gas
The post combustion carbon dioxide separation method in the most advanced state of development
is chemical absorption using amine and other aqueous compounds in packed columns. Capturing
CO2 is currently the most energy and cost intensive stage of the CCS process chain and can represent
60-75% of the increased cost of electricity production with CCS (Feron and Hendriks, 2005, Ciferno,
2007). Significant scientific effort has been therefore focussed on identification or development of
new solvents or alternative technologies which could provide improved CO2 separation, at lower
cost. The literature on chemical absorbents aiming at outperforming current amine baseline solvents
is extensive. Research has been predominantly directed towards the development of new complex
or hindered amines, and blends of these (i.e. 2nd or 3rd generation amine solvents), but the
properties of other hot alkaline solutions, ammonia, amino‐acid salts, enzymes additives and more
recently ionic liquids have also been investigated as potential novel solvent improvements. In
addition, there is extensive ongoing work to improve the contacting equipment, regeneration
processes and overall process design of the absorption units, specific to dilute CO2 capture from
power generation flue gases.
Novel non-solvents processes using solid sorbents and membranes have also been the focus of
considerable research, with the aim of significantly lowering the energy penalty and cost of the
capture process if they can be developed to operate effectively at scale. These include high surface
area solids such as metal organic frameworks to act as sorbents in pressure, temperature or electric
swing adsorption processes, and membranes that selectively pass CO2 from the gas bulk.
In this technology review separation technologies are categorised into the following three groupings:


Absorption with aqueous or liquid solvents



Adsorption with solid sorbents



Membrane separation

7.1.4 Aspects of post-combustion CO2 separation technologies that can lead to more effective
performance
To review current state-of-the-art and future capture processes, the aspects of process performance
which can give rise to a more effective CO2 separation technology for dilute power plant flue gases
need to be considered. Key areas in which improvements may arise are as follows:
Reduced energy requirement
As already noted, but reiterated here for completeness, the energy requirement of the capture
system is the sum of the thermal energy for regeneration of solvents or sorbents, plus the electrical

14

Similar separation technologies to those described for post combustion can often also be applied to precombustion capture systems, but this is beyond the remit of this study.

energy required to operate any pumps, blowers and compressors needed for the process, as well as
final compression requirements for CO2 transport and storage. It follows that technologies that
minimise the overall electricity output penalty of capture will be attractive possibilities. However,
the combination of heat and electrical energy is process specific and can be hard to quantify for
specific solvents, sorbents or membranes. Therefore, this review compares literature values of
MJ/kg CO2 captured for each separation technology, which usually takes into account process
requirements in the separation phase, but excludes final compression.
To account for process specific aspects, solvent flow rates are considered for each technology to give
an indication of further energy requirements. Process configurations that reduce the compression
penalty are also considered; compression electricity output penalties will become relatively more
significant as the separation electricity output penalty is reduced with improved solvents, sorbents
or membranes. Compression penalties may be reduced by higher pressure stripping, higher
temperature processes which provide thermal compression, and processes which may offer
increased CO2 purity.
Reduced scale and equipment sizing
Solvent flow rate will determine the size of most equipment in aqueous processes, and is a function
of reaction rate kinetics and solvent capacity. Faster reaction kinetics require less solvent contact
time and so imply lower absorber residence times, leading to possibly shorter columns. High
capacity solvents imply less overall solvent quantity, which potentially reduces solvent purchase
costs as well as equipment sizing. Capacity is a function of the solvent type also the solvent
concentration. At higher concentrations the capacity is increased but high concentrations for many
solvents can lead to corrosion and degradation (Davidson 2007), also the viscosity of some solvents
can be too high for effective wetting at high concentrations. Solvent dilution increases flow rates and
equipment sizing.
The capacity of solid sorbents is also a metric for improvement, with higher capacity sorbents
potentially offering lower reactor sizes and purchase costs. Similarly membrane scale is an important
metric as the capital cost of membrane systems at scale may be a limiting cost factor for this
technology.
High CO2 selectivity
Impurities in compressed CO2 affect changes in phase boundaries which can lead to significant issues
with two-phase flow when transporting dense phase CO2 to storage, and thus require higher
compression requirements. Pure CO2 could offer lower compression energy than impure mixtures.
Traces of water or other oxidisers can also lead to unacceptable levels of pipe corrosion. Aqueous
absorption currently offers very high selectivity, with 99.9% CO2 purity achieved once dehydrated
(Finkenrath, 2011). Sorbents and membranes tend to display lower CO2 selectivity, with significant
amounts of nitrogen or other impurities removed with the isolated carbon dioxide stream.
Resistance to degradation
The presence of oxygen, NO2 and SOx in flue gas can cause degradation of some solvents, sorbents
and membranes, and corrode the equipment. As such these chemicals must usually be removed
prior to CO2 absorption requiring expensive upstream high quality FGD and NOx removal
technologies in the plant. Solvents that resist degradation by impurities in the flue gas will require

less upstream gas processing, using less space and equipment, and also have lower solvent make-up
costs. Thermal degradation is also the main limiting factor in solvent (and temperature swing solid
capture material) regeneration temperatures. Solvents resistant to thermal degradation allow for
higher regeneration temperatures, leading to thermal compression in the desorber and the
possibility of lower compression energy duty.
Volatility and environmental impacts
Volatile solvents can escape as effluent emissions through the flue gas exit of the absorption
column. This has implications for cost in terms of solvent make up, especially when the solvents are
expensive, and can raise operating costs above savings made in energy reduction. Additionally,
significant amounts of solvent lost to surrounding environment can have serious implications when,
as in the case of some amines, the compounds or secondary chemical products have potentially
toxic or harmful effects.

7.2 Current state-of-the-art and future technologies for separation
Here, published process parameters offered, or potentially offered by the major separation
technologies are summarised in relation to the above criteria. Aqueous solvents that would
generally be considered 2nd or 3rd generation progression from current amines and more novel
solvents such as ammonia, amino acid salts and ionic liquids are considered, and also novel
technologies based on solid sorbents and membranes. Values are considered for a typical coal plant
operating with 90% CO2 capture. Technologies which do not present evidence that they might
potentially meet this level of capture were not considered in this review.
As far as possible, process equipment and space requirements to upgrade to alternative
technologies are also discussed.

7.2.1 Solvents
Aqueous amine absorption of CO2 is a mature technology, with similar industrial CO2 absorption
processes used for decades in natural gas sweetening and ammonia production.
MEA – the reference solvent in this work
MEA, a primary amine, is historically the most widely studied for CO2 capture. MEA has several
advantages, including high reactivity, low solvent cost, and a low molecular weight, which provides a
high absorbing capacity with respect to its mass. It degrades at temperatures over 120 °C, but
displays reasonable thermal stability at lower temperatures. It is therefore able to treat a high
volume of warm acid gas at a fast rate, which makes it an attractive option for large scale carbon
capture processes. It has higher volatility (leading to solvent losses), and more corrosive effects than
many other alkanolamines. Aqueous MEA-CO2 systems also have the tendency to form stable
carbamate, and other degradation products in oxidising environments, and display sensitivity to SO2
(requiring levels of less than 10 ppmv) and NOx (Davidson, 2005).

‘2nd and 3rd generation’ alkanolamine alternatives to MEA – secondary, tertiary, cyclic and hindered
amines: Potential for improvement
There is potential to improve capture performance by using alternate alkanolamines such as
secondary, tertiary amines, cyclic and hindered amines, which offer a different set of advantages and
disadvantages associated with absorption capacity, reaction kinetics and regeneration facility.
Secondary and tertiary amines offer higher capacities and lower values for heat of absorption
(Skinner et al. 1995) with the potential for lower reboiler energy penalties, but also increased
compression work. The more complex the amine, the higher the tendency to reduce the di-pole
attraction in the chemical bond with CO2, which therefore displays slower kinetics than primary
amines (Littel et al., 1992a and 1992b), but a preference for bicarbonate over carbamate formation
which leads to higher capacities and enhanced absorption mol/mol (Veersteeg et al., 1996). Tertiary
alkanolamines, like MDEA, exclusively form bicarbonates, lead to a doubling in solvent capacity and
a low solvent regeneration cost, but a very low reactivity and reduced mass transfer rate (Bougie
and Iliuta, 2012). Cyclic diamines such as piperazine (PZ) have shown promising properties of high
CO2 capacities with fast reaction rates and fast mass transfer; experimental results (Freeman et al.
2010a) indicate that the rate of CO2 absorption is 1.5–3 times that of MEA with double the capacity,
and potential lower regeneration costs. PZ offers significantly lower oxidative degradation rates than
MEA and displays thermal stability up to temperatures of 175 °C (Freeman et al., 2010b). However,
PZ is highly corrosive, a 1:1 MEA/PZ solution has shown corrosion rates of over 180 mpy, well
exceeding the required 10mpy for carbon steel, compared with around 22mpy for 30%wt MEA
(Nainar and Veawab, 2009). Corrosion inhibitors can help reduce this figure, but inhibitor chemicals
have been shown to increase oxidative solvent degradation, and themselves require further
inhibitors (ibid). Moreover, piperazine and other cyclic amines display very low levels of
biodegradability and high potential for ecotoxicity, and have been included in a list of amines to
phase out of use (Eide-Haugmo et al., 2009). Steric hindrance, by a bulky substituent adjacent to the
amino group, has also been shown to enhance aqueous CO2-amine reactions, providing both high
thermodynamic capacity and fast absorption rates (Sartori and Savage, 1983). The most widely
considered sterically hindered amine is 2-amino-2-methylpropanol (AMP). Depending on the nature
of the hindering substituent group, it can lower the stability of the carbamate formed to a greater or
larger extent. Large steric interference can lead to low reaction rates, but reduced carbamate
stability allows CO2 loadings to exceed those attainable with conventional, stable-carbamate amines,
and can even double the capacity if the bicarbonate reaction pathway becomes preferential (Bougie
and Iliuta, 2012).
Blends of amines are also being explored, often to combine amines with fast reaction rates with
other amines with higher capacities. Aroonwilas and Veawab (2004) investigated mixtures including
MEA−MDEA, DEA−MDEA, MEA−AMP, and DEA−AMP in a packed column absorber. They concluded
that the CO2 absorption performance of blended alkanolamines is generally between, but does not
necessarily have a linear correlation with, the performance of their parent alkanolamines. Tertiary
and hindered amines were especially susceptible to primary amines to increase reaction rates.
‘2nd and 3rd generation’ Alkanolamine alternatives to MEA: Considerations for plant upgrade
Improved solvent capacity implies lower solvent flow rates for equivalent levels of CO2 capture. It is
likely therefore that any absorption units will be over rather than undersized in the event of an
upgrade, and existing columns can be used. Pumps and other ancillary equipment will also be

oversized, but it is likely that these will be operating with variable speed drives to accommodate any
start up or part load operations and if so may not need replacing.
A lowered heat of regeneration could potentially also mean the desorber column was oversized for
the new solvent, and it is likely that existing equipment could again be used, although potentially
with greater than optimal steam consumption to maintain the oversized desorber temperature and
pressure. Any change in steam requirement as a result of changes to regeneration energy would also
need to be accommodated by a well controlled change in steam pressure if steam were extracted
from the main power plant. If the power cycle is not adequately designed to cope with changes in
steam extraction levels, inefficiencies as steam is throttled or cooled to lower regeneration
requirements will occur. Steam extraction pressure may also change for a solvent with greater
thermal stability, where higher temperatures are feasible in the desorber and steam pressure
requirements increase (for the benefit of lowering compression energy penalties).
If a solvent is selected which offers sufficiently desirable capacity and regeneration costs, but as a
result offers lower reaction rates, the height of the absorption column may not be sufficient to
capture the previous levels of CO2. In this case, and where high levels of capture are still required,
additional packing height will need to be added.
Finally, if the selected solvent displays significantly higher corrosivity, changes to the column
internals and ancillary equipment may be necessary, depending on materials originally used.

7.2.2 Aqueous ammonia and the chilled ammonia process
Potential for improvement
Ammonia-based absorption occurs on similar molecular pathways to amines, with carbamate and
bicarbonate reaction pathways (Yeh et al., 2004) but has been claimed to have a number of other
advantages over amine-based systems (Figueroa 2008), such as tolerance to oxygen, low purchase
cost, high CO2 capacity potential and chemical and thermal stability, so giving the potential for
regeneration at high temperatures and hence pressures which could reduce compression costs.
Resnik (2004) Yeh (2005) compared the carbon dioxide capacities of aqueous ammonia solutions and
MEA and found that the CO2 carrying capacity of an 8 wt% NH3 solution was 0.07 grams of CO2 per
gram of solution compared with 0.036 for a 20 wt% MEA solution. Due to these higher loading
capacities and its lower heat of reaction, test results demonstrated that a 62% reduction in
regeneration energy is possible aqueous ammonia solution (Yeh, 2005).
A few concerns exist with ammonia wet-scrubbing, notably that the flue gas must be cooled to 1525°C to enhance CO2 solubility, reduce the overall enthalpy of reaction and minimize ammonia
vapour emissions from the absorber. Additionally, there is concern over ammonia carryover in the
CO2 during regeneration at elevated temperatures. Process optimisation to increase CO2 loading and
use of various engineering techniques to eliminate ammonia vapour losses during operation have
been presented (Resnik 2004, Yeh 2005). Puxty (2010) estimates solvent losses of up to 50% per
cycle in the worst case scenario, which would counter any cost savings through energy efficiencies.
Park (2006) also investigated aqueous ammonia solutions and noted too that its drawbacks were the
loss of ammonia due to its volatility. To maintain a predominantly bicarbonate based system and

minimise desorption energy requirements and ammonia volatilisation, higher rich/lean loadings will
need to be operated.
A chilled ammonia process, patented by Alstom (Gal, 2008), offers a similar process at chilled
absorption temperatures (0-10°C) and high temperature desorber temperatures (100-200°C) to
reduce volatile solvent losses. The cooling of the flue gas is accomplished by using direct contact
coolers. In this temperature range precipitation occurs in the absorber and different absorption
column processes may be required. It is estimated a 50% energy saving on the MEA could be seen by
this process (IEAGHG, 2009).
Considerations for plant upgrade
Process optimisations for ammonia wet scrubbing primarily involve the maintenance of low
temperatures. If a capture plant is upgraded to an ammonia system, additional flue gas cooling
capacity will be required, and given the large volumes of flue gas associated with power plant
operations, the sizes of the additional pieces of equipment required could be significant. Additional
water wash facilities may also be required on top of the standard absorption column wash to reduce
solvent slip.
Puxty (2010) estimates that ammonia plant will be operated with higher lean/rich loadings (e.g. 0.3
mol/mol to 0.6 mol/mol) to force the equilibrium towards bicarbonate rather than carbamate
formation to reduce both volatilisation and desorption energy requirements. Bicarbonate formation
is a slower reaction requiring longer absorber residence time, so a longer absorber. The same study
estimates that a temperature below 293 K or ammonia concentration below 6 mol/L will also require
a larger packing area due to further reduce mass transfer kinetics, and thus a larger absorber relative
to MEA is needed to achieve the same amount of CO2 removal. Larger columns, pumps and other
ancillary equipment may therefore be required.
7.2.3 Amino acid salts
Potential for improvement
Amino-acid salt solutions are another alternative aqueous chemical solvent. They operate along the
same carbamate/bicarbonate pathways as amine compounds, and exhibit fast reaction kinetics, high
cyclic loadings with favourable bind energy and low oxidative degradation (Brouwer et al., 2005).
There has been some commercial interest in this technology and Siemens and E.ON have a pilot
plant operating this technology in Grosskrotzenburg near Hanau, German 15.
Several amino-acid salts also produce solid precipitates when CO2 loading exceeds a certain value,
shifting the equilibrium and further increasing the loading availability maintain a high driving force at
high loadings. This slurry operation is patented under the DECAB process (Versteeg et al., 2003).
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Considerations for plant upgrade
To ensure full separation, the desorber in the DECAB process requires an integrated heat exchanger
to maintain high temperatures required for solid regeneration at the bottom of the tower. The
absorber must be able to handle slurrys, which is problematic with packed columns, and spray
columns can be more appropriate for this operation. It is likely that both columns would need
replacing. In such columns, the effective area will be lower than a packed column which will trade off
against improvements in kinetics and solubility, and the column may be of similar size to MEA
operations. However, flow rates will generally be lower and other equipment sizing could be
adequate for the process.

7.2.4 Ionic liquids
Potential for improvement
Ionic liquids are salts with a melting temperature above the boiling point of water. Some ionic liquid
compounds offer chemical absorption of CO2 while others offer physical absorption, but they have
been shown to offer very good solubility for CO2, 40 times greater than MEA (IEAGHG, 2009). They
have negligible vapour pressure and as such exhibit very small losses into the flue gas which is
beneficial both in terms of solvent make up and also environmental pollution. However, pure ionic
liquids have viscosities ranging up to 1000 mPa, 500 times higher than MEA and as such are
unsuitable for absorption columns. There is uncertainty over their corrosivity, their current purchase
price is high and further, pure ionic liquids display very slow kinetics. Dilution with water goes
someway to addressing both these issues, and a 60 wt% aqueous ionic liquid was found to be the
most promising blend (Wappel, 2009).
Consideration for plant upgrade
Similar considerations to tertiary or cyclic amines will likely apply to upgrades to ionic liquids, with
high capacity, low regeneration heats, but slow kinetics and high corrosivity.

7.3 ’Novel’ power plant post-combustion technologies
7.3.1 Solid sorbents
Particulate solid materials can be used for CO2 separation by adsorption onto the surface of
sorbents. Theoretical and experimental research indicates that there is potential for sorbent
materials to exhibit better CO2 capacities and lower regeneration energy requirements than aminebased systems (Samanta et al. 2012). A study by Sjostrom and Krutka (2010) compared over 20
different sorbent materials in a cyclic temperature swing adsorption process, and indicated that
several sorbents have theoretical regeneration energies significantly lower than industry
benchmarks, with amine supported sorbents displaying the highest CO2 capacities.
Adsorption using solid sorbents consists of two distinct stages, in a similar fashion to absorption,
adsorption and desorption. In the desorption stage, the bed is either heated to release the CO2 or a
regenerator column is used, operating at lower pressures and higher temperatures. The adsorption
stage determines technical feasibility, whereas desorption predominantly dictates the economic
viability of the process (Wong and Bioletti 2002). Using one column for adsorption and desorption is
inherently inefficient due to losses heating and cooling the bed. However, the economics of using a

separate regenerator column with associated higher capital and operating costs may not always be
justified if sorbent development allows for minimal temperature difference between the stages.
Adsorption processes typically use packed or fluidised beds where adsorbent is loaded into the
reactor and flue gas passed through the void in between the particles. Fluidized-bed contactors
display advantages such as superior gas–solid contact, minimum pressure drops, temperature
uniformity, and faster kinetics. Efficient use of the contactor type is key to efficient operation of
adsorbent processes. In fluidised systems, flue gas is pressurised, and gas velocities are higher than
in aqueous packed columns (Bhown and Freeman, 2011) to produce fluidisation of the bed.
However, high levels of attrition in fluidised beds causing rapid degradation of the sorbent materials
is a major cost concern, and so effort is going into researching novel packed bed contactors as well
as fluidised bed systems.
Tarka et al. (2006) presented an assessment of design parameters, performance, and economics for
CO2 capture CO2 from a 500 MW supercritical PC plant using sorbent fixed beds, fluidized beds, and
novel radial-flow fixed beds. They report that the fixed-bed contactor cannot provide the level of
capture required without an extremely large footprint, ten times larger than typical MEA processes.
Pressure drops and indicative areas for fluidized-bed and designs for novel radial-flow fixed-bed
reactors are indicated in Table 7-1 below. Novel fixed beds were investigated because fluidised beds
significantly increase the attrition effects on sorbent particles, and can have associated high sorbent
replacement costs, every 6 months instead of 2 years.
Table 7-1: Design parameters for fluidised and novel fixed beds using amine-enhanced solid
sorbents for CO2 separation, Tarka et al (2006)

MEA Scrubber
Fluidised bed
Novel fixed bed A
Novel fixed bed B

Gross plant Flow rate
size (MW)
per unit
(acfm)
491
250,000
465
150,000
474
150,000
478
300,000

Pressure
drop (bar)
0.2
0.02
0.15
0.2

ID fan
load
(MW)
22.4
6.5
15.9
19.4

No. of units

8-10
8
8
4

Total
footprint
(m2)
465 - 835
650
690
900

State of Development
Adsorption-based separation processes are used at large-scale in chemical process industry
applications, but viable adsorption processes for very large-scale CO2 capture would require
development of both adsorbent materials and corresponding processes (Samanta et al., 2012). A
number of research groups internationally are investigating the development of new sorbent
materials that can offer ultra-high surface area porous materials for CO2 capture, These include
zeolytic structures, metal organic frameworks (MOFs), and organic polymers. These materials can
often be designed and theoretically manufactured for optimal size and shape properties. Because
CO2 capture research in this area is relatively new, little work has yet been done to assess these
materials under realistic capture conditions or to incorporate them into capture technologies.
Materials have not yet advanced beyond lab-scale testing, and there are still many uncertainties
associated with the process development.

Consideration for plant upgrade
Absorber and desorber packed columns are not suitable for packed or fluidised bed reactors and will
need to be replaced. Space requirements could be similar for the replacement reactor system.
Depending on the reactor type (fluidised or packed) the pressure drop will be significantly different,
potentially far lower than for the packed column, and the ID fan may become oversized, although
probably still usable at a suitable turn down rate as flue gas flow rates will be similar.
A regenerator bed will need a heat source, and this could be taken from an IP/LP cross over pipe in a
similar fashion to amine based integrated capture systems. Steam requirements may be different to
the amine reference, and steam supply will need to be adequately controlled for efficient operation.
Potential sorbents have been shown to operate at 40°C (Lin et al., 2012) and so flue gas inlet
temperatures may be similar to amine based systems, with flue gas cooling systems remaining the
same.
Solid handling equipment will be needed for sorbent delivery and replenishment. Pumps, piping and
other equipment for the liquid solvent based system will obviously no longer be of use.
7.3.2 Membrane technologies
Membranes can be used for selective permeation of gases, and are under consideration for
separation of CO2 from flue gases. Membranes that are well suited to CO2 capture display high CO2
selectivity, high permeability and adequate resistance to degradation due to elevated temperature,
or from water or other impurities. There are several types of membranes that are under
consideration for use with post combustion carbon capture processes, as summarised in Table 7-2.
As well as utilising different membranes for gas CO2 separation, membranes are also being
considered for improvements to gas/liquid contacting in solvent based systems, and for the removal
or water from flue gas where required for novel solvents, or from compressed CO2 for the very low
levels required for pipeline transport.

Table 7-2: Membrane Processes for post-combustion CCS application, from Favre (2011).
Target

Membrane process

Carbon dioxide capture

1. Gas separation membranes (usually a dense polymer)
2. Chemically reactive membranes
3. Liquid membranes

Intensified gas liquid absorption

Membrane contactor (hydrophobic porous membrane)

Flue gas or CO2 dehydration

Membrane gas separation

In membrane flue gas separation, gases pass across a membrane from an area of higher to lower
pressure, the higher the pressure differential, the more effective the gas transfer. This pressure
difference is maintained through a combination of electrical compression or vacuum, thermal
compression or an inert gas sweep. Maintaining these pressures can bring a significant energy
penalty, and so high permeability is an important membrane property. High CO2/N2 selectivity
produces a purer stream of exit CO2 necessary for pipe transport, and dictates the percentage of CO2

capture. It is estimated that selectivities of over 100 are needed for CO2 flue gas concentrations
lower than 20% (which is in the region of CO2 partial pressures produced by coal and gas
combustion, typically of the order of 10-15% and 3-4% respectively), with selectivies of 200 needed
for membranes to compete with other separation technologies (Van der Sluis, 2002). Most currently
available membranes currently have CO2/N2 selectivities of less than 50 (IEAGHG, 2009). However,
recent work including a review of important polymer materials in membrane development lists
products with selectivities ranging from 4 to 160 with high corresponding permeability (Brunetti,
2010). Merkel (2010) reports high performance membranes offering high permeability and
selectivities of 50. The most promising membranes for direct CO2 capture are polymeric membranes
(Follman et al. 2011), although polymer materials range significantly in their CO2 permeability and
CO2/N2 selectivity
Theoretical or bench scale research has indicated that membranes could reduce energy
requirements of CO2 capture significantly, with values as low as 0.5-1 MJe/kg CO2 being proposed
(Bounaceur et al., 2005), although this value only holds for high CO2 concentrations (30%) and 80%
CO2 purity. For increased purity, or when separating lower CO2 concentrations (20% or lower)
selectivities in excess of 200 are required, and energy penalties are predicted to be in the range of 26 MJe/kg. The study by Bounaceur et al. also indicates that pressure difference maintained by
vacuum rather than compression shows significantly lower energy penalties for separation only. The
surface area required for this method however would be far greater. A parametric study by Zhao et
al. (2008) using a theoretical membrane model, proposes an optimised energy penalty of 0.36
MJe/kg CO2,. However, this requires selectivity of over 200 and offers just 80% capture with 90%
purity and does not account for increased compressor requirements. Multi-stage systems, and
processes which use flue gas recycling to increase CO2 concentrations may offer better results.
Follman et al. (2011) simulating a two stage membrane separation, using flue gas recycling, offer
potential energy penalties of 1.3- 1.4 MJe/kg CO2, with 90% capture 95% purity. In addition, gas
compression or vacuum systems require this energy in the form of electricity, whereas solvents
require the energy in the form of heat. The ratio between work available from steam extracted from
a steam turbine and heat available in a solvent system reboiler is typically around 4:1 to 5:1
(Lucquiaud, 2011b). This means that electricity requirements for membrane applications must be at
least four to five times lower in energy terms than equivalent solvents. The lowest estimates for the
theoretical energy requirements for membrane separation is approximately 100kWh/tCO2, (Zhao et
al, 2008)), which is approximately 10 times lower than the MEA reference solvent. Membrane
systems may theoretically be developed with lower energy requirements, i.e. a lower electricity
output penalty than MEA solvents, although their operability in power station environments is still
uncertain. Gas separation membrane equipment typically includes membrane modules, blowers,
compressors and vacuum pumps. The modular nature allows for ease of scale up, though implies no
economy of scale. Surface areas required are also large; preliminary results from the MTR Polaris
membrane, a polymer membrane, working with the Arizona Public Service Co. Cholla power plant
indicate that around 700,000 m2 of membrane with a total footprint of 200,000 m2 would be
required for 90% capture from a 600MW coal-fired power plant (Brunetti et al., 2010). This is 20
times larger than the MEA space requirements, estimated as approximately 9,500 m2 by the IEAGHG
in 2006 (IEAGHG, 2006b). A further study by Baker (2008) indicates that a 3 stage solution could lead
to 90% of CO2 recovery with the 88% of purity (meeting specifications delivered by the International
Energy Agency) with membrane areas ranging 500,000 to 1,500,000 m2. Modular systems have been

proposed, typically 35–46 cm diameter and 0.9–1.2 m long, containing a membrane area of 50–100
m2 that is spirally wound around a central tube (Bhown and Freeman, 2011). Modules would
number in thousands for an average sized power plant, and extensive piping networks would be
required. A study by Merkel et al (2010) indicates that by using modular units, areas of 1 acre, or
4000 m2 could be achieved, which is half the area of an equivalent amine plant. Processes which can
increase the flux of CO2 through the membrane can also help to reduce the membrane surface area
required.
Hybrid membranes can utilise the technology for improved gas-liquid contact. Membrane contactors
have been proposed for use with aqueous solvents which can provide a 10-fold increase in
interfacial areas. These systems are currently only appropriate for absorber columns as temperature
limits prevent their use in hot stripper columns (Favre, 2011). Absorption may be facilitated by
membrane systems in this way which could provide and smaller columns. The challenge is to
develop non wetting conditions which are important when offering a larger effective gas-liquid
contact area without a subsequent significant decrease to the overall mass transfer coefficient.
State of Development
Membrane separation processes are still rarely used in chemical process industrial applications and
large-scale membranes are not commonly available. Membranes with the very high selectivities
required, which offer adequate permeability are still in development. The CO2 purity available does
not meet high levels required for pipeline transport and storage.
Considerations for plant upgrade
Membrane equipment does not overlap with aqueous absorption except at the flue gas entry point,
when a blower may be interchangeable if membranes are highly permeable and low compression is
suitable. Compression systems can probably be re-used at the process exit as long as CO2 purity is
high enough. Columns, pumps, heat exchangers and ancillary piping will not be required for a purely
membrane based process. A larger footprint may be required for the membrane capture system.
Membrane use in hybrid, enhanced liquid-gas contacting systems could, however, likely reuse much
of the existing equipment. Better mass transfer would mean that the space required by a packed
column would be larger than membrane modules so a membrane contactor would not require
additional space. Inlet and outlet pipes and pumps could be re-used, but a larger booster fan may be
needed because membrane contactors demonstrate the potential for increased pressure drop
(Favre and Svendsen 2012).

7.4 Circumstances under which novel technologies are likely to be used for upgrade by
replacement of an existing post-combustion capture unit
Novel capture technologies may be applied to upgrade an existing post-combustion capture plants
by replacement based on regulatory or economic drivers.
In the former case if the plant is otherwise going to be unable to operate then the capital investment
in the novel capture equipment upgrade alone is effectively ‘buying’ a complete plant and so it is
therefore quite likely to be considered the best option available.
For an economic driver, a common option that will have to be evaluated is the use of an upgrade to
allow the generation of additional amounts of electricity from the plant for the same fuel input due
to a reduced electricity output penalty. For a supercritical coal plant with post-combustion capture,
of the order of 20% of the output might be lost as an electricity output penalty with current
generations of existing plants (IEAGHG, 2011b). If this was halved by significantly more effective
capture plant then of the order of 10% extra electricity could be produced for the same running
costs. This in turn implies that capital costs of a maximum of perhaps 15% of the original power
plant with CCS might be viable for a technology replacement upgrade of a plant operating at
baseload and around 10% for a plant operating at low load factors (allowing for there being no
additional fuel costs associated with the extra electricity, but fuel costs are minimal at low load
factors).
Current trends for costs of amine post-combustion capture plants put it at about 20% of the total
plant cost (IEAGHG, 2011b). Therefore an upgrade by replacement with a novel technology on purely
economic grounds may be feasible provided that it can:
a) achieve performance improvements of the order 50% reduction in electricity output penalty,
and
b) achieve a capital cost reduction of the order of 50%,
both compared to current post combustion plants;
and furthermore
c) that reductions in the electricity output penalty of a simpler solvent upgrade with 2nd or 3rd
generation solvents do not significantly erode the advantages of the novel technologies.
Based on a subjective assessment of the state of the technology options it appears to the authors at
present that the above balance could go either way. But clearly a meaningful comparison can only
be made at some time in the future, using cost and performance figures that include site-specific
factors and are for novel capture equipment and advanced solvents for which reference plants exist
and that can be supplied on a commercial basis.

8. Conclusions
First-of-a-kind CCS projects are likely to start with modest deployment in a small number of
countries before more widespread commercial deployment globally. This will be followed by a series
of learning-by-doing cycles through consecutive tranches of CCS projects. As a result of this prospect
for rapid learning in capture technologies both capture ready and early capture plants face future
technology, cost and regulatory uncertainties. This leads to a set of challenging risks for electricity
utilities seeking to invest as ‘early movers’ in fossil power generation with CCS.
These FOAK/CCR ‘technology lock-in’ risks can, however, be mitigated through innovative
engineering approaches that will allow technology developments occurring during the early stage of
CCS deployment to be subsequently incorporated into the first generation of CCS plants. This would
avoid locking these plants to a specific version of capture technology, and by extension to higher
than necessary electricity generation costs and/or reduced performance (e.g. lower capture levels)
throughout the life of the plant. In this context, strategies for future-proofing CCS units by enabling
them to incorporate future improved technologies effectively acts as a hedge against a wide range of
risks including those associated with:
•

technology obsolescence in competitive electricity markets;

•

evolving regulatory frameworks on by-products of capture technologies; and

•

future regulatory frameworks on CO2 emissions imposing capture levels from CCS power
plants beyond the current standards adopted by the industry.

Technology obsolescence essentially creates financial risks for power plant developers. As capture
technologies develop it can reasonably be expected that the amount of electricity used to capture a
unit of CO2 will reduce as the installed capacity of CCS power plants increases. CCS demonstration
projects fitted with a first generation capture technologies are thus at risk of having to compete with
plants built, or retrofitted, later with improved technologies, and operating at lower marginal costs
of electricity generation. CCS power plants will be upgraded in the future if the benefits to plant
operators are thought, at the time, to outweigh the costs and risks of making the changes.
It is not feasible to accurately predict details of future technical improvements, when they will occur,
the nature of the plants which will want to be upgraded, the costs of implementing the upgrades or
the benefits from doing so in future energy markets with any meaningful accuracy. Considerations
to the capital cost implications of oversizing selected pieces of equipment have not been carried out,
since they are unlikely to provide, at this stage of technology development, any meaningful answers.
Instead, this work undertakes illustrative studies based on real option analysis method to illustrate
the impact that future fuel prices, carbon prices, load factor and technology learning rates will have
on the decision to incorporate future technology improvements in existing power plants with CCS. It
is particularly noteworthy that it is appears that multiple upgrades may be worthwhile over the
lifetime of a plant, based on the financial value of being able to choose to upgrade existing CCS
power plants. These upgrades may occur to reduce the costs of operating CCS, and/or to guarantee
that CCS power plant owners keep their license to operate by securing compliance with stricter
environmental legislation, and/or to increase power plant revenue.

This study also undertakes a sensitivity analysis of key solvent properties to identify critical pieces of
equipment and quantify the performance lock-in, expressed as an additional electricity output
penalty in kWh/tCO2, of constrained off plants that are unable to incorporate future technology
developments.
It then identifies the likely ways in which post-combustion capture plants may want to be upgraded,
to incorporate features which could enhance the economic performance and hence justify the
investment costs for the upgrade. This can then be translated into design features that should be
included in new CCS plants with post-combustion capture if they are to be more readily upgradable.
Based on a direct analogy with capture readiness, where there are clear benefits to society of
avoiding ‘carbon emissions lock-in’, upgradability may also be a regulatory requirement for new
capture plants.
One of the most important characteristics for upgradability is for the base power plant to be able to
operate with any level of steam extraction and also with any level of electricity output up to the
maximum rating without capture. But this also will confer operational flexibility and so is likely to be
implemented in practice on new plants (e.g. as at SaskPower’s new Boundary Dam project 16) or on
any integrated CCS retrofit project. Even if new pulverised coal post-combustion plants were to be
built without the steam turbine capacity to handle the maximum possible steam flow it would still
be possible to leave scope to add an additional LP cylinder (and condenser), using a speedsynchronised clutch (e.g. SSS model), to the ‘free’ end of the alternator.
Upgrading for retrofits using additional gas turbine CHP plant to provide steam and power for the
post-combustion capture unit (e.g. NRG Parish project 17) and not capturing CO2 from the gas turbine
exhaust poses different issues, with the obvious requirement being space for additional capture
units for the gas turbine and the necessary additional steam extraction from the gas turbine steam
cycle (or a further additional gas turbine). Alternatively, steam extraction may revert to the main
unit if the gas turbine is not going to be used for baseload capture operation in the future.
Upgradability requirements for a post-combustion capture pulverised coal power plant are:
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Ability to operate with any extraction steam flow and export the resulting net power output



Scope to change the pressure at which extracted steam is used (typically through the
installation of additional back-pressure turbine units)



Space for additional electricity supplies for alternative capture system options (e.g. blowers
for vapour compression, low-pressure compressor boosters for membranes, heat pumps or
chillers etc.)

http://www.saskpowercarboncapture.com/projects/boundary_dam

Anthony Armpriester & Satish Reddy, NRG Energy CCPI Program Update, USEA Presentation, Washington,
DC, October 5, 2011. http://www.usea.org/Programs/CCSBriefings/NRG_Fluor_CCPI_Update.pdf

Upgradability options for a ‘conventional’ amine post-combustion capture unit to be able to use
‘2nd/3rd generation’ amine or amine-compatible solvents might include:


The option to operate the desorber at higher pressures



Provision for intercooling in the absorber (if not already fitted)



Additional, unpacked, height in the absorber



Fan and pump casings that allow larger impellers to be fitted and space for additional units
and associated pipework



Space for hardware for specific process improvements, e.g. flash vessels, ducting and
compressors for additional flash regeneration or lean solvent vapour recompression



Space for additional cross flow heat exchanger units to decrease approach temperatures



Provision for increased levels of heat recovery into the power cycle with heat available from
the amine and compression unit

Upgradability options for CO2 compression and transport systems might include:


Strategies to compress and transport 95% or higher of the likely future CO2 production from
the plant (these will depend on the number and size of compressors fitted and the pipeline
system downstream)



Options to change the CO2 compressor inlet pressure and first stage volumetric flow (due to
changing water vapour/CO2 ratios). This could include scope to add an additional blower
first stage for reduced inlet pressures or to disconnect or bypass an existing first stage for
higher inlet pressures.

Details of the novel post-combustion capture systems are less clear but should their benefits prove
sufficient to justify completely replacing an existing solvent-based system then their operation
would also require varying amounts of electricity and steam, within envelopes that would also apply
for a range of solvent systems and for plant operation without capture.
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Appendix 1
Table A1-1: Modelling parameters for steam cycle model
COAL PROPERTIES
Fuel specific emission (kgCO2/MWhth)

327

BOILER PARAMETERS
Boiler efficiency (%)

94

Main steam outlet pressure (bar)

290

Main steam outlet temperature (K)

873.15

Main steam outlet mass flow (kg/s)

625.1

Reheater temperature outlet (K)

839.15

Main steam pressure drop (bar)

35

Reheater pressure drop (bar)

4.5
GENERATOR

Generator efficiency (%)

98.8

Generator output without capture (MW)

850

TURBINES
HP turbine
Steam extraction pressure and enthalpy (bar – kJ/kg)

85.79 – 3126.82; 64.5 – 3060.1

Outlet pressure and enthalpy (bar – kJ/kg)

64.5 – 3060.1

IP turbine
Number of turbine stages

Vary to match solvent regeneration
temperature

Degree of reaction of turbine stages

50%

Enthalpy drop per stage (kJ/kg)

25.8

Isentropic stage efficiency (%)

90
LP turbine

Number of turbine stages

Vary to match solvent regeneration
temperature

Degree of reaction of turbine stages

50%

Enthalpy drop per stage (kJ/kg)

24.24

Isentropic stage efficiency (%)

90

Outlet pressure (mbar)

45

Outlet dryness fraction (%)

89.6

Number of LP cylinders

2

Steam exit velocity (m/s)

200

Last stage hub to tip ratio

2.11

Last stage steam outlet angle to rotor axis (º)

0

CONDENSER
Minimal temperature difference (ºC)

3

Sea water cooling temperature (ºC)

15

FEED WATER HEATING SYSTEM
Deaerator
Steam pressure drop (fraction of inlet steam pressure)

0.06

Low pressure feed water heaters
Steam pressure drop (fraction of inlet steam pressure)

0.02

Pressure drop on water side (bar)

2.5

Temperature difference at water inlet (K)

8

Temperature difference at water outlet (K)

3

High pressure feed water heaters
Steam pressure drop (fraction of inlet steam pressure)

0.02

Pressure drop on water side (bar)

2.5

Temperature difference at water inlet (K)

3

Temperature difference at water outlet (K)

-1.5 (water is hotter than steam
saturation temperature)

PUMPS
Boiler feed pump efficiency

0.85

Condenser outlet pump efficiency

0.75

Reboiler condensate pump efficiency

0.75

REBOILER
Steam pressure drop (fraction of inlet steam pressure)

0.05

Pressure drop across extraction line (bar)

0.5

Solvent heat of regeneration (GJ/tCO2)

3.2

Capture level (%)

90

HEAT RECOVERY SYSTEM FROM CAPTURE AND COMPRESSION UNITS
Condensate outlet temperature (K)

393.15

Pressure drop (bar)

2.5

ANCILLARY POWER (IEAGHG, 2004)
Ancillary power for power generation (kWe/MWth)

42.3

Table A1-2: Parameters for thermodynamic integration between power cycle and CO2
compression/drying process
Mass flow of CO2 captured
Capture rate
Gas mixture composition

143 kg/s
90 %
CO2 and water.
Solvent volatility is neglected.

Thermodynamic properties

LKS equation of state and Redlich-Kwong for
pure component (based on Multiflash18)

Compressor outlet temperature

140ºC

Compressor isentropic efficiency

80%

Solvent reboiler approach temperature

10ºC

Cross flow heat exchanger approach temperature
(desorber side)

10ºC

Intercooler pinch temperature (cold side)

10ºC

Intercooler approach temperature (hot side)

15ºC

Cooling water temperature

15ºC

Intercooler and reflux condenser pressure drop

18

http://www.infochemuk.com/

0.25 bar

Table A1-3: Thermodynamic integration between steam cycle and CO2 compression/drying process
Solvent temperature of regeneration (ºC)

90

120

150

170

Temperature of reboiler steam (ºC)

100

130

160

180

Temperature at the top of the desorber (ºC)

80

110

140

160

Maximum boiler feed water temperature
70
after reflux condenser(ºC)

100

130

150

Maximum boiler feed water temperature
120
after compressor intercoolers (ºC)

120

120

120

Note: For each solvent the power cycle output is maximised depending on the amount and
temperature of the heat available

