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Abstract

The main challenge for the CO, post combustion capture from power plant flue gases is the reduction of the energy
requirement for solvent regeneration. The required reduction can only be achieved by application of new solvents.
For the validation of new solvents in the absorption/desorption process, a pilot plant (column diameters 0.125 m,
absorber packing height 4.2 m, flue gas flow 30-110 kg/h, CO, partial pressure 35-135 mbar) was built in the EU-
project CASTOR. To obtain a baseline for testing of new solvents, first systematic studies were carried out with
MEA in that plant. All important process parameters, i.e. CO, content in the flue gas, CO, removal rate Wco,, fluid
dynamic load, and solvent flow rate were varied. These studies allow detailed insight into the process, e.g., a
quantification of the different contributions to the overall regeneration energy (namely: desorption enthalpy,
stripping steam, heating up of solvent feed and condensate recycle) as a function of the chosen process parameters.
A rate-based model of the process based on a detailed physico-chemical model was implemented in the process
simulator CHEMASIM. It is shown that the model is able to predict the experimental results for MEA. Besides
MEA, two new solvents were studied in the pilot plant. A direct comparison of different solvents in such pilot plant
experiments is not trivial. The comparison of only a few operating points for the new solvents with seemingly
corresponding results for MEA can lead to wrong conclusions, since for each solvent an optimisation of the
operating conditions is necessary. Only systematical studies allow a meaningful comparison. The technique that was
used in the present work for this purpose was measuring data sets at constant CO, removal rate (by adjustment of the
regeneration energy in the desorber) and systematically varying the solvent flow rate. A minimal energy requirement
for the given removal rate is found from theses studies. Only the optima for different solvents should be compared.
By this procedure, one solvent candidate was identified that shows an advantage compared to MEA.
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1. Introduction

Carbon dioxide is a greenhouse gas and substantially contributes to global warming and climate change. One of
the options for reducing CO, emissions is the post combustion capture from power plant flue gases. Reactive
absorption is the only technology that can be implemented quickly on a large scale at existing power plants for that
purpose. The reference solvent for processes of this type is a 30 mass% aqueous solution of monoethanolamine
(referred to simply as MEA in the following) which, however, has major drawback of high energy requirement for
solvent regeneration, leading to an efficiency penalty up to 15 % points in fossil fuelled power plants. For better
process economics it is essential to find more efficient solvents, tailored for post combustion capture. This was the
task of the work that was carried out in the frame of the integrated European project CASTOR [1]. The paper reports
on the achieved progress in this process.

Another major challenge for the carbon dioxide removal using post combustion capture is the amount of the flue
gas. In typical applications flue gas flow rates are of the order of thousands of tons per hour corresponding to
millions of cubic meters per hour, and hundreds of tons of carbon dioxide per hour [2]. At present there are several
commercial processes available for CO, capture in post combustion systems. The maximum capacity of CO, capture
of operational plants is not more than 32 tCO,/h. So far, there is no application of full scale CO, capture in power
plants, even though test facilities using flue gas slipstreams exist [1]. In most commercial processes an aqueous
solution of MEA is used. Only Mitsubishi Heavy Industries together with Kansai Electric, employ other patented
chemical solvents — sterically hindered amines called KS-1, KS-2 or KS-3. The regeneration heat of KS solvents is
said to be ~ 3 GJ/t CO,, i.e. 20 % lower than that of MEA with ~ 3.7 GJ/t CO, [3, 4].

To achieve progress in the development of low-cost post combustion CO, capture CASTOR aimed at developing
and pilot plant testing of new solvents. For this purpose a gas-fired absorption/desorption pilot plant for removal of
carbon dioxide from flue gases was built. It was initially operated at Universitaet Stuttgart, and has recently been
transferred to TU Kaiserslautern, Germany. Before testing the new solvents, a base line with the standard solvent
MEA had to be established. Therefore, systematic parameter studies were carried out with MEA. A rate-based
model of the MEA process was developed, implemented in CHEMASIM and successfully tested. Finally two new
solvents CASTOR1 and CASTOR?2 were tested and compared to MEA.

2. Pilot plant

The basic scheme of the absorption/desorption process for CO, capture from flue gases and a picture of the pilot
plant are shown in Figure 1. The flue gas is produced by a gas burner; SO, and other flue gas components can be
added. The operation of this burner with two different stages as well as a CO, make-up from gas bottles and a CO,
recycle from the plant allow a wide variation of the CO, partial pressure in the flue gas between 35 mbar and 135
mbar. The flue gas is fed into the pre-washer column by a blower. The flue gas flow rate can be set approximately
between 30 kg/h and 150 kg/h. The maximum gas flow rate through the absorber is limited to approximately

110 kg/h (F-Factor =~ 2.4+/Pa ) due to fluid dynamic limitations.

The pre-washer is built as a direct contact cooler to set the temperature of the flue gas at the absorber inlet and at the
same time to make sure that the flue gas is saturated with water. The absorber is built of five sections, which are
each equipped with four elements of the structured packing Mellapak 250.Y (Sulzer Chemtec). The total packing
height is 4.2 m. To reduce solvent loss by flue gas, there is a washing section at the absorber top above the solvent
inlet. The washing section is equipped with two elements of the structured packing Mellapak 250.Y. A low amount
of fresh deionized water is added into the washing water recycle stream to avoid a prohibitive accumulation of
amine in the washing water.

For steady state operation the liquid level in the absorber bottom is controlled by a pump. The rich solvent is
pumped into the desorber through the rich lean heat exchanger. The desorber is built of three sections, which are
each equipped with four elements of Mellapak 250.Y similar to the absorber. The total packing height in the
desorber is 2.52 m. Both the absorber and desorber columns have a diameter of 0.125 m. The bottom of the desorber
contains electrical heating elements for partial evaporation of the solvent. For aqueous amine solutions, mainly
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water is evaporated. The vapor at the top of the desorber consists of water, CO, and some traces of amine. To retain
the amine, also at the desorber top a washing section is installed. This washing section is equipped with two
elements of the structured packing Mellapak 250.Y. The vapor at the desorber top is led into the condenser where
most of the water is removed so that almost pure CO, is obtained. A part of the condensate is used in the washing

section of the desorber and another part is withdrawn to fulfill the water balance of the absorption/desorption
process.
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Figure 1: Basic scheme of the absorption/desorption process for post combustion carbon dioxide capture and picture of the pilot plant for CO,
capture from flue gases by reactive absorption.

3. Pilot plant experiments with MEA

Parameter study

In this paper only some results of parameter studies carried out with MEA are reported. The full data set will be
given in reference [5].

Table 1: Overview of process parameter studies that are discussed in the present work.

Varied parameter Range of variation Constant parameters
. p  =35-135mbar . ) )
O, partlal pressure €0, QEvaporator > M sowvent > M Fluegas
CO, removal rate choz =40-88 % pcoz > M Solvent > M Fiuegas
FI flow rat h..  =55-100kg/h WEE
ue gas flow rate M Fluegas — 29 — g \Pcoz s P,
m Fluegas 2
Solvent flow rate M sowert = 100 —350 kg/h Yoo, P co,’ M Fuuegas

3.1. Variation of CO, partial pressure

In order to study the influence of the CO, content on the process behavior, the CO, partial pressure in the flue gas
was varied between 35 mbar and 135 mbar while maintaining the other parameters like solvent flow rate and
evaporator energy constant, see Table 1. Figure 2a shows that with increasing CO, partial pressure the amount of
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captured CO, increases asymptotically and finally reaches a constant value. Figure 2a also contains data on the total
CO, flow in the flue gas, comparing both lines in Figure 2a therefore gives information on the capture rate. The
increase of the captured CO, amount with increasing partial pressure of CO, is expected as the driving force for the
mass transfer increase. However the amount cannot be increased above the saturation of the solvent, which explains
the asymptotic behavior. Approaching the saturation limit leads to a decrease in the capture rate. This behavior can
also be seen in Figure 2b. With the increase of driving force the loading difference between rich and lean solvent
first increases and finally remains constant after reaching equilibrium.
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Figure 2: Influence of partial pressure of CO, on: a) CO, mass flow (total amount in the flue gas compared to captured amount), and b) CO,
loading in rich and lean solvents. All other process parameters are kept constant see Table 1.

3.2. Variation of CO, removal rate

The CO, removal rate was varied by varying the evaporator energy while maintaining other parameters like the
solvent flow rate and CO, partial pressure in the flue gas constant, see Table 1. Figure 3a shows that with an
increase of the CO, removal rate, the regeneration energy requirement also increases. But after reaching a certain
CO, removal rate there is a drastic increase in the regeneration energy requirement. This behavior can be explained
by Figure 3b. With increasing CO, removal rate the loading difference between rich and lean solvent increases and
for high removal rates the lean loading shifts to very low values such that CO, separation in the desorber for a
particular packing height becomes difficult resulting in a very high regeneration energy requirement.
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Figure 3: Influence of CO, removal rate on a) regeneration energy, and b) CO, loading in rich and lean solvents. All other process parameters
are kept constant see Table 1.
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For a given design of the absorption / desorption plant, a given solvent flow and for a given flue gas specification,
there is a certain CO, removal rate that best fits the given plant design. In the case of the present pilot plant for MEA
and pco, = 110 mbar that removal rate is 54 %. Higher removal rates would require higher columns or more
effective internals.

3.3. Variation of flue gas flow rate

To study the influence of the fluid dynamic load of the absorber on the regeneration energy, the flue gas flow rate
(F-Factor) was varied while maintaining a constant removal rate and a constant liquid to gas ratio. If the process was
equilibrium controlled, that variation should not have any influence on the regeneration energy. Figure 4a, however,
shows that with the decrease of the flue gas flow rate also the regeneration energy demand decreases. At lower gas
flow rates; the mass of CO, transferred between the phase’s decreases, while the surface area remains almost
constant. For kinetically controlled processes, this is favorable. Figure 4b gives more details. As the F-Factor
decreases, the rich loading increases, and since the CO, removal rate and liquid to gas ratio are kept constant, also
the lean loading increases. With the increase of the lean loading, the CO, separation in the desorber becomes easier,
resulting in a decrease of the regeneration energy.
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Figure 4: Influence of the gas-side fluid dynamic load of the absorber (F-factor) on a) regeneration energy, and b) CO, loading in rich and lean
solvents. All other process parameters are kept constant see Table 1.

3.4. Variation of solvent flow rate

The solvent flow rate was varied maintaining a constant removal rate by adjusting the regeneration energy. Figure
5a shows the variation of the regeneration energy with the variation of the solvent flow rate for a constant removal
rate and flue gas flow rate. For the shown operating conditions the optimum solvent flow rate at minimum
regeneration energy was 200 kg/h. As shown in Figure 5b the increase in the regeneration energy to the left of the
optimum solvent flow is related to the high amount of stripping steam needed to obtain the required low lean
loading. The increase in the regeneration energy to the right of the optimum solvent flow can be explained by the
energy requirement to heat up the higher solvent flows.

Figure 5b also shows that there are four major contributions to the regeneration energy, namely: desorption
enthalpy, stripping steam, heating up of the solvent feed and the condensate reflux. The specific desorption enthalpy
mainly depends on the temperature if the CO, loading is less than 0.5 molcoy/molyga [7] and thus is almost constant
for the experimental conditions in this parameter study. In addition the reflux water flow at the top of the desorber is
small, so that the optimum solvent flow rate depends mainly on the energy requirement for stripping steam and for
heating up of the solvent. The four contributions to the regeneration energy shown in Figure 5b are mainly
influenced by the heat of absorption and equilibrium data for the solubility of CO,. For solvent selection these
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physical properties have to be taken into account. Because of a coupling of the four energy parts and the mentioned
properties, the solvent comparison has to be carried out carefully.
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Figure 5: Influence of the solvent flow rate on a) regeneration energy, and b) four different contributions to the regeneration energy. All other
process parameters are kept constant see Table 1.

4. Model

The experimental results were compared to simulations that are based on a rigorous rate-based model, which was
developed by BASF [6] and was implemented in the process simulator CHEMASIM. In this model the column is
divided vertically into segments and in each of these nonequilibrium segments, the gas and liquid are exchanging
heat and mass. The two-film model is used to describe this process and it is assumed that the bulk phases are ideally
mixed with uniform concentrations and temperatures. The mass-transfer resistance is assumed to lie in two film
layers that are separated by the gas/liquid interface. At the interface, the vapor and the liquid are in equilibrium. The
films are further divided into film segments. With this film discretization, it is possible to calculate more reliable
concentration profiles in the film, which is essential for reactive systems, where as a consequence of the reaction the
mass transfer can be enhanced. The simulation model allows the calculation of chemical reactions in the bulk
phases, and also within the film. The diffusion of the different components in the film layers is described by the
Stefan-Maxwell equations. The simulation results are discussed in the section 5.2.

5. New solvents

The research for new solvents for CO, capture in CASTOR was focused on amine solvents. Both pure amine and
amine blends were studied. The present report covers two such blends, CASTOR1 and CASTOR?2, which are
compared to MEA as a reference. For solvent selection several criteria like equilibrium data for the CO, solubility,
overall mass transfer kinetics, solvent degradation and corrosion behavior were analyzed. Among these criteria the
equilibrium data are most important for determination of the regeneration energy of the process.

5.1. Methodology for solvent comparison in the pilot plant

For solvent comparison in the pilot plant, a consistent methodology has to be defined and applied to all solvents,
here to MEA, CASTORI1 and CASTOR2. In the present work for that purpose experiments were carried out at
constant CO, removal rate Wco, but with varying solvent flow rates. This was achieved by adjusting the
regeneration energy. The results of each of these sets of experiments are analyzed in plots of the regeneration energy
versus the solvent flow rate, like the one shown in Figure 5a. This allows finding an optimum solvent flow rate. The
optima for the different solvents are then compared. They basically only depend on the specified removal rate that
has to be chosen suitably considering the design of the given pilot plant.
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5.2. Comparison of new solvents with MEA

For CO,; capture from power plant flue gas, the target is a CO, removal rate of 90 %. Although the total height of
the pilot plant is approx. 8 m, especially the packing height of the absorber (4.2 m) is not sufficient to reach 90 %
CO, removal with a reasonable energy. As consequence, experiments were carried out with a lower removal rate of
~54 % as already discussed above. Figure 6 shows the comparison of the regeneration energy for MEA, CASTOR1
and CASTOR?2 solvents with the variation of the solvent flow rate. MEA experiments show a decrease of the
regeneration energy with decreasing solvent flow rates down to the lowest flow rate of 150 kg/h. This was also
confirmed by simulations with MEA that show a similar decrease of the regeneration energy with decreasing solvent
flow rates down to 150 kg/h, but an increase of the regeneration energy at a lower solvent flow rates and an
optimum at about 150 kg/h. The model predictions for MEA are reasonable, even though the model slightly
overestimates the regeneration energy requirement especially at low solvent flow rates. One of the reasons for these
deviations could be the inaccuracy of the mass transfer correlations.

At a first glance on Figure 6 CASTOR!1 and CASTOR2 do not seem to have advantages compared to MEA. A
detailed analysis, however, shows that the apparently unfavorable results for CASTOR1 and CASTOR?2 are mainly
due to kinetical effects. This can be seen from Figure 7, which shows absorber operating lines for CASTORI,
CASTOR?2 and MEA compared to their equilibrium curves at 40°C (absorber conditions). The distance between the
operating line and the equilibrium curve gives an indication of the driving force for the mass transfer. For
CASTORI and CASTOR?2 very high driving forces are needed, due to the slow reaction kinetics, which are also
confirmed by independent kinetic studies carried out by other partners in the CASTOR project. Furthermore,
experiments like those shown in Figure 4 (for the case of MEA) were also carried out for CASTORI1 and
CASTOR2. They confirm the very strong influence of kinetics on the results for these solvents. For MEA, only low
driving force was needed due to the fast reaction kinetics. If higher columns or more effective packings were used, it
can be expected that the energy requirement would be considerably lower for CASTOR1 and CASTOR?2 but not for
MEA. Experiments on this are under the way. Figure 7 also contains equilibrium curves at 120°C (desorber
conditions). The comparison of the equilibrium curves at 40°C and 120°C shows that very high cyclic capacities can
be expected for CASTOR2. This should result in a minimum energy requirement at lower solvent flow rates that
could not be reached in the present study due to limitations of the pumps (see Figure 6), so that further
improvements can be expected also from this side.
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Figure 6: Regeneration energy comparison for MEA, CASTOR1 and CASTOR?2 for a constant removal rate of 54 %.
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Figure 7: Comparison of absorber operating lines (OL) for MEA, CASTOR1 and CASTOR?2 for a solvent flow rate of 150 kg/h and for a
constant removal rate of 54 %.

6. Conclusions

Systematic parameter studies on CO, capture from flue gases were carried out with the standard solvent MEA in
a pilot plant, to obtain a baseline for the new solvents. A rate based simulation model, which is implemented in the
process simulator CHEMASIM, was able to predict the experimental results for MEA. A new methodology for
comparison of new solvents with MEA has been developed and using this new methodology, two new solvents were
tested in the pilot plant. Results from the pilot plant show that for lower solvent flows CASTOR2 show an
advantage and for higher heights of the absorber column, CASTOR1 and CASTOR2 should allow lower
regeneration energy compared to MEA.
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