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Abstract

To make the deployment of carbon capture possible, it is highly needed to develop original solutions that induce low energy
penalty and that are easy to operate. This paper aims at presenting the DMX™ process developed at IFP Energies nouvelles
based on special solvents which are characterized by the formation of two immiscible phases for given temperature and CO,
loading conditions. The concept of demixtion is briefly described in terms of physico-chemical properties, its interest and all
required steps for appropriate process development are discussed. The corresponding process is presented and a technico-
economic analysis is given. It is shown than one can reach a reboiler duty as low as 2.1 GJ/t CO, which is significantly lower
than the 3.7 GJ/t CO, of the 30wt.% MEA reference process. It is also discussed that the energy consumption at reboiler cannot
be the only parameter to consider for comparison with other processes and some further information about the DMX™ process
are given. Operational issues are particularly discussed. In that sense, the performances of the DMX-1™ solvent in terms of
degradation and corrosion are shown. Similarly a particular focus is made on the liquid/liquid separation which is a key aspect of
the DMX™ process.

(© 2011 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

It is widely accepted that Carbon Capture and Storage is one among the different solutions for decreasing
greenhouse gases emissions. According to the recent IEA report [1], CCS may represent up to 20% of CO,
mitigation in 2050. To make the deployment of CCS possible and thus reach this ambitious objective, it is highly
needed to develop original solutions in terms of CO, capture. IEA considers four main actions and milestones for
the development of new processes : the scalability and the capital costs, the stream composition influence, the
energy penalty and the process integration. All these drivers have been taken into account in the development of the
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DMX™ process and are discussed in the present paper. The main driver is the energy penalty. It is indeed well
known that "first generation" MEA based post-combustion carbon capture process requires high energy
consumption, the big part of it corresponding to the heat consumption at the regeneration step. It is then common to
compare solvents in terms of thermal energy requirements, the baseline being 3.7 GJ/tCO,. Increasing the MEA
concentration is a first way towards energy penalty reduction, however this must be done taken into account
operational issues that are corrosion, amines degradation and associated emissions. IFP Energies nouvelles has
developed the HiCapt+™ process in that sense [2] in order to be able to propose an efficient process for short term
deployment. Using original or blends of amines is a second way towards energy consumption reduction, and several
important research programs have been set in that perspective[3-5]. However, if one expects significant cost
reductions, it is believed that one should also develop breakthrough solutions, called "second generation" processes
for mid term and long term deployment. A very original solution, the DMX™ process, taking advantage of phase
separation of the solvent, has been developed by IFP Energies nouvelles in the last few years. The present paper
describes this process in details and the latest results obtained with these original solvents. A particular focus is
made about the DMX™ concept itself and associated thermodynamic properties which make it a very competitive
process in terms of energy consumption, and about operational issues, such as liquid/liquid separation, degradation
or corrosion, which make it a viable process for industrial application.

2. Objectives for a new efficient post-combustion capture process
2.1. Analysis of the MEA process

Post-combustion capture, PCC, is believed to be a good answer for CO, capture on industrial flue gases. The
CASTOR EU project has shown that gas treatment processes based on the use of chemical solvents indeed meet the
requirements of 90% recovery of CO, from flue gas while delivering a high purity CO, for storage. However, the
reference case, being the 30wt.% MEA process, is known to be very demanding in terms of energy consumption.
Indeed, about 3.7 GJ/ton_CO, are required for solvent regeneration [5,6]. However it is not the only cost. As shown
in [7], the energy penalty cost represents about 60% of the total CO, avoided costs for the 30wt.% MEA process, the
operational and capital costs representing about 70% and 30% respectively.

2.2. Objectives and required steps for a new process

It is commonly accepted that the objective for the development of a new process is, for given boundary
counditions (flue gas composition, CO, capture rate, purity of CO,, emissions/waste), first to make sure that the
energy consumption would be reduced and second that there would be no or little added capital costs, a reduction
being looked for. In that sense, we can conclude that a good solvent must be characterized by :

- 1.1. a high cyclic capacity, that is by having high mol/kg loadings,

- 1.2. a low reaction energy,

- 1.3. a low stripping energy,

all latter properties being given by thermodynamic Vapor-Liquid Equilibrium data, mainly influencing the energy
consumption but also influencing the design of equipments via the solvent flow rate,

- 2. a fast kinetic to ensure that packed columns (absorber and stripper) are of acceptable size.

Operational issues are less discussed, however they could be considered as priority number one. When
developing a new process, one should make sure that what is developed at laboratory scale will satisfy industrial
requirements. Indeed, a said "very efficient" process would not be deployed if it generates corrosion and
consequently requires high cost high quality materials, or if it comes with solvent degradation that further induces
solvent consumption and eventually unwanted emissions. We can thus add the following requirements :

- 3. alow degradation (thermal and reactive degradation),

- 4. an easy operation (small washing section, no foaming or corrosion).

Taking into account these objectives and wishing to propose a breakthrough solution, IFP Energies nouvelles has
been developing for the last few years the DMX™ process [7-9]. This process, which is based upon liquid/liquid
separation, is described in the following section. A first paragraph is dedicated to a general description of the
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process, results are discussed in the second paragraph. Thelatter are focusing on two aspects, thermodynamic data
which enable energy consumption calculations and operational issues which make the process viable for industrial
application.

3. The DMX process
3.1. Concept

Amines are commonly used for chemical absorption of acid gas, mainly in the field of natural gas sweetening,
and now in carbon dioxide post-combustion capture. Originally, alkanolamines have been preferred for several
reasons. First of all, an alcohol group reduces drastically the vapor pressure of the amine, which guarantees no
contamination of the treated gas by the amine. Second, alcohol groups allow to tune the basicity of the amine, and
thus its reactivity, in order to be in adequation with the acidity of the gas. Finally, an alcohol group increases the
solubility of the amine in water, and keeps the dielectric constant of the solvent high, even at high amine
concentration. Indeed, a high amine solubility and a high dielectric constant are two important features in order to
avoid any liquid-liquid phase separation or precipitation, when a high amount of salt is produced by reaction of the
amine and the acid gas. Rather than taking liquid-liquid phase separation or precipitation as a drawback, it could be
seen as a very good opportunity to reduce the cost of carbon dioxide capture. In this work, we focus on a solvent that
exhibits a liquid-liquid phase separation, that is from the industrial point of view easier to handle than a liquid-solid
separation. Composition of the two liquid phases depends of various parameters like amine concentration in the
solvent, carbon dioxide partial pressure or temperature. In the present DMXT™ process, after the heat cross
exchanger (see section 3.3), between the absorber and the stripper, we can obtain a water rich phase, with a very
high carbon dioxide loading and an amine rich phase, with a very low carbon dioxide loading. Actually, this last
phase does not need to go through the stripper, as its loading is very low. Then, separation of the phases allows us to
reduce the liquid flow rate in the stripper, and thus the energy requirement for the regeneration of the solvent.
Several solvents have been studied at IFP Energies nouvelles, in the present paper we focus on the so-called DMX-1
solvent which shows impressive capacity of absorption of carbon dioxide, very good stability towards potential
degradation, low corrosion, and fast separation of the two phases. These latter characteristics are discussed in the
following section.

3.2. Results

3.2.1. Thermodynamic data

To simulate the absorption process, many fluid properties are needed and in this work, we focus on two of them:
phase equilibrium and heat of absorption. The main data are the liquid — vapor between CO, and the DMX-1
solvent; this kind of data has been performed in equilibrium cell using the static method [10-11]. Precisely known
quantities of solvent and carbon dioxide have been introduced inside an equilibrium cell and its temperature and
pressure in equilibrium conditions have been recorded. The partial pressure of carbon dioxide and the overall
composition of the liquid phase have been deduced from mass and volume balances. These measurements give also
access to the bubble pressure of the solvent. Figure 1 shows such results with the partial pressure of CO, as a
function of the liquid composition expressed in mol of CO, by mass of solvent for a temperature of 313.15 K. We
have also added some results of the literature about the water + MEA + CO, system at the same temperature [12-
13]. The DMX-1 solvent shows a significantly different behaviour from the MEA solvent. It can be seen that the
DMX-1 solvent shows a much better cyclic capacity than the aqueous solution of MEA for pressure varying from
0.001 close to 0.01 MPa which are the pressure range of the flue gas at outlet and inlet of the absorption section
respectively. The difference in shape for both isotherms has also a strong impact on the stripping of CO,. With
DMX-1 solvent, a lower stripping is required for solvent regeneration compared to MEA solutions. This result has a
direct impact on the heat of regeneration of the solvent.
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Figure 1 : Isotherms of absorption of CO, in DMX-1 and MEA solvent at 313.15 K.

The data have been modeled with a semi-empirical approach coupling i) the mass action law of the chemical
reactions, ii) the mass balances of the compounds, iii) the electro-neutrality of the solution and iv) the Henry law for
the phase equilibrium. The heat of absorption of CO, into the solvent is directly deduced from this model using the
van’t Hoff law [14]. The calculated heat of absorption is close to -60 kJ.mol™ for the considered temperature range
as compared to -85 kJ.mol™ obtained for CO, - MEA system. For the liquid — liquid equilibrium, measurements
have been performed in a transparent cell where both liquid phases are sampled [15]. Each of them has then been
analyzed by acid and volumetric titrations in order to access to the amine and CO, contents. This information has
been directly used in the simulator to calculate the liquid phases split and to further determine the flow that will be
sent at regeneration step. From these four pieces of information, high cyclic capacity, low stripping energy, low heat
of absorption, only a proportion of the fluid towards the regeneration step, one can expect important energy savings.
Volumetric properties such as density and viscosity have also been determined for different CO, loadings and
temperatures; these properties are used for the design of equipments. All these data are compiled in in-house
thermodynamic routines that are further used for process evaluations as discussed in section 3.2.3.

3.2.2. Operational issues

From previous thermodynamic data, one can deduce that energy penalty will be significantly lowered with DMX-
1 solvent compared to MEA. To go from the solvent to the process, one has to make sure that such good
performances can actually be reached by ensuring that no operational issues will be encountered.

3.2.2.1. Liquid/liquid decantation

First of all, it was needed to check that liquid/liquid separation would not make any problem. To do so,
experiments have been performed in a stirred cell and in a lab-scale decanter. In parallel to these tests, Euler/Euler
CFD calculations have been performed for both types of tests. The first set of tests was used for adjusting different
parameters depending on solvent properties including breakup/coalescence properties, while the second set of tests
was used to valid the liquid/liquid decantation simulation approach, the CFD tool being further used for scaling-up
purposes.

Concerning the first set of tests performed in a stirred cell, the DMX-1 solvent (loaded with CO,) is stirred with
an Ultra-Turrax homogenizer (2.5 cm diameter for a 6 cm diameter cell) at 11,000 rpm for approximately five
minutes. Once the Ultra-Turrax is stopped, the liquid/liquid interfaces are followed in time. During those tests, the
system is closed and heated at the desired temperature. For the operating conditions corresponding to pictures in
Figure 2, the decantation of the different phases (gas released and two liquid phases formed) has occurred in less
than one minute. One observes that the light phase is very limpid whereas the dense phase is opaque due to the
presence of micro-droplets of the light phase. The opposite situation was to avoid; that is : heavy phase dispersed in
the light phase. Indeed the heavy phase, which contains the CO,, needs to be regenerated and should not be
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dispersed in the light phase. Here, the light phase is clear and can indeed be directly sent back to the absorber
without being regenerated, as expected.

Figure 2 : Stirred-cell tests for the DMX-1 solvent : systemata)t=0s,b)t=15sand c) t=40s.
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Figure 3 : CFD simulation of stirred cell tests, comparison between experimental and simulated profiles.

Figure 4: Tests with a laboratory scale decanter: application to the DMX™ solvent, CFD simulations of tests on DMX™ solvent in the laboratory
scale decanter.

With such tests, decantation times and decantation fronts have been determined for several operating conditions.

CFD calculations have been performed to reproduce such evolutions. The measured parameter is the distance
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between the front of the superior and inferior interfaces and the final interface. Figure 3 shows the interfaces
evolutions with time for operating conditions different from those corresponding to Figure 2, here two fronts can
easily be determined. The light phase front is represented in blue, and the dense phase front in yellow. One observes
from Figure 3 that, via the use of adapted in-house user-defined functions taking into account physical properties of
the fluids and breakup/coalescence phenomena, CFD is able to reproduce experimental tests with a good accuracy
even if a slight discrepancy is noticeable for the dense phase limit profile. To further validate the CFD tool, a
comparison was made between tests performed in a laboratory decanter and simulations. The DMX-1 solvent is
loaded with CO,, pre-heated and sent in a decanter at a controlled temperature. The liquid flow rate set for this
experiment is close to 20 kg/h. As can be seen from Figure 4.a, at decanter inlet, the solvent releases a fraction of the
absorbed CO, and quickly separates into two liquid phases. Corresponding CFD simulations are shown in Figure
4.b. From volume fraction contours (red phase corresponds to the light phase, whereas the dense phase is
represented in blue), it is also seen that the two phases indeed separate within a short length and that all decanter
length is not required. The corresponding residence time is a few minutes only which make us confident for
industrial designs.

3.2.2.2. Degradation

The stability of the solvent is an important property. Indeed, degradation of the solvent results in corrosion,
foaming, unwanted emissions... In order to handle these problems, a reclaiming of the solvent can be done, or the
inventory of solvent can be replaced, but these solutions have a huge impact on the operational costs. Definitively,
the more stable a solvenu is, the less operating problems are encountered. Unfortunately, it is very difficult to
reproduce perfectly at laboratory scale degradation that occurs in an industrial plant. Therefore, we try to establish a
rating of amines, from the more stable to the less stable for given conditions. Over a period of 15 days, in closed
reactors maintained at 140°C with a high pressure of carbon dioxide (up to 20 bar) and/or oxygen (up to 4.2 bar), a
very low degradation of DMX-1 has been observed. DMX-1 has less degradation than most molecules tested in
these conditions [16-17], which are already drastic compared to usual plant operation conditions (up to 120°C, and
up to 2 bar of total pressure). In addition, as regeneration of the solvent at a higher temperature could be a way to
reduce the cost of PCC (a higher temperature at reboiler corresponds to = higher pressure which further induce a
lower compression energy required for delivering high pressure carbon dioxide), we increased the duration of our
tests and we increased the temperature of the reactors up to 180°C. Results in terms of percentage of degradation of
the solvent over time are shown in Figure 5 where DMX-1 is compared to 40 wt.% MDEA. MDEA has been taken
as a reference since it is already widely used in natural gas treatment without any known problem of degradation and
because in similar tests it has been shown that it is the most stable amines among commercial ones [16-17]. Without
CO; (open symbols), degradation rate of DMX-1 appeared to be seven times lower than the one of MDEA. The
same trend is observed with an additional pressure of 20 bar of CO, (closed symbols). All these results make us

confident to have a low degradation of DMX-1, even in the case of a regeneration at high temperature.
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Figure 5 : Percentage of degradation of solvents in time at 180°C (square : MDEA; lozenge : DMX-1), with or without 20 bar CO, (respectively
closed and open symbols).



L. Raynal et al./Energy Procedia 4 (2011) 779-786 785

3.2.2.3. Corrosion

In conventional MEA capture, corrosion represents a major operational issue [18-22]. It is well admitted that
corrosivity of MEA is enhanced by high temperature and CO, loadings. Recent pilot plant experiments showed
corrosion rates of carbon steel to reach more than 1 mm/year in the hot amine sections at the inlet or outlet of the
stripper [17]. Therefore, designing or operating MEA units requires strong corrosion mitigation strategies, either by
selecting corrosion resistant alloys, or by using corrosion inhibitors. For comparison, some corrosion tests were
performed in the DMX-1 solvent. On the IFP Energies nouvelles pilot plant, corrosion rates of carbon steel coupons
were found to be negligible (< 2 um/year) at stripper inlet and at outlet (temperature = 105°C). Other tests were
performed in more severe conditions in autoclave, at 180°C and under 20bar CO,. Even under these conditions,
carbon steel gave excellent performance, with approximately 10 pm/year corrosion rate. Even if additional tests in
more representative conditions are required (e.g. hydrodynamic and phase separation), all the corrosion results
available to date indicate that the DMX-1 solvent is far less corrosive than MEA. Therefore, less costly construction
materials should be employed, and the use of costly proprietary corrosion inhibitors should also be avoided.

3.3. Process evaluation

3.3.1. Process description

The DMX™ process is based on the particular property of demixing solvents to form two immiscible liquid
phases for specific CO, loadings or temperature conditions, one having a particular high CO, loading. The
possibility of easy separation of the two phases by decantation allows us to consider an important decrease of
solvent mass flow at regeneration. Figure 6 shows a corresponding possible configuration for the process flow
diagram. The DMX™ process mainly differs from the MEA process by having an additional operation unit of
decantation. The decanter is preferably positioned after the amine/amine heat exchanger and before the regenerator.
This unit operation exploits the liquid/liquid separation property of the solvent with the simultaneous effect of CO,
charge and heat. Only the dense phase having a high CO, concentration is injected in the regenerator. The light
phase is mixed with the regenerated solvent coming from the stripper and injected to the absorber.

3.3.2. Cost analysis of the DMX-1 process

Process simulations have been performed with SimSci PRO/II using IFP Energies nouvelles’s proprietary
thermodynamic model via user added subroutines, the design of the columns being made with an in-house simulator.
Figure 6b presents the main characteristics of the DMX-1™ process used for the simulations. The main result, that
is the energy consumption of the process is given. One observes, when comparing with 30 wt.% MEA , a significant
change in energy consumption, the latter decreasing from 3.7 GJ/ton CO, down to 2.3 GJ/ton CO,. With a particular
process scheme, not shown here, this energy consumption can be as low as 2.1 GJ/ton CO,. The first target, that is a
significative reduction of the energy consumption at reboiler, is then reached.

a) Gas Treated LP CO, HP CO, b)
CO, lean amine Solvent DMX-1
Lean amine Energy 2.3 GJ/t CO,
—Decanter consumption
CO, output 110 bar (a)

% CO, rich (g Absorber Mellapak
© amiznc % packing 250X
@ ;g Stripper packing | IMTP 50
52 =
el

Reboiler type Kettle

Heat exchanger Gasketed
Flue Gas
I;, Reboiler type Plates

Rich amine

Lean
amine

Figure 6 : a) Simplified process flow diagram of the IFP Energies nouvelles DMX™ process and b) corresponding main process characteristics.
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As discussed in section 2, one should not restrict a process evaluation to energy consumption, both OPEX and
CAPEX analysis for given boundary conditions have to be performed. In the present case, it appears that the
CAPEX evaluation results in almost the same total CAPEX as obtained for the MEA 30wt.% process. The
advantage of having a solvent with higher capacity, inducing smaller pumps and heat exchangers and an absorber
diameter reduction, is counter balanced by the addition of the decanter and by the slight reduction of kinetics
performances inducing higher absorber heights. The design of the decanter at industrial scale is made on the same
residence time basis as the laboratory scale decanter which is known to be oversized (see Figure 4 and associated
discussion). It is thus believed that the resulting cost estimation is conservative.

The technico-economic process evaluation of the DMX-1™ process finally results in a CO, cost of about 56
€/ton CO, which represents a significant reduction when comparing to the reference case estimated at about 75 €/ton
CO, with same boundary conditions. From the cost analysis, further detailed elsewhere [7], it appears that there is no
more one major item contrary to the MEA reference case, the main initial cost having been significantly reduced,
but there are now five main items each representing around 20% of the total cost. This means that further
optimization would be done only via intensive research considering all aspects, thermodynamic properties, kinetics,
mass transfer properties, process optimization ... which is under work at IFP Energies nouvelles.

4. Conclusion

The present article describes the original DMX™ process developed by IFP Energies nouvelles and shows results
concerning thermodynamic properties and operational issues. From thermodynamic studies and associated process
simulations, it is shown that DMX-1™ enables important savings in terms of energy consumption, the energy at
reboiler being decreased from 3.7 GJ/ton CO, (30wt.% MEA) down to 2.3GJ/ton CO, and even down to 2.1GJ/ton
CO,. It is also shown that common operational issues that could stop a development before industrial application
have been studied and are in favor of this process. Next step consists in going from laboratory pilot plant currently
under tests to large scale pilot validation.
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