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HIGHLIGHTS

® Extensive experimental investigation of solvent regeneration with loaded MDEA solutions.
® Innovative IR analytic method successfully applied to loaded MDEA solutions.

® Developed model showed good agreement with experimental data.

® 40% improvement in energy requirement compared to MEA as baseline solvent.

ARTICLE INFO ABSTRACT

Although recent studies on the application of enzyme-catalyzed reactive absorption of carbon dioxide (CO,) with
thermodynamically favorable solvents such as tertiary amine N-methyldiethanolamine (MDEA) have demon-
strated competitiveness with kinetically favorable solvents such as primary amine monoethanolamine (MEA),
experimental data on the desorption of CO, in MDEA are scarce. However, these data are necessary to validate
the energetic benefit expected from an enzyme-catalyzed reactive absorption process with an aqueous MDEA
solvent. To bridge this gap, the current work presents the experimental results of aqueous MDEA solvent re-
generation at the pilot scale with consideration of different solvent flow rates, CO, loadings and applied reboiler
duties. Furthermore, a process model that accurately describes the experimental data was developed to evaluate
the energy requirements in a closed-loop absorption-desorption process. For this purpose, the desorption process
model was extended using a previously validated enzymatic reactive absorption model to determine the energy
efficiency of the overall enzymatic reactive absorption-desorption process. Although the MEA benchmark pro-
cess requires a specific reboiler duty of approximately 3.8 MJ-kg it was found that this value could be reduced
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by more than 40% to 2.13 MJ -kgc’g2 with use of the enzymatic reactive absorption process based on aqueous
MDEA solvent.

1. Introduction

A strong decrease in the greenhouse gas emissions from various
industrial processes, especially fossil-fueled power plants, is a major
climate goal that is expected to occupy academia, industry and policy-
making in the coming decades [1]. The need to reduce greenhouse gas
(GHG) emissions such as carbon dioxide (CO,) by 80-95% before 2050

relative to the 1990 emissions has been proposed by the European
Union as a roadmap to a low-carbon economy [2]. Innovative process
concepts and novel routes must be developed to meet this ambitious
goal while simultaneously enabling reliable and environmental-benign
generation of target products and services. In addition, existing plants
must be retrofitted with efficient technologies capable of mitigating
climate relevant emissions [3]. In this scenario, post-combustion carbon
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infrared; MDEA, N-methyldiethanolamine; MEA, monoethanolamine; N, nitrogen; NEQ, non-equilibrium; PCC, post combustion carbon dioxide capture; PDF, process development
facility; PLSR, partial least-squares regression; SRD, specific reboiler duty; VLE, vapor-liquid-equilibrium
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Fig. 1. Simplified process scheme of typical amine-based

Condenser reactive absorption processes.
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dioxide capture (PCC) represents the most mature mitigation tech-
nology for simple and effective retrofit of existing power plants.

Currently, most PCC processes use amine-based reactive absorption
in capture unit operation [4]. Industrial PCC plants are few in number,
and most are located in North America where the captured CO, can be
used in enhanced oil recovery. A simplified process scheme the amine-
based reactive absorption process is shown in Fig. 1. However, as re-
cently noted by the International Energy Agency, a large discrepancy
still exists between the planned reductions in GHG emissions and the
currently applied PCC processes that consequently endanger the
achievement of global climate goals [5]. The major reason for this lack
of application is the large difference between the capture costs of CO,
and the value of CO, certificates. Although the latter concept was ori-
ginally introduced to promote CO, capture, it is currently its biggest
handicap. Therefore, to increase the number of PCC applications, more
energy-efficient CO, capture processes must be developed to make
capture costs more competitive compared with CO, certificate prices.
Among the few currently applied amine-based reactive absorption
processes, which use primary or piperazine promoted amine solvent
systems, the high energy requirement for solvent regeneration is an
important factor because it could add up to 80% to the costs of elec-
tricity [6,7].

Despite its fairly detrimental thermodynamic properties, especially
low cyclic loadings and high heat of reaction, monoethanolamine
(MEA) is accepted as a baseline solvent because it offers high absorp-
tion rates that lead to reduced equipment size. Nevertheless, other
solvents such as tertiary amines offer much higher CO, loading capa-
cities and lower heat of reactions, thus enabling significant potential for
energy requirement reductions [8,9]. According to Oexmann and Ka-
ther [10], the energy requirement usually supplied by the reboiler
(Qrep) can be described as the sum of three main contributors:

Qreb = Qsens + Qdcs,COz + Qvap,HZO (1)

® Qqns: Sensible heat used to increase the solvent temperature from
the desorber inlet temperature (rich solvent) to the desorber outlet
temperature (regenerated solvent temperature).

® Qqesc0,: Heat of CO, desorption (non-ideal mixing + heat of dis-
solution + heat of reaction).

® Q,up1,0: Heat of evaporation used to produce the portion of water
steam that serves as a stripping agent for CO, and does not re-
condense along the length of the column but is ultimately condensed
in the top condenser.

In addition to fine tuning of the column pressure and liquid-to-gas
ratios, Qsens can be optimized primarily by reduction of the solvent flow

rate because a certain temperature difference between inlet and outlet
streams of a desorber column is inevitable due to the underlying se-
paration principle of reactive absorption, which is exploitation of the
temperature-dependent solubility of CO, [10]. The solvent flow rate
can be reduced if the CO, loading capacity of the solvent is increased.
The other two contributors can also be considered as important factors
of influence when aiming for more energy-efficient solvent regenera-
tion and thus lowering the energy requirement and capture costs as-
sociated with CO, capture.

Referring to the detailed energetic assessment reported by Feron
[11], the potential improvement in the energy performance of CO,
capture processes is quite large. Therefore, significant reductions in the
energy requirement can be expected from future generations of in-
novative absorption-based capture technologies, and according to
Feron, bicarbonate forming solvents such as tertiary amines and alkali-
carbonates offer a promising alternative [11]. In particular, tertiary
amine N-methyldiethanolamine (MDEA) has several advantageous
thermodynamic properties compared with primary amines, e.g., MEA
and is known to operate well based on industrial experience from other
acid gas removal processes [12]. It is worth mentioning that develop-
ment of novel energy-efficient solvents such as 1-diethylamino-2-pro-
panol [13,14] or the application of acid solid catalysts that facilitate
amine-based desorption processes [15-17] can further contribute to
reductions in the energy requirement for CO, capture processes.

MDEA has a significantly lower absorption enthalpy
(AHgps,co, ® 55 kJ ~molc‘é2) compared with the value for MEA (approx.
AHgps co, = 85 Id~mol,§52) [18]. As clearly explained by Oexmann and
Kather, a solvent with a low absorption enthalpy alone does not always
lead to improved energy efficiency [10]. However, MDEA exhibits fa-
vorable temperature-dependent CO, solubility, which enables sig-
nificant reductions in the amount of steam needed as a stripping agent
in the desorber (lower Q,qp,1,0) as well as high cyclic loading capacities
that consequently reduce the required solvent flow rate [8,19].

Despite such promising thermodynamic properties, absent a pro-
moter such as piperazine, aqueous MDEA is usually not considered as a
viable option for CO, separation from flue gases due to slow reaction
kinetics, which currently limit its application to processes with high
CO, partial pressures (e.g., natural gas sweetening) [12]. To make
MDEA ratewise competitive in a CO, capture from power plant flue gas
scenario, several research groups have successfully demonstrated that
high reaction rates can be achieved using carbonic anhydrase enzyme
as a biocatalyst [9,20-26]. Although the majority of these studies have
investigated the absorption performance of enzyme-accelerated ab-
sorption solvents, virtually no attention has focused on actual experi-
mental evidence and evaluation of the assumed energy-efficient solvent
regeneration. Therefore, the current work addresses this lack of
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