Renewable and Sustainable Energy Reviews 147 (2021) 111241

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

ELSEVIER journal homepage: www.elsevier.com/locate/rser

Check for

Advances and emerging techniques for energy recovery during absorptive  [w&s
CO5, capture: A review of process and non-process
integration-based strategies

Kelvin O. Yoro™ ", Michael O. Daramola ", Patrick T. Sekoai ¢, Edward K. Armah ¢,
Uwemedimo N. Wilson ¢

& Energy Technologies Area, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA, 94720, United States

b Department of Chemical Engineering, Faculty of Engineering, Built Environment and Information Technology, University of Pretoria, Private Bag X20 Hatfield, 0028,
Pretoria, South Africa

¢ Department of Biological Sciences, Kadoorie Building, The University of Hong Kong, 999077, Pokfulam, Hong Kong

4 Department of Chemical Engineering, Durban University of Technology, Steve Biko Campus, 4001, Durban, South Africa

€ Department of Civil Engineering, Nigerian Defence Academy, P.M.B 2109, Kaduna, Nigeria

ARTICLE INFO ABSTRACT
Keywords: Absorptive CO Capture (ACC) is widely embraced as a mature technology to mitigate CO, emission, but it is
Absorptive CO; capture energy-intensive and expensive to implement on a commercial scale. It is envisaged that energy recovery could
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Flexibility analysis

Flexible heat exchanger networks
Process integration

be achieved during ACC by synthesizing and integrating a complex network of flexible heat exchangers to
transfer as much energy as possible from a set of hot flows to cold flows. This review provides information on the
progress made in the development of process and non-process integration-based techniques alongside their
benefits for effective energy recovery during ACC. An exposition on the integration of flexible Heat Exchanger
Networks (HENS), its synthesis methodologies, and developments for improving energy recovery during ACC is
presented. Furthermore, this review highlights the current state of knowledge creation in process integration and
ACC, as well as its underpinning principles, challenges, and opportunities to provide a summary and important
discussion on current practices in process integration-based strategies for energy recovery. Current opinions on
the integration of flexible HENs for energy recovery during ACC are highlighted. The review also presents a
proposed roadmap for large-scale energy recovery during ACC, and suggestions on the improvement opportu-
nities for future research and development were provided. Finally, this review revealed that the integration of
flexible HENSs is a promising technique for energy recovery during ACC. This study will be beneficial to re-
searchers exploring cost-effective methods for designing sustainable energy systems for effective energy

recovery.
maximization of energy recovery still remains a great challenge [5]. The
1. Introduction body of knowledge is rich in state-of-the-art reviews on CO; separation
technologies [6-9] and process system integration [10-12] that linked
Global attention is shifting towards the reduction of CO, emission selected CO4 capture techniques and cost reduction in energy-intensive
and energy penalty minimization [1]. CO, capture, utilization, and end-of-pipe CO; separation. To reduce operational cost and fill the en-
storage (CCUS) is a reliable technique used in addressing some of the ergy demand and supply gap during absorptive CO, capture, it is
central challenges affecting the world today for example CO emission, imperative to address its high energy requirement through energy
global warming, and climate change [2,3]. Absorption, adsorption, optimization using modern techniques [13].
membrane separation, cryogenics, and hydrate-based separation tech- Absorptive CO Capture (ACC) is a technology that has been in ex-
niques are the typical technologies for CO, capture, amongst which istence since 1930 and was primarily used in food processing and
absorptive CO, capture (absorption) is regarded as the most established beverage making industries to capture food-grade CO; for the preser-
[4]. While several techniques have been reported for CO, capture, vation of beverage drinks [14]. As such, it can be described as a
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List of abbreviations

ACC Absorptive CO, Capture

CAPEX Capital expenditure

CCUS Carbon Capture Utilization and Storage
CHAMEN Combined heat and mass exchanger network

GAMS  General Algebraic Modeling System
HENSs Heat Exchanger Networks

MEA Monoethanolamine

MINLP Mixed Integer Nonlinear Programming
OPEX Operational expenditure

PCS Phase change solvents

PZ Piperazine

commercially-ready technology, but not on the scale required for power
plants. Despite being an established technology for CO2 capture, ACC
still faces challenges which includes process inefficiencies, high energy
demands and high process costs both in capital expenditure (CAPEX)
and operational expenditure (OPEX) [15]. In addition, the integration of
CO4 capture units in power plants results in lower plant efficiency and
high energy consumption, leading to a high operational cost [16]. These
limitations have hindered the full implementation of ACC technologies
on a commercial scale [17]. Although ACC using monoethanolamine
(MEA) is a convenient way to capture CO, on a commercial scale in
coal-fired power plants, researchers have argued that the use of chem-
icals like MEA to capture CO5 without sorbent development and process
modification could lead to increased energy consumption and reduced
plant efficiency from 45% to 35%, as well as other environmental haz-
ards [18-21].

ACC has some advantages which include higher reliability, higher
absorption efficiency, and ease of retrofitting in power plants compared
to other decarbonization technologies [22,23]. Also, processes in ACC
systems carry streams with purity higher than 95% [24], and ACC is
independent of human operators [25]. Despite these advantages, ACC is
still affected by various process constraints that hinder its commercial-
ization. Notably amongst them is that the ACC technology requires a
high heat of absorption, and its energy requirement during sorbent
regeneration is also high [26]. This claim has been validated in the re-
ports of Lucquiaud et al. [27], as well as Jackson and Brodal [28] where
it was established that for a CCS plant using a current state-of-the-art
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absorptive CO, capture technology, the energy needed by the capture
plant will be about 250-300 kWh of electrical energy per tonne of
captured CO, (kWhe/tCO,), while the estimated energy consumption
during CO2 compression is in the range of 80-120 kWhe/tCO2. To
maximize effective energy recovery during ACC, this review explores
process integration-based options such as the integration of flexible heat
exchanger networks. A schematic illustration of the ACC process
showing major energy-consuming units and process streams where heat
integration is usually required (in red lines) is presented in Fig. 1. From
Fig. 1, the major energy-consuming units in CO, absorption processes
are heat exchangers, reboilers, and regenerators. The heat exchangers in
the ACC process presented in this review have the potential to recover
heat from lean hot solvents emanating from the regenerator, and also
use the energy to make the rich preheated solvent cold, which signifi-
cantly reduces energy consumption within the process.

The energy consumed in a typical ACC process that uses mono-
ethanolamine as a sorbent is estimated at 3.8 MJ/kg-CO, captured,
while the energy requirement of solvent regeneration in a conventional
ACC is approximately 3.22 MJ/kg-CO captured [29]. According to Li
et al. [30], the minimum reboiler duty during ACC is 3.1 GJ/tCO2, which
reduces the net power efficiency from 38.9 to 29.8%. Improving effi-
ciency will minimize energy and fuel consumption. Furthermore, opti-
mizing important process specifications in ACC such as solvent
temperature, the height of absorber and stripper, flue gas temperature,
the reboiler duty could lead to a reduction of about 20% in the thermal
energy consumption of the process [31]. The reboiler duty is signifi-
cantly high at lean loadings because the partial pressure of CO, in
equilibrium with the liquid phase is low at lean loadings. The heat of
desorption accounts for the biggest fraction of the energy requirements
in the reboiler, with the stripping steam and sensible heat requirement
accounting almost evenly. To lower the heat energy requirement in the
reboiler during ACC, it is better to lower the approach temperature in
the heat exchanger.

The energy requirement of each unit operation in the process can be
determined from Equation (1):

Q

= m*C, * AT )
where Q is the heat energy content, C,, is the specific heat capacity of the
fluid undergoing temperature change, m is the mass flow rate of COg,
and AT is the difference between the outlet and inlet temperature of the
unit streams.

Due to the interdisciplinary nature of process integration and CO;

capture studies, it is necessary to integrate another discipline like
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Fig. 1. A typical ACC process showing the major energy-consuming units.
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process chemistry into its synthesis. Process integration techniques may
be involved at the start of a project (for example a new fossil fuel-fired
power plant) or in the upgrading of an existing one (retrofit) to filter
interesting possibilities for optimizing its operation for effective energy
recovery [32]. During process integration, emphasis is placed on inte-
grating processes in a holistic approach rather than on individual op-
erations [26]. Process integration aims at resource conservation, waste
reduction, and the optimization of industrial processes whilst identi-
fying the heat recovery potentials and the optimal integration of energy
conversion systems.

The foremost objective of this review is to discuss the importance of
integrating flexible Heat Exchanger Networks (HENSs) that can transmit
heat energy independently of possible periodic fluctuations, to ensure
efficient energy utilization during ACC at an industrial scale. Most en-
ergy minimization strategies applied in ACC systems in the past are non-
process integration-based [33,34]. Although the concept of heat inte-
gration is not new to the body of knowledge in this field, its application
through flexible HENSs for energy minimization during ACC is new and
has not been adequately reported in the open literature. The introduc-
tion of process integration-based concepts (flexible HENs retrofitting)
for effective energy recovery in ACC systems, the development of a
schematic framework for superstructure model implementation of
flexible HENs for energy recovery during absorptive CO, capture, the
methodical presentation of a simplified four-step solution approach to
synthesize flexible HENs for effective energy recovery during ACC, and
the presentation of a new roadmap for large-scale energy recovery in
ACC systems, as well as the improvement opportunities for future
research and development presented in this review form the major
novelty of this study. The major highlight and potential contribution of
this review to the field of CO, capture are inherently found in the
introduction of new process integration-based techniques to tackle the
challenge of high energy consumption associated with most CO, capture
techniques, as well as in the application of process integration concepts
for effective energy saving during ACC. A successful application of
process integration principles in ACC systems could be instrumental to
increasing process efficiency, improving energy recovery, increasing
operator effectiveness, reducing maintenance costs, and lowering life-
cycle costs.

This review is structured as follows: Section 2 elaborates on the ACC
technology which includes a summary of different techniques for energy
recovery. Sections 3 and 4 focus on evaluating the appraoches for
effective energy recovery and the potential of emerging techniques for
effective energy recovery during ACC. Then, section 5 introduces the
benefits of process integration during ACC, leading to the identification
of some emerging process and non-process integration-based techniques
for energy recovery. A new perspective for energy recovery during ACC
is presented in section 6. Section 7 discusses the progress and limitations
of flexible HENs integration in ACC systems, while important factors to
consider during the integration of flexible HENs for energy recovery in
ACC systems are discussed in section 8. Current opinions on the use of
flexible HENs integration approach as an energy recovery strategy
during ACC are highlighted in section 10, while a roadmap for large-
scale energy recovery during ACC is proposed in section 10. Finally, a
conclusion section (11) summarizes the insights from this paper, with
recommendations on how future research might tackle the identified
shortcomings.

2. Absorptive CO; capture via amine scrubbing

Amine scrubbing (amine gas treating) is a procedure that involves
the use of aqueous solutions of various alkyl-amines to remove certain
gases for example hydrogen sulfide (H,S) and carbon dioxide (CO3) from
a mixture of gases [34]. This review focuses on absorptive CO5 capture
via amine scrubbing because, amongst other capture techniques, COy
capture by scrubbing flue gas with aqueous amine has been reported as a
ready-to-use technology to decrease CO; emissions [35]. Though amine
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scrubbing is one of the most widely accepted technologies for ACC, there
is a large amount of heat lost by the evaporation of water in the reboiler.
It is difficult to minimize this wasted energy because the conventional
MEA washing process has a trade-off relationship between the cooling
load of the condensers and the preheating duty of the heat exchanger.

Amine scrubbing process typically comprises an absorption column,
a heat exchanger, a reboiler, and a stripper. The rich stream is always the
process stream carrying the flue gas while the lean process stream
contains the sorbent (MEA in this case). The COy-rich flue gas goes in
from the base of the absorption column, while the cold lean MEA flows
from the top of the absorption column. The sorbent selectively absorbs
the CO2 from the flue gas mixture through an exothermic reaction, then
flows to the base of the absorption column before going through the heat
exchanger for pre-heating. The pre-heated sorbent which contains CO,
flows via the top of the stripper to get its CO, content separated at high
desorption temperature. The separated CO2 is then collected from the
top of the stripper, while the hot lean MEA is allowed to drain at the
bottom of the stripper. Finally, the hot-lean MEA is cooled by the a
cooler. The resultant cold lean MEA from the cooler is then recycled
back through the top of the absorption column. A schematic description
of the ACC process via amine scrubbing is presented in Fig. 2.

In a conventional ACC process, the reboiler is usually the most
energy-intensive unit [36]. To minimize energy consumption in the
reboiler, the cooling duty of the condenser should be decreased, or the
preheating duty of the heat exchangers be increased with both inlet and
outlet feed temperatures fixed. However, it is noteworthy that due to the
increase in the vapor pressure of water at high temperatures, cooling
duty in the condenser increases when the preheating duties in the heat
exchangers are increased. Although setting a maximum preheating duty
is a potential strategy to reduce the energy consumption in the reboiler,
the cooling duty of the condenser is increased when a maximum pre-
heating duty is set. This means that the energy ejected from the reboiler
will be wasted in the condenser without being used. For this reason, it
might be difficult to reduce the cooling duty of the condenser by pre-
heating during ACC.

In a similar study, Jung et al. [37] suggested the application of a
configured split-flow and phase -separation heat exchanging system to
minimize energy consumption during ACC. The authors established that
the regenerative energy requirement of the ACC process could be cut
down by 2.84 GJ/ton CO,, which is 27% better than the conventional
ACC process [37]. However, the major disadvantage with their approach
is that a high amount of energy is still consumed from the configuration
during regeneration and desorption of the CO2-containing solvent [24].
Hence, this review suggests the application of a process
integration-based concept (flexible HENSs integration) to tackle the high
energy consumption associated with ACC, especially during stripping
and sorbent regeneration. Table 1 presents a summary of recent studies
that applied different techniques for energy recovery during ACC via
amine scrubbing, as well as the amount of energy saved, while Table 2
compares the competitiveness of CO5 absorption technology with other
CO4, capture technologies such as membrane, adsorption, cryogenic, etc.
To justify why this study focused more on ACC. The basis for comparison
in Table 1 is that most of the studies considered focused on ACC. Though
non-process integration-based techniques are effective for energy
minimization to an extent during ACC, information in Table 1 reveals
that non-process integration-based techniques result in higher energy
savings.

3. Current approaches for effective energy recovery during ACC

Emerging techniques for energy recovery during ACC are categorized
under two approaches herein. First, is a process integration-based
approach which depends mainly on process modification [82,83], and
secondly, a non-process integration-based approach that mainly in-
volves solvent development [84,85]. Although the application of
non-process integration strategies for energy minimization during ACC
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Fig. 2. CO; capture via amine scrubbing. Adapted and modified from Rochelle [34].

could result in significant energy saving to some extent, the drop in plant
efficiency and increased process cost is usually a major limitation [86].
Several studies on energy minimization in industrial processes have
associated high energy consumption with the topological changes in the
network of heat exchangers [87,88]. These changes include the addition
of new heat exchangers, re-piping, or the re-sequencing of the existing
network [89]. A summary of some process and non-process integration
techniques that can be used to maximize energy recovery during ACC is
presented in Fig. 3.

The goal of the two approaches highlighted in Fig. 3 is to operate at
reduced energy costs and make huge profits. As far as could be ascer-
tained, process integration-based approaches have not been adequately
harnessed for energy minimization during ACC. Similarly, the integra-
tion of flexible HENs for energy recovery during CO2 capture has not
gained much relevance. With the current increase in global energy de-
mands in process industries, as well as its obvious high cost, there is a
need to optimize industrial applications to be less energy-intensive and
yield profit [90].

The synthesis, integration, and optimization of HENs is envisaged as
an effective way to bridge the gap between energy demand and cost in
many industrial applications including ACC. However, most HENs that
were synthesized and integrated in the past were done under the
assumption of a quantified operating condition [91]. This means that,
when operating conditions fluctuate, stream temperature and energy
efficiency targets can easily fall out of reach. For a process like ACC
where process variables randomly fluctuate, there is a need to synthesize
and integrate a HEN that can accept changes in operating conditions.
Several methods (sequential and simultaneous) have been proposed for
HENSs integration in the past [92-95]. However, in most of the meth-
odologies proposed, uncertainty has been a major issue. To address this
issue, researchers proposed different techniques to synthesize
multi-period and flexible HENs [96,97]. Nonetheless, most of the

proposed techniques were based on simultaneous techniques that
involve complex mixed-integer non-linear programming (MINLP) which
are hard to solve. This review opines that there is a need to also explore
sequential techniques to synthesize flexible HENs for effective energy
recovery, especially during ACC.

4. The potential of process integration during ACC

Process integration (PI) is a fast-moving area of research and
development. PI research began in 1978 with emphases on energy ef-
ficiency [98]. Subsequently, more emphasis was placed on developing
systematic methods for designing HENs. PI approaches for solving en-
ergy problems is not peculiar to a specific industrial application, it can
be applied in other aspects of process design, such as water and waste-
water minimization [99,100]. The deployment of PI techniques in the
field of CO4 capture could proffer a solution to energy efficiency in CCS
systems, and also tackle other challenges affecting the world today in the
energy-food-water nexus.

So far, process integration has been applied in some energy-intensive
processes like crude distillation [101], CO2 conversion [102], and
cement production [103] because of its significant energy-saving and
cost benefits. However, it has not been adequately explored for energy
recovery during ACC. Most large industries (for example coal-fired
power plants) that use ACC have set up technical procedures to
conduct energy assessment studies for their local plants to reduce energy
efficiency, available resources, and greenhouse gas emissions [104,
105]. PI through the retrofitting of flexible HENs in existing plants could
improve energy recovery during ACC by increasing the heat transfer
area of the process. Also, the use of PI-based techniques during the ACC
allows the process to use the heat emitted by another unit even if the
units do not operate optimally on their own, thereby reducing the
overall energy consumption. PI can also be used to evaluate cost and
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Table 1 Table 2
A summary of studies that attempted energy recovery during ACC. Competitiveness of ACC with other CO, capture technologies.
Solvent type Technique used Energy- Reference S/ Capture Merits Drawbacks References
saving N technology
Monoethanolamine Multivariable 7.1% [38] 1 Absorption Most mature o High capital and [70]
(MEA) optimization technology for CO, operational
N-methyldiethanolamine Sorbent modification 5.5% [39] separation expenditure
Diglycolamine (DGA) Solvent modification 5.2% [40] Absorption efficiency o High energy [71]
Diethanolamine (DEA) Sorbent modification 2.6% [41] is high and greater requirement.
MEA Capacitive deionization 10.0% [42] than 90%
NHs + MEA Advanced stripper 27.0% [43] Sorbents can be o Susceptibility of
configurations regenerated by amines to thermal
NH3 + AMP Ammonia blending 7.5% [44] heating and and oxidative
PZ + K,CO3 Use of additives 5.2% [45] depressurization. degradation.
AMP + EDA Amine blending 5.5% [46] Easy retrofitting in o A high amount of
MEA Upgrading external waste 14.0% [47] existing power plants heat for sorbent
heat regeneration is
MEA Lowering purity 20.0% [48] required.
requirement o Equipment
MEA Phase-separation 5.0% [49] corrosion
MEA Process configuration 15.8% [50] 2 Adsorption o High adsorption o High desorption [72-74]
AMP + HMDA Solvent modification 15.0% [51] efficiency is energy is required
MEA Superstructure 17.4% [52] achievable (>85%).
development o The process is o High-temperature
MEA Flow sheet modifications 17.0% [53] reversible and the adsorbents are
MEA Process intensification 28.0% [54] adsorbent can be required.
MEA Configurational 35.0% [55] easily recycled.
modifications o Slightly lower
MEA Parameters optimization 9.3% [56] regeneration energy
MEA Bifunctional catalyst 23.3% [57]1 requirements, and
EtOH-MEA-H,0 Amine blending with 10.2% [58] minimized pressure
alcohol losses
MEA Computer Aided 31.4% [59] o CO2 purity higher
Molecular Design than 95% and
MEA/1-propanol Energy-saving splitter 39.9% [60] recovery higher than
MEA + 2- Sorbent blending 15.0% [61] 80% can be achieved
methoxyethanol 3 Membrane o High separation o Low fluxes and [75,76]
NH3 Capacitive ion separation 35.0% [62] separation efficiency >80% is fouling.
MEA Superstructure 15.0% [63] achievable.
optimization o Can be easily o High energy
MEA Multistage process 25.5% [64] adapted for the penalty
configuration separation of other o Performance is
MEA Flowsheet modifications 17.4% [65] gases strongly affected by
Methanol + MEA Sorbent blending 12.0% [66] flue gas conditions
MEA + PZ Process configurations 9.5% [67] like low CO2
Amine-functionalized Solvent modification 23.2% [68] concentration and
Fe304 pressure.
S03/Zr0,/MCM-41 Bifunctional catalyst 28.0% [69] 5 Cryogenic o Adapted industrially o Highly energy [77,78]1
distillation for CO2 recovery intensity estimated
to at 600-660 kWh
energy savings by trading materials and utilities within a process, per tonne of CO2.
instead of allowing it to operate independently. Energy integration is an © Mature technology 0 Only viable for
aspect of process integration that can also be used to search for heat very high co2 )
concentration >90%
source-to-sink matches which could be used to maximize energy re- /.
covery during ACC. Other benefits of applying process integration 6  Hydrate- o Low energy penalty o New technology [79-81]
technologies (for example the integration of flexible HENs) during ACC based (6-8%) and more research
separation o Energy consumption  and development is

are summarized in Fig. 4. It is worth emphasizing that although the
benefits shown in Fig. 4 are not the only benefits of process integration,
they represent the three major benefits of flexible HEN integration
during ACC. From this standpoint, it is evident that the application of
process integration-based concepts (through flexible HENs integration)
during ACC presents a wide range of opportunities for effective COy
capture with significant energy savings and cost reduction.

5. Emerging techniques for energy recovery during ACC

Researchers have suggested different modern techniques to improve
energy efficiency and reduce costs during ACC [106-108]. Emerging
techniques for energy recovery during ACC have been broadly classified
into two groups as earlier highlighted in section 4. These emerging
techniques are critically discussed in sections 5.1 and 5.2 of this review
alongside their potentials, merits, limitations, and suggestions for
further improvement.

could be as low as
0.57 kWh/kg-CO2

0 Most promising
long-term CO2
separation technology
identified today

required

5.1. Non-process integration-based techniques

5.1.1. The use of phase-change solvents

Apart from the use of additives with amines which is a popular
technique for minimizing energy consumption during ACC, a class of
liquid solvents that undergo phase change during the absorption of CO»
have emerged as a promising alternative to capture CO5 while reducing
the need for regenerative energy; such materials are called phase-change
solvents [109,110]. A comprehensive overview of the potentials of
phase change solvents during ACC has been adequately captured in the
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works of Wang and Li [111], Zhuang et al. [112], Zhang et al. [113] and
Papadopoulos et al. [114]. Phase change solvents are used during ACC
because certain components of the ACC solvent system can precipitate
upon the absorption of COy [115]. This subsequently leads to the for-
mation of a suspension which can be divided into a CO»-rich and lean
stream. Phase change solvents have several advantages over traditional
amines because of their ability to maintain absorption at higher CO5 and
cyclic loads, lower solvent circulation speed, improved kinetics, negli-
gible contact equipment, and low regenerative energy requirement due
to their low latent heat demand [116]. However, the major problem
with phase change materials is their relatively high cost which impacts
negatively on the economic advantage of the ACC process [117].
Generally, it is known that the transition in phase-change solvents
(PCS) is usually a change from one of the first two fundamental states of
matter (solid and liquid) to the other. But it is worth mentioning in this

review that phase transition also takes place between non-classical
states of matter, such as the conformity of crystals, where the material
passes from conformity in one crystalline structure to another, which
may be at a higher or lower energy state. PCS has been used in different
commercial applications where energy minimization was required; for
example heating pads [118], power plants [119], waste heat recovery
plants [120], and textile production plants [121]. But, the focus of this
review is on the application of PCS for effective energy recovery during
ACC in coal-fired power plants.

In a typical ACC system that uses phase-change solvents, there is
usually an absorption column, heat exchangers, a spray dryer column
(stripper), and a compressor as shown in Fig. 5. The sorbent absorbs heat
and changes phase when it comes in contact with COj. After the
absorbed CO; is separated from the PCS, a large amount of heat is given
off, and the PCS changes from liquid back to the solid phase. The heat of
fusion of the PCS can be used to decrease the heat duty in the stripper
during ACC, while the cooling duty can be reduced by melting the sor-
bent. Several research reports on PCS for energy recovery have surfaced
in open literature; for instance, Shavalieva et al. [122] reported that the
use of phase-change solvents during absorptive CO, capture could
minimize energy consumption with about 40% energy savings. The
major limitations highlighted by the researchers were the non-ideal
behaviors of the phase-change materials, as well as their high latent
heats.

Though the use of PCS during ACC could lead to significant energy
savings, it also incurs increased process cost because phase change sol-
vents are expensive for large-scale ACC. Furthermore, the use of PCS in
ACC systems is faced with other limitations such as; low thermal con-
ductivity in their solid phase, difficulty in preventing unsuitable melting
and phase separation during sorbent recycling which can lead to a sig-
nificant loss in latent heat enthalpy, and low volumetric latent heat
during stripping [123]. While this review focuses on the integration of
flexible HENs to guarantee low cost and significant energy savings in
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ACC systems, more studies could be conducted in the future to focus on
addressing the limitations of phase-change solvents during absorptive
CO; capture. A few studies that applied the use of PCSs to minimize
energy consumption have been summarized in Table 3 with their
respective energy savings recorded. From the information provided in
Table 3, it could be inferred that the use of PCS to minimize energy
consumption during CO3 capture is well-studied in the literature. As
such, there is a need to develop other alternative techniques like flexible
HENSs integration which has not been adequately reported.

5.1.2. Use of hybrid solvents

The quest for more sustainable ways to maximize energy recovery
during ACC is still on. Recently, Huang et al. [137] investigated five
major classes of hybrid solvents that could aid energy recovery during
ACC, while Garrabrant et al. [138] developed a hybrid
solvent/solid-state methodology to reduce energy consumption during
ACC. Their methodology involved the absorption of CO; using aqueous
glycine (sarcosine amino acids), which was followed by the crystalli-
zation of bicarbonate salts of glyoxal-bis(iminoguanidine). Interestingly,
the authors were able to establish that the regenerative energy
requirement of their hybrid solvent was 24% lower than the regenera-
tive energy requirement of a benchmark industrial solvent (MEA). In
addition, their study also established that regenerative energy

Table 3
A summary of studies that used phase change solvents for energy recovery.
Type of PCS Application Energy- Reference
saving
1,3-Bis(3-aminopropyl) CO2 capture 12.0% [109]
Potassium salt of sarcosine CO2 capture 14.7% [124]
Ionic liquids CO2 capture 11.3% [125]
N-Methyl-1,3-diaminopropane CO2 capture 11.5% [126]
Amino acid salt CO2 capture 13.2% [127]
Triethylenetetramine CO2 capture 19.2% [115]
Amine ~-Water Mixtures CO2 capture 10.8% [29]
Paraffin wax Thermal 7.3% [128]
management
Paraffin RT15 Heat recovery 7.5% [129]
Amino-functional ionic liquid CO2 capture 13.5% [130]
Potassium prolinate + water + CO2 capture 15.0% [131]
ethanol
Ionic liquids CO2 capture 12.0% [132]
Aminopyridine solvents CO2 capture 11.0% [133]
DEEA/MAPA CO2 capture 13.2% [134]
Potassium prolinate/ethanol CO2 capture 14.6% [135]
solution
PZ/DMF CO2 capture 11.0% [136]

requirements could be 40% lower if sodium glycinate is used. Also, it has
been reported in the literature that hybrid solvents show better effi-
ciency compared to the use of aqueous amine solutions during CO5
capture [139]. However, the major disadvantage of using hybrid amine
solvents is sorbent degradation, since the amine solutions must still be
heated during regeneration. The adverse effect of solvents (for example
sarcosine amino acids) on the environment is another serious concern
limiting this technique. There is a need for future research to consider
addressing the limitations associated with hybrid solvents and imple-
ment its full application during absorptive CO, capture because from the
literature investigated so far, hybrid solvents (with more reduced limi-
tations) could play a pivotal role during energy recovery in ACC systems.

5.1.3. Sorbent blending

Studies have shown that monoethanolamine (MEA) blended with
piperazine results in a superior absorption performance and less
regeneration energy requirement compared to the current industrial
standard involving only monoethanolamine [140,141]. This means that
the blending of sorbents (amines with piperazine) could significantly
influence effective CO, capture with improved energy efficiency. Bougie
and Iliuta [142] suggested that blending solvents (for example MEA)
with aqueous piperazine solutions during ACC could minimize the high
energy requirement of a typical CO5 absorption process. Although the
researchers recorded a slight energy recovery with this approach,
blending of sorbents with additives like piperazine has been shown to
suffer from limited solvent solubility, especially if solid precipitation
occurs simultaneously at high and low CO; loadings [143]. Although
energy consumption could be minimized to some extent by blending
amine (MEA) with piperazine (PZ), the technique will require the use of
extra materials (sorbents) which will increase process cost. Also, mate-
rials used in designing most of the existing CO»-emitting plants will need
to be modified to handle the corrosive nature of blended MEA with PZ.

Other studies have also shown that the improvement of MEA-based
CO, capture units through the wuse of blended Mono-
ethanolamine-Methyl diethanolamine (MEA-MDEA) with split-flow
configurations could potentially make ACC slightly less energy-
intensive, but not without an impact on process cost [144,145].
Despite the high cost, it will be better to capture CO5 at higher effi-
ciencies to achieve greater CO, emissions avoidance and energy savings.
However, for higher energy recovery targets to be achieved, the gas
delivery schemes with steam pressure transferred from the power plants
to the CO capture units must be integrated.
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5.1.4. Precipitating amino acids

Amino acid salts show great prospects for application in CO; sepa-
ration processes because of their desirable properties which include high
energy efficiency [146], environmentally benign nature [147], lower
evaporation [148], and reduced degradation issues [149]. Precipitating
amino acids are non-volatile and less noxious compared to conventional
amines. Increased stability, resistance to degradation, and lower reboiler
duty are additional advantages of precipitating amino acid salts, which
could be highly beneficial during ACC. Potassium, lithium, and sodium
salts are the common examples of amino acid precipitates that can be
formed during ACC. The use of precipitating amino acid salts show
significant benefits over conventional amines during ACC because of
their increased resistance to oxidative decomposition and insignificant
vapor pressure [150]. Furthermore, precipitation in most amino acid
salts has the potential to improve sorbent-CO» capacity and efficiency of
the stripper in a sorption process.

According to literature reports, the use of precipitating amino acids
during ACC could lead to reduced energy consumption which could be
almost 73% lower than the conventional MEA process that does not use
any additive [151,152]. Slurry handling and crystallization control are
the major drawbacks linked to the use of precipitating amino acids in
ACC systems. According to Goetheer et al. [153], the aforementioned
limitations can be addressed via the Decarboxylation (DECAB) process.
Taurine, Glycine, Proline, and Lysine are some examples of popular
precipitating amino acids that may be further investigated for energy
minimization during ACC. Prospectively, precipitating amino acids can
increase energy recovery and decrease process cost in gas separation
plants. However, more investigations are required to know the
long-term effects of the precipitates on the absorption column and
general plant operation.

5.1.5. Bifunctional catalysts and the use of additives

The use of bifunctional catalysts for energy recovery is receiving
increasing attention from the scientific community due to its exceptional
properties which include high catalytic efficiency, pore-geometry, pore-
size distribution, distribution of acid sites, hydrogenation/dehydroge-
nation ability, as well as a large mesoporous surface area [154].
Bifunctional catalysts have been largely used in crude oil reforming
[155], hydrocracking of heavy paraffin [156], reductive etherification
of cyclohexanones [157], promotion of biomass-derived oxygenates
[158], and hydro-isomerization of alkanes [159]. Ni-HZSM-5 [57],
MgO-HZSM-5 [43], Al,O3/HZSM-5 [144], Na-Fe304-HZSM-5 [160],
Al;,03/HZSM-5 [57], and Fe-Promoted SO%‘/ZrOz/MCM—41 supported
on MCM-41 [69] are popular examples of metal-oxide modified
bifunctional catalysts that have attracted tremendous attention in en-
ergy recovery studies because of their high energy-saving potential.
Furthermore, bifunctional catalysts show high catalytic activity and
catalyst stability during the absorption of CO3 which could be attributed
to the good synergistic effect between the two components in the
bifunctional catalyst [161]. Typically, research has that the use of
bifunctional catalysts with MEA in ACC systems could decrease the
regeneration heat duty by about 35%, and increase the desorption factor
by 3 times compared to pure amines [162]. Although bifunctional cat-
alysts have found predominant application in the petrochemical in-
dustry for energy recovery, it has not been adequately tested in ACC
problems. Future studies on COy capture could consider the use of
bifunctional catalysts to reduce the regenerative heat duty of the rich
amine with less energy consumption.

In addition to the use of bifunctional catalysts, researchers have
suggested the introduction of additives into conventional amines to
improve desorption and lower regenerative energy [163]. The major
benefits that the use of additives could bring to absorptive CO, capture
include the enhancement of CO5 absorption kinetics, reduction of the
absorber capital costs, and the reduction of solvent regeneration energy
demands. However, its main limitation is the formation of precipitate in
the absorber. This implies that robust technologies are needed to address
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this limitation. Wang et al. [164] studied the effect of using TiO,
nanoparticles as an additive during an enhanced CO5 absorption and
desorption study. The researchers reported that the introduction of TiO4
nanoparticles in a monoethanolamine system could save about 42% of
energy during desorption. Other additives that may address energy de-
mands during absorptive CO2 capture include soluble organic weak
acids [165] and metal ions [166].

It is evident from the aforementioned studies that the use of
bifunctional catalysts and additives show promising energy recovery
potentials in ACC systems. Therefore, these materials can play important
roles in advancing ACC with minimal energy usage. However, most
studies on the use of bifunctional catalysts and additives to enhance
energy recovery have been carried out at bench-scale conditions, and
this might not be a correct depiction of the process performance at in-
dustrial scales due to the complexities of industrial processes. Therefore,
more studies could be conducted on a large scale to investigate the effect
of bifunctional catalysts and additives on the overall system perfor-
mance of ACC processes.

5.2. Process integration-based techniques in ACC systems

5.2.1. Process configuration

Process configuration is critical for effective energy recovery [167].
To ensure effective energy recovery in ACC systems, new process con-
figurations, including a complete investigation of the operational con-
ditions of the baseline need to be assessed. DECAB Plus is a popular
process configuration technique that has found wide industrial appli-
cations in recent times. Studies have shown that configuring a process
via DECAB plus have the potential to lower energy usage [168,169].
During ACC, energy minimization could include the reduction of solvent
regeneration energy, minimization of energy required to liquefy pre-
cipitates, and the COy compression energy. For energy recovery tasks,
DECAB Plus with lean vapor compression configuration is a reliable
technique to reduce the reboiler heat duty by 45% during the regener-
ation of sorbents, compared to the conventional system without any
process configuration [170]. This means that if an improved process
configuration is applied during ACC, it could lead to remarkable energy
recovery, but results in more process complexity with increased process
cost. The limitation identified with process configuration as an energy
recovery technique is that process and solvent improvements are not
additive, hence process configuration without major improvements may
not produce high energy savings beyond a specific limit. Vacuum
stripping, double matrix stripping, and multi pressure stripping with or
without heat recovery are examples of process configurations that could
be used during ACC, while piperazine promoted potassium carbonate
(K2CO3) solvents and promoted tertiary amines are some examples of
solvent formulations that may be used for process configuration. There
are four different types of changes to structural process configurations
(for example combustion gas separation, multiple solvent supply, flow
separation, and intermediate absorber cooling), and they have been
discussed separately in the literature [171,172].

In the context of this study, structural process modifications could be
combined in large processes to achieve maximum energy recovery.
Alternatively, energy recovery can still be achieved in ACC systems
using a single process modification approach like dividing the flue gas
and feed it in two different positions within the absorption column. To
ensure that effective energy recovery is achieved beyond any limit and
sensible heat losses are minimized in ACC systems, future investigations
could consider advanced process configurations with solvents that have
very high capacities. Also, more configurations can be explored for
advanced solvent formulations and process configurations to improve
energy recovery potential during ACC.

5.2.2. Superstructure optimization
A superstructure is supposed to contain all possible alternatives for a
potential recovery network, including the optimal solution that is
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hidden [173]. Therefore, optimization of superstructures is a potential
approach to achieve energy recovery. Although the main objective of
optimizing superstructures is to minimize the total cost of a process
using mathematical modeling structures, energy recovery can also be
achieved in the same way. According to Oh et al. [55], optimization of
superstructures via flue gas separation, multiple supplies of solvents,
flow separation, and intermediate absorber cooling can be extended to
optimize the ACC processes for efficient energy recovery. More specif-
ically, flue gas fractionation has the potential to minimize high regen-
erative energy requirements and maintain a high CO; recovery rate.
Also, the superstructure optimization method can be used to identify
structural configurations before performing sensitivity analysis on the
main operational parameters, considering the solvent rotation rate, poor
solvent load, and temperature control around along the absorption
column. The main limitation of superstructure optimization is that the
mathematical modeling structure results in nonlinear equations that are
difficult to solve, especially when using realistic unit usage models
[174]. The reformulation of these mathematical modeling framework
models and their incorporation into the design of the mathematical
programming superstructure can address the aforementioned limita-
tions in future studies.

5.2.3. Integration of heat exchanger networks in ACC systems for effective
energy recovery

HEN integration was first reported by Masso and Rudd [175]. Since
then, the integration of heat exchanger networks has been embraced as a
propitious strategy to achieve effective energy minimization in many
industrial processes [176,177]. Although the concept of HEN integration
is well-known and applied in many areas, it has not been adequately
reported in ACC studies. HEN integration in ACC systems could guar-
antee good use of the energy between hot and cold process flows to
reduce consumption of process heating and cooling services [178]. HEN
integration could also be used for utility targeting and energy minimi-
zation in energy-intensive industrial processes like ACC [179]. Although
additional surface area, topology, safety, and working time constraints
are the major challenges limiting the application of HENSs integration for
energy recovery in ACC systems [180], some of these limitations can be
tackled by using heat transfer amplifiers at the back of the networks in
ACC systems. For effective application of HENs in ACC systems, there is a
need to integrate a HEN that is flexible, and capable of addressing the
challenge of parametric fluctuations in ACC. To effectively integrate
flexible HENSs for effective energy recovery in ACC systems, important
parameters that should first be considered include CO5 capture effi-
ciency, coal type, the scheme of flue gas delivery, amine/sorbent type,
and supply steam pressure for sorbent regeneration [181]. Future
studies should consider addressing these challenges to ensure maximum
energy recovery in ACC systems using a flexible HEN integration
approach.

6. A new perspective for energy recovery during ACC using
flexible HENs

Most scientific contributions on HEN synthesis for energy recovery
reported in the past assumed nominal fixed operating conditions [182,
183]. But in the real industrial world, problems like ACC are faced with
several disturbances within the process, and from the environment. This
means that a design that simply refers to a single condition would not
meet the full expectations of the process. To address this while ensuring
minimized energy consumption using a process integration-based
approach, HENs must be designed to be flexible and functional as the
process parameters vary [184]. At the same time, the flexible HENs must
be cost-effective. The most attractive feature in any flexible HEN inte-
grated for energy recovery during ACC is its ability to be sufficiently
flexible within a different range of variations. The early works of
Papalexandri and Pistikopoulos [185,186] have provided a good
groundwork for flexible HENs, and an up-to-date review detailing
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several methods to synthesize flexible HENs has been reported in the
work of Kang and Liu [187].

Several attempts have been made in the past to introduce process
integration-based energy recovery techniques in the field of CO5 capture
[188]. For example, Escudero et al. [189] proposed a methodology for
integrating flexible HENs for energy recovery in oxyfuel CO5 capture
plants using the concept of pinch analysis. However, despite the huge
energy savings recorded using this approach, the concept has not been
fully implemented for energy minimization in CO; capture plants that
involve post-combustion capture technologies like ACC. To date, no
study has considered integrating flexible HENs for effective energy re-
covery during ACC while considering heat exchanger loads and costs.
This review identifies that the methodologies presented in the works of
Chen and Hung [184], Kang and Liu [187], as well as the model of
Rooney and Biegler [190], can be slightly modified and used for the
integration of flexible HENs with a control strategy that considers the
operating stage in ACC systems.

6.1. Benefits of integrating flexible HENs in ACC systems

The integration of flexible HENs could lead to energy savings and
improved plant efficiency if introduced into ACC systems. Also, due to
the flexibility and controllability capabilities of flexible HENs, they can
remain operable under varying operating conditions without losing the
current temperature targets while maintaining optimum energy inte-
gration in ACC systems [191]. Yoro et al. [192] have attempted to
integrate a flexible network for energy minimization during CO capture
to determine its energy recovery capability. Although their flexible
network was not a pure HEN but consisted of both heat and mass ex-
changers (combined heat and mass exchanger network - CHAMEN), the
authors were able to establish that integrating HENs (combined with
mass exchanger networks) could minimize about 30% of the regenera-
tion heat requirement during CO2 absorption. Also, it was observed that
if a CHAMEN integration approach is used during ACC, the total annu-
alized cost (TAC) accrued will be about $199800/yr [193]. But this
study envisages that the integration of flexible HENs (without including
mass exchangers) for energy recovery during ACC could save more en-
ergy with a reduced TAC than when combined with mass exchanger
networks. However, to date, this interesting idea has not been given
much attention by the scientific community. Therefore, flexible HENs
integration as an energy minimization strategy during ACC is new and
could be an interesting area to consider in future research.

6.2. Synthesis methodologies for flexible HENs in ACC

Several synthesis methods have been proposed for flexible HENs in
the past [194,195]. Hybrid methods, pinch analysis and mathematical
programming are the major methodologies used for synthesizing and
integrating flexible HENs [196]. Pinch-based methodologies adopt the
concept and principles of pinch technology to solve HEN synthesis
problems using composite curves, grand composite curves, or grid dia-
grams [197,198]. Some heuristics concepts can also be applied in ACC
systems to solve problems of flexible HENs via pinch analysis. According
to Shenoy [199], Pinch technology can be used for energy targeting,
network design, and flexible HENs integration considering heat transfer
enhancements and pressure drop; as such, its application can be
extended for energy recovery in ACC systems.

A chart showing some important information that may be required at
each stage in the synthesis and integration of flexible HENS for effective
energy recovery during ACC is presented in Fig. 6.

7. Progress and limitation of flexible HENs integration for ACC
systems

Pinch technology and mathematical programming concepts have
shown great prospects in synthesizing flexible HENs to tackle energy
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Fig. 6. Important data for flexible HEN synthesis during ACC. Modified from Kang and Liu [187].

consumption challenges in selected energy-intensive processes [200],
but the application of these concepts has not been adequately extended
to ACC problems in coal-fired power plants. Most research on the syn-
thesis of flexible HENs claimed that all control variables can be adjusted
during HEN operation [201], whereas the control and operation strategy
in many flexible HENs have been consistently neglected.

Marselle et al. [202] reported a synthesis technique for flexible HENs
where flow rates and supply temperatures were varied within the lower
and upper limits to accommodate fluctuation in process variables and
other disturbances. The researchers used efficient design procedures to
achieve robust designs that can manage variations within the condition
for maximum energy recovery, with a network design or each condition
separately, before manually combining the network settings. Though the
synthesis technique proposed by Marselle et al. [202] was useful for
flexible HENs for energy recovery in ACC systems, it is worthy to note
that no procedure was performed for combining the parameters in their
study, and there are still some complications with the approach because

10

the location of critical operating conditions is usually not obvious in the
ACC process. Subsequently, some other groups of researchers attempted
to use rigorous methods such as networks with uncertain flows and
temperatures to operate flexible HENs on different types of superstruc-
tures [203-205]. However, the major limitation observed was that
although the proposed methods were thorough, they did not cover some
major network structures suitable for ACC.

Fryer [206] proposed a method to synthesize flexible heat exchanger
networks using computer simulation and optimization. However, the
flexibility study introduced in their work was limited to cases where the
networks have no degree of freedom. Furthermore, their general syn-
thesis method did not adequately deal with the systematic derivation of
a flexible HENs structure. Hence, this method may not be effective for
energy recovery in ACC systems.

Floudas and Grossman [207] used a systematic procedure to syn-
thesize flexible HENs with uncertainty regarding flow velocity and inlet
temperature of process streams, while Gadalla et al. [208] proposed a
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straightforward method to enhance the process conditions in
manufacturing units to decrease the emission of CO and also tackle
energy requirements. Although both contributions yielded fair results to
an extent, the major limitation observed was that the network flexibility
was confined within a certain range. This means that if their approach is
used in ACC systems, the synthesized heat exchanger network will be
unable to handle variables that fluctuate randomly.

From the progress and limitations recorded so far, this review sug-
gests that the most effective way to address the aforementioned limi-
tations for effective applications in ACC systems is to implement the
synthesis and integration of flexible HENs where linear stages of the
preliminary network configuration, flexibility analysis, and network
development could be easily performed.

8. Factors to consider in integrating flexible HENs for energy
recovery in ACC systems

The integration of flexible HENs in energy intensive systems like ACC
could lead to significant energy savings. However, to effectively inte-
grate flexible HENs in both new and retrofit plants for large industrial
processes like ACC, a few factors ought to be addressed. This section
discusses some major factors to consider while minimizing energy
consumption in ACC using flexible HENs.

8.1. Flexibility and sensitivity analysis

The synthesis and integration of flexible HENs depend on flexibility
analysis involving a multiple synthesis phase and flexibility analysis
phases performed iteratively [209,210]. In the synthesis and integration
of flexible HENs for energy recovery in ACC systems, flexibility analysis
is usually an optimization-based technique used to identify complex
systems relating to uncertainty, for which the flexibility index is a
quantifiable pointer. Flexibility analysis is performed to verify the
viability of where critical flexibility points and test problems are located
for the first time. If the flexibility condition is not met during ACC,
several periods could be implemented to bring up-to-date the pre-
liminary design, thereby augmenting the crucial features till an adapt-
able operation can be assured at all crucial stages. A good flexibility
analysis will result in a HEN that accommodates the uncertain para-
metric fluctuations during ACC. Therefore, it is a critical factor that
determines network improvement and the combination of uncertain
parameters.

Additionally, sensitivity analysis could be performed in a flexible
HEN to examine its response to change in operational parameters in the
absorption columns during ACC, because most flexible HENs usually
combine reaction and separation systems with their parameter changes
to improve operation with minimal energy consumption. This means
that to synthesize flexible HENs for effective energy recovery during
ACC, the operating conditions of the absorption columns and reactors
with other complex interactions between the fluctuations and HEN re-
sults must be adequately studied to supply important data for inte-
grating flexible HENs in ACC systems.

8.2. Periodic and non-periodic variations

Multiperiod synthesis approaches for flexible HENs generally assume
that there are constant changes in operating conditions and parameters
over various distinct and finite operational stages, thereby creating
reduced critical points for the flexibility of HENs. However, this review
opines that during ACC, process constraints in each period also fluctuate
randomly. Therefore, this study suggests that multiperiod synthesis
methods may be combined with flexibility analysis according to the
steps outlined in the work of Tian and Pistikopoulos [211] to address
this limitation. During the integration of flexible HENs for energy re-
covery in ACC systems, multi-period techniques may be used for peri-
odic variation with flexibility analysis, while a bottleneck removal
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strategy could be adapted to tackle non-periodic disparities within each
period as suggested by Kang and Liu [187].

8.3. Uncertainties

The major types of uncertainties associated with flexible HENs
designed for energy recovery during ACC can be classified into two
categories. These two categories of uncertainties are either dependent or
independent on design decisions by the process designer. A classification
of uncertainties in flexible HENs for energy recovery during ACC is
presented in Fig. 7. Several ways to handle the uncertainties mentioned
in Fig. 7 have been discussed in a comprehensive review by Grossmann
and co-workers [212,213]. However, despite the tremendous research
efforts made by scientists working in this field over the years, this review
observed that sufficient attention has not been given to the synthesis and
integration of flexible HENs where both exogenous and endogenous
uncertainties are included. This is very important in ACC studies;
because to synthesize and integrate flexible HENs for effective energy
recovery in ACC systems, all uncertainties must be fully considered. Ona
general note, this review suggests that flexibility and sensitivity analysis,
process uncertainties, as well as periodic and non-periodic variations are
important factors that must be considered in integrating flexible HENs
for effective energy recovery during ACC.

9. Opinions on the integration of flexible HENs during ACC

According to Grossman and Sargent [214], critical points for flexi-
bility analysis in flexible HENs are determined by combining the active
limits of the constraints based on their heat transfer areas, to solve a
non-linear programming problem where the target function is solved
within an operating range. Although their assertion is true, this review
maintains that in the synthesis and integration of flexible HENs, some
simplified approaches could range from model reduction to discretiza-
tion of uncertain parameters to deal with problems involving many
uncertain parameters as obtainable in a typical ACC study. Furthermore,
to accelerate the integration of flexible HENSs for energy recovery in ACC
systems in future research, the following opinions are presented from
this review:

(i) Flexible HENs are designed to have minimized heat exchanger
areas and total annualized cost (cost-effective networks) for en-

ergy recovery during ACC.

External/ Exogenous
uncertainty

4

Values are independent of
decisions. For example,
plant location, industry

type, utility type and price

etc.

Internal/ Endogenous
uncertainty

Values are influenced by
decisions. For example, flow
rate, supply and target
stream temperatures, heat
transfer coefficients etc.

Fig. 7. Possible uncertainties in flexible HENs during ACC. Modified from
Grossmann et al. [213].
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(ii) For effective integration during ACC, flexible HENs should not be
designed to only meet design goals, but also safety, operability,
and controllability objectives.

(iii) The synthesis and integration of HENs alone is not enough to
maximize energy recovery during ACC. An ideal HEN for inte-
gration into ACC processes must be feasible and flexible to handle
incessant fluctuations in process conditions.

10. Proposed roadmap for large-scale energy recovery during
ACC

Although the existing and emerging techniques for energy recovery
discussed in this review offer evidence that energy recovery is feasible at
a bench-scale during ACC, additional commercial-scale implementation
is needed to affirm its effectiveness and applicability. Despite the
tremendous amount of research that has been reported for energy re-
covery during ACC, some hurdles still need to be overcome to fully
realize the potential of most of the emerging techniques highlighted in
this work at an industrial scale. As far as could be ascertained, most of
the energy recovery technologies that were reviewed in this paper were
conducted under laboratory-scale conditions and have not yet been
evaluated on a large scale. Besides, researchers are still investigating the
individualistic energy recovery potential of these technologies during
ACC to acquire deeper insights into the mechanisms involved during
energy recovery, and have not yet examined the synergistic interaction
of the technologies on a large scale, which is delaying the industriali-
zation of these emerging technologies. To accelerate the commerciali-
zation of the emerging energy recovery techniques reviewed in this
paper, stakeholders (for example scientists, industries, and policy-
makers) involved in ACC studies should have a specific roadmap that
includes the research and design (R&D), industrialization, and appli-
cation stage as shown in Fig. 8. In this manner, the barriers to energy
recovery during ACC can be overcome at an industrial scale.

Finally, research efforts should not stop at upscaling these emerging
techniques for energy recovery during ACC (as shown in stage 2, Fig. 8).
More efforts should be channeled towards applying them in large in-
dustries (stage 3, Fig. 8). Market and cost analysis for these emerging
techniques may also be carried out to determine profitability if applied
at an industrial level in large industries.

Stage 1

Stage 2
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11. Conclusions and future prospects

A complimentary range of emerging technological approaches which
include hybrid solvents, precipitating amino acids, bifunctional cata-
lysts, and superstructure optimization have been reviewed in this work
to enhance CO5 emissions reduction with significant energy savings. It
has been established that energy recovery during ACC involves an as-
sembly of technologies that can tremendously decrease energy con-
sumption. Nonetheless, most of these technologies have been tested only
at the research and development phase. Also, the integration of flexible
heat exchanger networks was studied and presented as an emerging
technique for effective energy recovery during ACC. The following in-
sights were drawn from this review;

Most of the current technological methods for energy recovery dur-
ing ACC are still under preliminary stages and are far from
industrialization.

The commercialization of energy recovery techniques during CO,
capture relies on its scalability. Therefore, it is crucial to develop a
technological roadmap that will lead to the scalability of the ACC
process considering energy recovery measures.

Although most of the non-process integration-based techniques for
energy recovery in the past were effective to an extent, they
contribute to increased process costs during ACC.

The integration of flexible HENs together with sorbent development
represents a promising and emergent technique for maximizing en-
ergy recovery during ACC.

Although the integration of flexible HENSs for energy recovery during
ACC is not yet as intensive as research on other non-process inte-
gration-based techniques, it does not mean that the integration of
flexible HENS is not a viable option for energy recovery during ACC;
rather, it reveals its lack of maturity compared to other techniques.
The relatively slow progress observed in adopting the integration of
flexible HENs as an energy recovery strategy during ACC can be
attributed to its techno-economic risks and uncertainties, which
could be addressed through the availability of robust process inte-
gration tools.

The following recommendations have been made for future research;

Stage 3

R&D: Emerging technologies

/ Key steps in scaling-up \

Power plants

Industrial scale

Industrialized

Pilot scale

application of
emerging technique

scale

Experimental

Chemical plants Waste recovery

5 l Precipitating amino acid
use

N

Fig. 8. A proposed roadmap for the commercialization of emerging energy recovery techniques during ACC.
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e Since the application of process integration concepts via flexible
HENs has not been adequately explored for ACC, integration of
flexible HENs for energy recovery during ACC could be extended
beyond energy minimization to include waste minimization by
considering more detailed designs that combine with mass
exchanger networks.

More studies should focus on developing methodologies for flexible
HENSs synthesis that identify control constraints as a foundation for
the development of heuristics, using block decompositions for
retrofit problems instead of the predominantly used mathematical
modeling approach.

Future studies should be tailored towards the economic and cost
analysis of flexible HENS to ascertain its profitability if integrated for
energy recovery during ACC on an industrial scale.

Finally, future research should focus on extending process
integration-based techniques to maximize energy recovery beyond
ACC to other CO5 capture methods such as adsorption, membrane,
and cryogenic separation.
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