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Abstract

A simplified proxy model based on a well-mixed batch adsorber for vacuum swing adsorption
(VSA) based CO, capture from dry post-combustion flue gas is presented. A graphical represen-
tation of the model output allows for the rationalization of broad trends of process performance.
The results of the simplified model are compared with a detailed VSA model that takes into
account mass and heat transfer, column pressure drop and column switching, in order to under-
stand its potential and limitations. A new classification metric to identify whether an adsorbent
can produce CO, purity and recovery that meet current US Department of Energy (US-DOE) for
post-combustion CO, capture and to calculate the corresponding parasitic energy is developed.
The model, which can be evaluated within a few seconds, showed a classification Matthews
Correlation Coefficient (MCC) of 0.77 compared to 0.39, the best offered by any traditional
metric. The model was able to predict the energy consumption within 15 % accuracy of the
detailed model for 83 % of the adsorbents studied. The developed metric and the correlation are
then used to screen NIST/ARPA-E database to identify promising adsorbents for CO, capture
applications. More than hundred thousand adsorbents from carbon capture materials database
(CCMDB) are then screened for the high performing adsorbents using BAAM. The effects of
key adsorbent characteristics on the process performance are also studied. A detailed model
optimization is then conducted to validate the BAAM’s predictions. The characteristics of an

ideal adsorbent are then found by a parametric study using the non-linearity plot (NLP).

Keywords: CO, capture, vacuum swing adsorption, adsorbent screening, process optimization,

simplified model.
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Chapter 1

Introduction

1.1 General Introduction

Our continued reliance on fossil fuels for meeting the energy demands, since the industrial
revolution, has resulted in a huge increase in global greenhouse gas (GHG) emissions. Enough
scientific resources now support the claim that anthropogenic CO, emissions are responsible
for altering the climate systems and causing climate change [8-10]. Climate change is real and
happening across all continents and oceans. As shown in Fig. 1.1, the increase in the global
COy concentration has a direct relationship with the increase in the median global surface
temperature. The global CO, concentration remained lower than 300 parts per million (PPM)
for more than hundreds of thousands of years until 1910. With the endless exploitation of fossil
fuels, at present, the global CO, concentration stands close to 408 PPM as measured at Mauna
Loa Observatory, Hawaii (NOAA-ESRL). At this rate, it is also predicted that the earth gets
warmer by 0.2 °C per decade [10].

The world leaders from close to 200 countries convened in Katowice, Poland for climate change
conference to chart out a landmark global climate deal in December 2018 [11]. The consensus
was reached among the leaders after two weeks of intense talks and discussions on the guidelines
for implementing the Paris Climate Agreement 2015. This marks an important milestone in
our actions and commitments to combating climate change and global warming. It was agreed
on the Paris agreement that the countries that were part of the deal would take actions to
limit the temperature rise of the century below 2 °C. Also, Intergovernmental Panel on Climate
Change (IPCC) recently rolled out a special report on the impacts of 1.5 °C global warming and
mitigation pathways [10]. The report highlighted that to restrict the global temperature rise to
1.5 °C over pre-industrial levels, a 45% emissions reduction over 2010 levels must be achieved

by 2030. This would mean that a drastic change in our energy usage is imminent.
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Figure 1.1: Plot showing the increase in global CO, concentrations (“—”), and the median

global surface temperatures (“o”) relative to 1961-1990 baseline average temperatures from 1850
to 2017. Source: CO, concentration data from 1850-1958 and 1959-2017 are obtained from the
Antarctic ice core samples [4] and Mauna Lao observatory-Hawaii [5], respectively. Temperature
anomaly data published by the Met Office Hadley Centre [6].

Electricity production constitutes the bulk portion of the CO, emitted to the atmosphere [8].
Majority of the electricity comes from the coal-fired power plants [7,12]. Many of the advanced
countries including Canada have already begun to phase out the existing coal-fired power plants
in their commitment to switch to more cleaner fuels for the power generation. However, it puts
forth an immense challenge in meeting our immediate energy requirements without having to
use fossil fuels for producing electricity. In this regard, carbon capture and sequestration (CCS)
provides an imperative solution which allows the continued use of fossil fuels without affecting
the atmosphere. In CCS, the CO, from the large point sources is concentrated, compressed and
transported to the CO, storage sites where it is sequestered permanently in deep aquifers. The
studies from the International Energy Agency (IEA) [13] and IPCC [10] indicate clearly that
the large-scale deployment of CCS is vital for meeting the Paris climate targets. CCS allows the

sustainable use of coal for the power generation thereby serving as a clean source of energy.

The Global CCS institute recently came up with a comprehensive report on the global status
of CCS for the year 2018 [14]. According to the report, there are 23 large-scale CCS facilities
in operation or under construction with 28 pilot and demonstration-scale facilities across the
world. These projects accounted for capturing close to 43 MtPa of CO,. SaskPower’s Boundary
Dam 3 CCS Facility (BD3) is the world’s first large-scale post-combustion carbon capture power
plant located in Estevan, Saskatchewan. This facility recently reached the record milestone of

capturing two - million tonnes of CO4 in March, 2018 [15]. With Houston commencing the



world’s large-scale operation of post-combustion CO, capture Petra Nova facility in January
2017, we see the acceptance of carbon capture technology is slowly but steadily increasing with
people realizing the benefits of CCS [14]. These are the instances of carbon capture applied to
the coal fired power plants. Shell Quest Carbon Capture and Storage is an example of industrial

CCS which captured and stored more than two million tonnes of CO4 [16].

1.2 Carbon capture from coal-fired power plants

In coal-fired power plants, the pulverized coal is burnt at high temperatures and pressures to
produce steam which drives the turbine to produce electricity. As illustrated in Fig. 1.2, there are
four technological-pathways in which CO, capture can be implemented in the coal-fired power
plants. The post-combustion CO, capture is the simplest of all and it carries an advantage that
it can be retrofitted to the existing power plant without much modifications to the design of
the power plant. The flue gas stream coming from the power plant contains 12 to 15 % of CO,
at the atmospheric pressure with temperatures around 40 °C. In post-combustion CO, capture,
CO, is selectively removed from the flue gas and the captured CO, is sequestered underground

or used for other applications.

The pre-combustion carbon capture works on the principle of converting coal to the “synthesis-
gas” in the gasifier and further application of water - gas shift reaction to produce CO, and Hs.
CO, is then captured in the CO, capture unit and Hy is combusted to produce electricity. This
is implemented as an integrated gasification combined cycle (IGCC) in the power plants. Unlike
the flue gas stream coming from the post-combustion unit, the feed stream after the water-gas
shift reaction is relatively concentrated with CO, (35-55%) with pressures more than 20 bar
and temperatures ranging from 200 °C to 300 °C. This mode of carbon capture needs to be
accounted for during the design and construction of the power plants. And, it is more expen-
sive when compared to post-combustion. In oxyfuel-combustion, the purity oxygen, obtained
from the cryogenic air separation unit (ASU), is used for the combustion of coal. Due to the
introduction of high pure oxygen in the boiler, the combustion product is majorly CO, and is
directly compressed and stored underground. This type of technology is still in the demonstra-
tion stages. However, there is a higher energy penalty associated with separating O from the
air. The underlying idea behind the chemical looping combustion is to avoid the mixing of No
with the combustion products. The oxygen is separated from the air in the oxidising reactor
by reacting the metal with Os. The oxygen is then supplied as the metal oxides to the reactor
which reacts and forms HoO and CO,.
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Figure 1.2: Schematic diagaram of different modes of capturing CO,4 [7].

In all of the modes of CO, capture systems described above, a gas separation in one form or
the other exists: CO, from CO, /Ny in the flue gas (post-combustion), CO, from CO,/Hy (pre-
combustion), and Oy from air (oxyfuel combustion and chemical looping). The widely used
separation technique for the post-combustion CO, capture is using aqueous amine solutions viz.
monoethanolamine (MEA), tertiary methyldiethanolamine [17]. This type of separation process
using liquid solvents is termed as absorption. In an absorption process, the flue gas stream
is sent to the absorber for scrubbing with aqueous amine solutions. The solvent physically or
chemically reacts with CO, from the flue gas. The ‘rich’ solvent, which is concentrated with
CO,, is further regenerated using steam for reuse in the stripper. The aqueous solvent consists
of close to 70 % of water which involves energy-intensive regeneration. Owing to some of the
limitations with this technology, many alternate separation techniques are looked into. One of

the most important contenders is the adsorption processes.



1.3 Adsorption based CO, capture

1.3.1 Introduction to Adsorption

Adsorption based separation processes work by exploiting the differences in the affinities of
different components at distinct pressure levels, towards a porous sorbent [18]. The physical
adsorption (or physisorption) is characterized by the week inter-molecular forces such as van der
Waals and electrostatic forces between the sorbate and the sorbent whereas there is a formation
of chemical bond between them in the case of chemical adsorption (or chemisorption). Most of
the separation processes fall in the category of physical adsorption. The amount of gas adsorbed
onto an adsorbent, at a given pressure and temperature, is given by the equilibrium isotherm
curve. Adsorption is an exothermic process and the measure of the strength of bonding between
a sorbent and a sorbate is given by the heat of adsorption. In desorption, the adsorbate molecules
are removed from the adsorbent by changing the state variables. The adsorption and desorption

processes are usually repeated in cycles for separating different gas mixtures.

1.3.2 Cyclic Adsorption Processes

When the feed containing CO, and N, is fed to a column packed with an adsorbent, CO, is
preferentially adsorbed onto the adsorbent at the high pressure, Paopg and temperature, T'. This
is shown as gapg in Fig. 1.3. The highly selective component CO, is called as heavy component,
and Ny as the lighter component. The stream coming out of the adsorption step is referred
to as the raffinate product and it is majorly Ny. Once the column is completely saturated, it
is regenerated by either altering the pressure or temperature. At low pressure, Ppgs or high
temperature, Tpgrs, CO, affinity to the adsorbent is lower and this attribute is put into use for
removing CO, from the column by reducing the pressure from Papg to Ppgs or increasing the
temperature from Taps to Tpes. The former case is called as the pressure swing adsorption
(PSA) process while the latter is referred to as temperature swing adsorption (TSA). If the pro-
cess is cyclic between the atmospheric pressure and lower vacuums, it is called as vacuum swing
adsorption (VSA) process. PSA processes have shorter cycle times, and hence have higher pro-
ductivity when compare to TSA. However, in cases when CO, isotherm is rectangular implying
that very low vacuum levels have to be applied for desorption, TSA process is preferred. Also,
Inventys recently developed an innovative VeloxoTherm process for CO, capture application
which is claimed to be 40 to 100 times faster than the conventional TSA systems. The company
also claims it just takes US $15 for capturing one tonne of CO, from the industrial flue gas
streams [19]. There is also a combined pressure and temperature swing adsorption (P/TSA)

in which both temperature and pressure changes. There are two fundamental mechanisms of



separation: equilibrium competitive adsorption and kinetic selectivity based on size exclusion.

Most of the separations in CO, capture application is equilibrium based.
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Figure 1.3: Qualitative description of a) pressure swing adsorption (PSA) process, and b) tem-

perature swing adsorption (TSA) on an isotherm.

P/VSA is a transient dynamic process, which unlike other common mass transfer unit operations,
achieve a pseudo-steady state, also referred to as a cyclic steady state (CSS). The adsorption
process is said to have reached CCS when the concentration, pressure and temperature profiles
across the column do not vary for a consecutive number of cycles. A typical PSA system consists
of all/some of adsorption, pressurization, rinse/purge, depressurization and pressure equalization
steps. The different arrangement of these steps results in a unique PSA cycle. In one end, there
are simpler 3-step PSA cycles consisting of blowdown, pressurization and adsorption steps. In
the other end, there are complex PSA cycles which allow more control over the movement of
the adsorption and desorption fronts in the column, resulting in the desired output. Our in-
house detailed model, that is used to predict the adsorption column dynamics for a given PSA
cycle configuration, solves coupled partial differential equations of mass, momentum and heat
balances with cyclic boundary conditions [3]. It is a non-isothermal and nonisobaric model
which is robust and rigorous. The set of partial differential transport equations are discretised
spatially and the resulting ordinary deferential equations are solved numerically using the finite
volume method (FVM). This detailed model has been validated and studied with the pilot plant
studies for Zeolite-13X as the adsorbent [20].



1.3.3 Ciriticality of Adsorbent Selection

The selection of a right adsorbent is critical for an adsorption based CO, separation process.

There are variety of materials such as zeolites, activated carbons and metal organic frameworks

(MOFs) that are available for carbon capture. Following are some of the important character-

istics when it comes to adsorbent selection [21,22]:

CO, Adsorption Capacity: CO, adsorption capacity is one of the important adsorbent
characteristics as it governs the size of the column. Higher CO, adsorption capacity is usu-

ally considered desirable resulting in a smaller column with greater process performance.

CO, Selectivity: Selectivity is the relative measure of the affinity of an adsorbent towards

CO, over Ny. Generally higher selectivity is preferred for higher process performance.

Mechanical Stability: An ideal sorbent should have high resistance to variation in

pressure and temperature, vibrations and higher volumetric flow rate inside the column.

Inertness to Contaminants: SOy, NOy, HoO and other impurities negatively affect the

CO, adsorption. And, it becomes vital to pretreat the flue gas for these contaminants.

Process Performance: An ideal adsorbent should possess the ability to produce higher

CO, purity & recovery with lower energy consumption when employed in a P/VSA process.

Apart from these metrics, the lower manufacturing costs, adsorption/desorption kinetics , eco-

nomical operation and mild regeneration conditions are also important parameters when it comes

to adsorbent selection. While the above-mentioned characteristics are for an ideal adsorbent, the

recent studies have shown that the simpler metrics such as adsorption capacity, selectivity and

working capacity do not really predict the process performance [2,23]. For a post-combustion

CO, capture process, the ability to separate CO, from the flue gas solely governs the choice of

an adsorbent. Thus, an adsorbent is assessed primarily by its performance to deliver high CO,

purity and recovery with lower energy consumption.



1.4 Thesis Objectives and Outline

The primary objective of this thesis is to develop a simplified-proxy model for a VSA process
based post-combustion CO, capture and use it to screen for the high performing adsorbents from
the leading material databases dedicated to adsorption based carbon capture. This thesis comes
befittingly at a time when there is a phenomenal development in the metalloorganic chemistry
giving rise to a huge number of real and hypothetical adsorbents thereby creating a need for
computationally easier tools for rapid screening. The thesis is structured into two parts. The
first part extensively deals with the development, modeling and analysis of the simplified-proxy
model. The last section of the first part and the entire second part focuses on the results of

analysis of screening of the adsorbents from the large material databases.
Some of the key objectives addressed in this work are:

e To simplify the overall design of an adsorption process and develop simplified metrics to

compute the key process performance indicators with limited adsorbent information.

e To validate the developed model with the corresponding detailed model to understand its

merits and demerits.

e To demonstrate the application of the developed model for a large-scale adsorbent screen-

ing.

Chapter 1 gives an overview of global warming while stressing on the need for CCS and introduces
the different ways of capturing CO, in coal-fired power plants. Some of the basic concepts of

adsorption and cyclic adsorption processes are also discussed.

Chapter 2 details the mathematical modeling and analysis of a batch adsorber analogue model
(BAAM) for a 4-step VSA cycle with light product pressurization (LPP). This chapter begins
with a literature review on the existing screening metrics for CO, capture application and also
throwing light on where exactly BAAM sits amidst them. The extensive modeling framework of
BAAM is provided along with the key assumptions. The working of BAAM is first illustrated
by a set of four adsorbents and the results obtained are then compared with the detailed model
studies for the validation. A parametric study is then performed using BAAM to understand
the trends of key performance indicators and compared with the detailed optimization process
studies. A classification model based on BAAM is developed to see if an adsorbent has the
potential to satisfy US-DOE purity /recovery targets and the methods to find the parasitic energy
consumption was illustrated. The potential of the model in adsorbent screening is described
by screening a large experimental adsorbent database maintained by NIST. And, the chapter

concludes with the merits and demerits of BAAM.



Chapter 3 presents the applications of BAAM for a large-scale adsorbent screening. The anal-
ysis and trends of key performance indicators are explored for more than hundred thousand
adsorbents from the carbon capture materials database (CCMDB). This chapter also gives a
study of the key adsorbent characteristics viz., selectivity and heat of adsorption in predicting
the process performance. This chapter also presents the detailed model study of top candidates
from the BAAM’s study and also serves as a validation to BAAM’s predictions. A parametric
study using the non-linearity plot (NLP) is then performed to look out for the characteristics of

an ideal adsorbent. The chapter concludes with the summary of the work and key findings.

Chapter 4 concludes with the summary and key findings from chapter 2 and chapter 3, and

recommendations for the future work.



Chapter 2

Analysis of a Batch Adsorber
Analogue for Rapid Screening of

Adsorbents for Post-Combustion
CO, Capture 1

2.1 Introduction

Carbon capture and sequestration (CCS), wherein CO, emitted from the large point sources is
captured, transported and sequestered underground at high pressures, is a promising technology
to combat global warming [7,12]. Coal-fired power plants constitute a major source of CO,
emissions and hence are an obvious choice for implementing carbon capture and storage (CCS)
technologies. Post-combustion carbon capture, where CO, is concentrated from a flue gas which
consists of ~ 15% CO, and the rest being Ny, Os and H2O, carries an advantage that it can
be retrofitted to existing coal-fired power plants. Absorption, using aqueous amines such as
monoethanolamine (MEA), is the current technology for scrubbing CO, from the flue-gas at
large scales [7]. However, due to some of the limitations posed by this process such as, the
energy intensive solvent regeneration and the corrosive nature of the solvent, there is a need
for the development of alternative technologies for CO, capture [24]. In this regard adsorption
based CO, capture, that use solid sorbents, has shown potential for reducing the parasitic energy

consumption [3,24-26].

The choice of an adsorbent is critical to the design of a pressure swing adsorption (PSA),

!This chapter has been submitted to Ind. Eng. Chem. Res.
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vacuum swing adsorption (VSA), or a temperature swing adsorption (TSA) process [27,28]. With
significant developments being made in the organometallic chemistry, the number of adsorbents
being developed has seen a dramatic growth in recent years [21,22,29]. Hence, it becomes a
challenging task when many adsorbents such as Metal Organic Frameworks (MOFs), Zeolites
and activated carbons are to be screened for the selection of the best adsorbents for the CO,

capture process [30].

Several approaches have been suggested for adsorbent screening in the literature. Harlick and
Tezel suggested the use of working capacity, which is given by the difference in equilibrium
loading between feed and desorption pressures [31]. Snurr’s group, in an experimental study,
screened 14 MOF's based on the increasing CO, adsorption capacity at 0.1 bar pressure [32].
Krishna et al. ranked a group of zeolites and MOFs based on experimental breakthrough
time [33]. In another study, Krishna proposed the separation potential that combines selectivity
and uptake capacity as a metric for screening MOFs [34]. Lin et al. screened thousands of zeolite
and zeolitic imidazolate framework structures based on the parasitic energy load imposed on the
power plant using a hybrid pressure-temperature swing adsorption cycle [35]. Berger et al.
developed a simplified method, for a temperature swing adsorption process, to estimate the
parasitic energy and used it to screen over 4 million zeolites and zeolitic imidazolite frameworks

and found few promising adsorbents with lower energy consumption [36].

Most of the above-mentioned studies use simple metrics that can be easily calculated based on
adsorption isotherm measurements. On the one hand, these metrics are convenient especially
when large databases of adsorbents are to be screened. On the other hand, many recent studies
that compared the efficacy of these metrics with detailed process simulations have demonstrated
their poor reliability [1,2]. The alternative to these approaches is the use of detailed full-scale
process simulations combined with optimization. Here, a detailed model of P/V/TSA system
is considered and is optimized to evaluate the best performance that can result from using a
certain adsorbent. This detailed approach has been studied by Haghpanah who compared the
performance of different carbons and later with Zeolite 13X [37]. Hasan et al. combined material
characterization and process optimization to screen the adsorbents based on the cost of capture
and compression [38]. The group of Mazzotti employed this approach for pre-combustion CO,
capture [39]. Snurr, and co-workers have studied these approaches for screening materials using
a two-staged process [40]. Nikolaidis et al. compared the performance of Zeolite 13X and
Mg-MOF-74 in an integrated two-stage P/VSA process for post-combustion CO, capture [41].
Rajagopalan et al. demonstrated that detailed models are more reliable compared to simple
screening metrics [2]. Khurana and Farooq in a series of papers have explored this approach

and concluded that process optimization is essential for a reliable screening [1,42].

Detailed process-optimization based screening is perhaps the most reliable approach for adsor-
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bent screening. However, it is rather computationally demanding and requires the development
of sophisticated numerical schemes and the availability of parallel computing power [3]. There
are no straightforward design methods for cyclic adsorption processes, especially when the ad-
sorption isotherm is non-linear, and when mass and heat transfer effects play an important role.
Hence, these processes have to be simulated for 100s or 1000s of cycles before this cyclic steady
state performance can be calculated for a given set of operating conditions. Repeating this
for 1000s of combinations of operating conditions can be computationally very expensive. Our
experience indicates that running multi-objective optimization of simple VSA processes could
take upto a few days on multi-core desktop workstations. Scaling such approaches for screening
material databases that contain hundreds of thousands of adsorbents is indeed a daunting task.
Hence, there exists a need for models that are complex enough to capture the essential dynamics

of the process; while also simple enough for rapid computation.

Maring and Webley proposed a simplified model (referred in this work as MW model) for rapid
screening of adsorbents [23]. In this model, a well-mixed adsorber was considered with no spatial
gradients of the intensive process variables. Hence, the model equations of a PSA system, that
are coupled algebraic-partial differential equations, were reduced to coupled algebraic-ordinary
differential equations. Further, they also proposed an approach to arrive at a cyclic steady state
without having to simulate the cycle multiple times. These two simplifications meant that the
MW model can be solved rapidly (in the order of a few seconds) compared to several minutes
that is required for the solution of detailed PSA models. The MW model was further used to
select adsorbents and to identify the key-features of ideal adsorbents. A similar approach has
been discussed by Zhao et al. [43]. It is important to note that the key mechanism of separation
in adsorption is to change operating conditions in order to “position” the concentration fronts
in the column to favor high purity and recovery. In the MW model there is no mechanism
to achieve this as spatial gradients are completely eliminated. Hence the MW model will give
identical results to a detailed model only under specific conditions. Although the model has
been used in the literature, there has been no study that validates the MW model with the

detailed process models.

The objective of the current work is to extend the MW model to a different cycle configuration
and to develop a graphical design method. The model is compared with a detailed VSA model
in order to understand its advantages and limitations. Then, the model is used to compare
the performances of 4 adsorbents and illustrate the graphical approach of the process design.
A classification model to identify whether a certain adsorbent can provide Puco, > 95% and
Reco, > 90%, a target that is set by the US Department of Energy for CO, capture, is de-
veloped. Further, a simple approach to estimate the parasitic energy consumption is developed

and validated. Finally, this approach is used to screen adsorbents from the NIST/ARPA-E
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adsorbent database to identify the potential materials for the post-combustion CO, capture.

At the outset, it is important to stress that the goal of the model, both MW and the current one,
is not to represent the dynamics of the actual VSA process. In fact, as shown by Maring and
Webley and in this work, the assumptions made will not allow a suitable description. Instead,
the target is to develop a “reliable proxy” that can be calibrated using detailed models in order

to enable rapid evaluation of a large number of adsorbents.

2.2 Batch Adsorber Analogue Model (BAAM)

The model that is considered in this work is based on the framework developed by Maring and
Webley [23] with a few modifications. In order to differentiate the two approaches, we will refer

to the current model as the batch adsorber analogue model (BAAM).

2.2.1 Assumptions

A batch adsorber filled with solid adsorbents is considered for developing the model equations.
The mass of the adsorbent is taken to be 1 kg, and the volume of the column needed to ac-
commodate the adsorbent is computed based on the bed porosity and adsorbent density. The
bed voidage (€) is considered to be 0.37. The simplified mathematical model is based on the

following assumptions:

e The column is well-mixed and homogeneous, meaning that concentration, pressure and

temperature gradients, both axial and radial, are absent across the column.
e The fluid phase behaves ideally.
e Heat effects are not considered and the column is isothermal.

e There is no mass transfer resistance, i.e., the equilibrium between the gas and solid phase

is instantaneous.
e The adsorbent properties and bed voidage are uniform throughout the column.

The key difference between the BAAM and MW model is the assumption of isothermality.
Although heat effects are important, for a particular cycle configuration that is considered here
(description given in the following section), the heat effects seem to play a lesser role in deciding
the cyclic steady state performance [1]. Evidence for this comes from experimental measurements
from a pilot plant containing ~ 80 kg of adsorbent [20]. It was observed that during the initial

periods, the bed temperatures increased by ~ 60° C above the feed temperature, and then
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dropped to < 10° C above the feed temperature, once the system reached the cyclic steady-state.
The second observation arises from detailed optimization studies that revealed that models with
the assumption of isothermality yielded comparable results to those that accounted for heat
effects [1]. As will be shown later, the assumption of isothermal conditions also allows for
a simplified graphical representation that could aid in the easy understanding of the process.
The assumption related to mass transfer resistance also deviates from reality. Real systems do
have finite mass transfer rates. Although many of the systems that have been studied for post-
combustion CO, capture separate CO, and N, on the basis of their equilibrium properties, mass

transfer rates have a major impact on achievable purity /recovery and the process productivity.

2.2.2 Cycle Configuration and Mathematical Model
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Figure 2.1: Schematic of a 4-step VSA cycle with light product pressurization (LPP).

Haghpanah et al. evaluated complex VSA cycles for the post-combustion CO, capture with Zeo-
lite 13X as the adsorbent and the 4-step VSA cycle with light product pressurization (LPP) was
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shown to be the best-performing cycle in terms of least energy consumption while guaranteeing
high CO, purity and recovery [44]. Further, this cycle was also demonstrated experimentally at
a pilot-scale to produce 94.8 + 1% CO, purity and 89.7 &+ 5.6% CO, recovery, thereby achieving
US-DOE target in a single-stage [20]. The BAAM is developed for a 4-step VSA cycle with LPP
which comprises adsorption, blowdown, evacuation and light product pressurization steps. The

schematic of this cycle is shown in Fig. 2.1.

The total number of moles of a species ‘i’ in the column, Nj iota1, is given by the sum of the

number of moles of species ‘4’ in fluid phase, N; guiq, and in the solid phase, N; solid-

Ni,total = Ni,ﬂuid + Nz',solid (21)
where,
Py;Ve
Ni fiuid = IZ{/;T (2.2)
Ni,solid = quk (2'3)

In Egs. 2.1 to 2.3, P, T and y; are the fluid phase total pressure, temperature and fluid phase
composition of species ‘i’ respectively, V' and e refer to the column volume and its voidage, R
denotes the universal gas constant, w is the mass of the adsorbent and ¢ is the equilibrium

solid phase loading of species ‘i’ which is given by a suitable isotherm expression as below:

g = f(P,T,yi) (2.4)

Since isothermal conditions are considered, once the operating temperature is fixed, only two
intensive variables P and y; need to be specified in order to calculate the N; guiq and NV; o1ig. In
the system studied, the feed consists of two components, CO, - the strongly adsorbing component
and Ny - the weakly adsorbing component. A brief description of each step of the PSA cycle is

given below.

1. Blowdown (BLO) (o — f): The batch adsorber is initially saturated with the feed
composition (yé?eodz) at high pressure Py. This is referred to as state «, also illustrated in Fig. 2.1.
In blowdown step, vacuum is applied to the column thereby reducing the pressure from Py to an
intermediate pressure, Pint. The aim of this step is to remove the weakly adsorbing component
(N2) from the column, leaving the bed concentrated with strongly adsorbing component (CO,).
This step can be modeled by writing the mass balances around the batch adsorber that result

in the following two ordinary differential equations (ODE).

Overall mass balance:

Ve dP dq¢ dgy
‘ w( 99, 4 N2> - —Q (2.5)

R.T dt dt dt
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Component mass balance:

Ve dPyco, dqco,
—_ 2.6
R, dt @yco, (2:6)

where @) refers to the total molar flow rate leaving the column. The above equations can be

combined to eliminate () and ¢ resulting in

dyco,  @1yco, — a2

— 2.7
iP o hyco, 27
where
a] = Ve w 8%02 3q1§2 (2.8a)
"TR,T op 9P '
yco, Ve 9q¢0,
= 2.8b
as Ry T + w P (2.8b)
9qco, 94y

= w 2 4 2 > 2.8¢
f (331002 0Yco, (2:8¢)

P dq¢
£ Ve €0, (2.8d)

R,T 9Yco,

The solution of the Eq. 2.7 gives the gas phase composition, yco,, as a function of total pressure,
P. The blowdown step is carried out until Pyt is reached. The state of the adsorber at the
intermediate pressure is labeled as 5. Based on states a and 3, the number of moles of CO,
and No removed from the adsorber can be easily calculated with simple mass balance equations.
The adiabatic work done by the vacuum pump, that delivers the gas at 1 bar pressure, assuming

a constant isentropic efficiency of n = 72 is given by

NB k-1

total
1 k 1 k
%% = ——R,T || = — 1| dN 2.9
BLO n E—1 g ( P> ( )
total
where k is the adiabatic constant. Note that the value of n = 72 used in this study is consistent

with many theoretical calculations presented in the literature. A few experimental studies that

have measured vacuum pump efficiencies at very low pressures report lower values of ~ 30% [20].

2. Evacuation (EVAC) (8 — 7v): The evacuation step starts from state 5 and the adsorber
is evacuated until the low pressure, Prow, is reached. The extract product (CO,) is collected
in this step. The state at the end of evacuation step is denoted by . The same set of mass

balance equations and the work done by the vacuum pump, as described for the blowdown step
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is applicable for the evacuation step for a value of pressure ranging from Pin1 to Poow. The

energy consumption for this step is provided by
v kE—1

Ntotal
1
Y R, <> o qlan (2.10)

WEVAC = E m 2

NtBotal

3. Light product pressurization (LPP) (7 — ¢§): The adsorber which is at low pressure,
Prow, at the end of evacuation, needs to be raised to high pressure, P;. This is achieved by
pressurizing the adsorber with the raffinate product from the adsorption step. Note that the
adsorption step, as will be described below, will start with the state §, which is the end of LPP
step. Hence, in the LPP step, the adsorber is pressurized using a stream whose composition is
y%oz. This step is assumed to not consume any power. The number of moles (Nppp) needed to
pressurize the column from Ppow to Py is calculated by solving the mass balance equations as
given in Eqgs. 2.11 to 2.12 where y%OQ is the CO, composition in the column at the end of LPP
step.

Overall mass balance:
) §
(NgOQ,total + lez,total) + NLPP = (NCOZ,total + NNQ,total) (211)

Component mass balance:

J J
NgOQ,total + NLPPyCO2 = NCO2,tota1 (212)

In the above equations, Nipp and yéo2 are the unknowns which are solved based on the known
initial state, v (end of evacuation step). Note that this step is different from the MW model

that considered pressurization with the feed.

4. Adsorption (ADS) (0 — «): The column at the state § represents the initial condition
for the adsorption step. The feed is supplied to the column at constant high pressure Py and
temperature 7% This step is modelled differently compared to the other steps. Here, the
adsorber is modelled as a standard adsorption column that is originally saturated with the gas
as given by state §. The feed gas is considered to flow through the column like a plug that
breaks-through once the column is completely saturated with the feed. The aim here, as it was
with the MW model, is to keep the mathematics of the model simple. Under these assumptions,

the two mass balances are given by

Overall mass balance:

6 o
(NCOQ,total + NNQ,total) + Nfeed = (Ngoz,total + Nl%g,total) + Nraft (2'13)
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Component mass balance:

5 feed 5
NEo, total + Nieed¥C6, = NEo, total T Nraffi¥C0, (2.14)

Nieeq and Nypag are calculated by solving the non-linear equations given in Eq. 2.13 and 2.14.
At the end of adsorption step, the column reaches state a. Note that the energy consumption

during the feed step is not calculated as its contribution is negligible [2, 3].

It is worth noting here that the sequence of steps start and return to state o (beginning of
the blowdown step and end of the adsorption step), passing through states 3, v and 6. This
avoids the need to repeat the calculations for multiple cycles, thereby significantly reducing
the computational time. Further, once the adsorbent properties, feed pressure, composition
and temperature are fixed, the model has only 2 design variables, namely, Pt and Prow.

Considering the simplicity of the model, the design space can be quickly scanned.

Performance indicators: CO, purity, recovery, energy consumption and working capacity are
the performance indicators for the VSA process. Purity is the ratio of the number of moles of

CO, obtained to the total number of moles obtained in the evacuation step.

Ngo ttl_NgO total
Purity, Puco, [%] = 20 202 x 100 (2.15)
2 NP N2 NS N
CO,,total ~ “'CO,,total + No,total ~ * "Ny, total

Recovery is defined as the ratio of total moles of CO, collected in the evacuation step to the

number of moles of CO, in the feed.

Ngo ttl_NgO total
Recovery, Reco, [%] = < A 2’”) x 100 (2.16)
feedy002

The total-energy consumption is the sum of work done by the vacuum pump in blowdown and

evacuation step.

kWh,

_ WgLo + WEvac
tonne CO,, cap. (Ng

Energy, En{ (2.17)

O,,total — Ngoz,total)MCOQ

where Mco, is the molecular weight of CO,. Note that the energy calculated here is in elec-
trical units and hence, the units carry a subscript “e”. Since the model assumes instantaneous
equilibrium, i.e., a 100% efficient column, the productivity cannot be calculated. In order to
obtain an estimate of the amount of adsorbent required, the working capacity can be considered.
This quantity is defined as the number of moles of CO,, from the evacuation step per m? of the
adsorbent.

mol CO, NgOQ,total - NgO2,total

Working capacity, WCco, 3 of adsorbent | — V=0 (2.18)
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In this work, the ODE, given by Eq. 2.8, is solved in MATLAB R2017a using odel5s solver
with an initial condition of y; = yge(e)dQ at P = Py with AP = 0.001. The coupled non-linear
mass balance equations in the LPP and ADS steps, given by Eqgs. 2.11 to 2.14, are solved using
fsolve solver with trust-region-dogleg algorithm. All the simulations reported in this work are
computed using the desktop computer with INTEL Core 2.80 GHz processor and 8.00 G B of
RAM.

2.2.3 Detailed Model and Process Optimization

The detailed model, that is used to predict the adsorption column dynamics for a given PSA
cycle configuration, solves coupled partial differential equations of mass, momentum and heat
balances with cyclic boundary conditions [3]. The detailed mathematical equations, correspond-
ing boundary conditions and the simulation parameters are given in the Appendix A. It is a
non-isothermal and non-isobaric model which is robust and rigorous. The set of partial dif-
ferential equations are discretized spatially using a finite volume technique and the resulting
ODEs are solved using an inbuilt MATLAB ODE solver. The detailed model has been validated

against lab-scale [45] and pilot-scale [20] experimental results.

For the optimization of the VSA process, a genetic-algorithm (GA) that works in conjunction
with the detailed model is used. The GA chooses the set of decision variables typically the
duration of the various steps, velocity of the feed and pressure levels Pyt and Prow and passes
them to the VSA simulator. The dynamics of the process under these conditions is evaluated
and the performance at cyclic steady-state conditions is evaluated and returned to the GA. The
GA proceeds from one generation to the next by improving the objective functions until no
further improvement is possible. Multi-objective optimization problems result in Pareto curves
that provide the best trade-off between the various objective functions. Details of this approach

have been discussed elsewhere [3].
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2.3 Illustration and Validation of the BAAM

In this section, the developed BAAM is illustrated using four adsorbents that have been studied
in a previous work [2]. The high pressure, Py is fixed at 1 bar for all the simulations since
it has been shown that increasing the adsorption pressure more than 1 bar has a significant
effect on the overall energy consumption as the feed, which consists majorly of No, has to be
compressed to higher pressure [3,23]. The lower bound of Prow in this study is set to 0.03 bar,
a pressure that was achieved in pilot plant experiments [20]. Due to the isothermal operation of
the column, the temperature is taken to be the feed temperature of 298.15 K. Thus, the BAAM
cycling between atmospheric pressure and low vacuum pressures at a fixed feed temperature of
298.15 K, is considered for all the simulations. The feed gas stream is considered to be consisting
of 15 mol % of COy and 85 mol % Ny at 1 bar and 298.15 K. In this work, the flue gas is
considered to be pre-dried. It is important to highlight that drying of the flue gas is indeed

energy intensive and any comparisons to other processes should be made with caution [46].

2.3.1 Process Description

The four adsorbents considered in this study for illustrating the features of the model are two
metal-organic frameworks (MOFs), namely, Mg-MOF-74 and UTSA-16, Zeolite 13X, and a
variety of coconut-shell activated carbon (CS-AC). The properties of these adsorbents have

been given in the previous publication [2].
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Figure 2.2: Pure component isotherms of a) CO2 and b) Ng at 298.15 K for the four adsorbents
studied [Reproduced from Rajagopalan et al. [2]].
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Table 2.1: Dual-site Langmuir pure-component isotherm parameters of CO, and Ny on the

adsorbents considered [2].

Adsorbent Particle Density ~Adsorbate ggp Gsd,i bo i do i —AUp; =AUy
[kg/m?] [mol/kg] [mol/kg] [m3/mol] [m?3/mol] [kJ/mol] [kJ/mol]

Mg-MOF-74 588.25 CO, 6.80 9.90 1.81x107%7  1.06x107% 39.30 21.20
N, 14.00 - 3.45x107%  — 15.50

Zeolite 13X 1130.00 CO, 3.09 2.54 8.65x10797  2.63x107%  36.60 35.70
N, 5.84 - 2.50x107%¢  — 15.80 -

UTSA-16 1092.00 CO, 5.00 3.00 6.24x10797  1.87x107%  30.60 44.70
N, 12.70 - 2.96x107%  — 9.77 -

CS-AC 799.50 CO, 0.59 7.51 9.40x107%  1.04x107% 25.61 17.55
N, 0.16 41.30 1.81x107% 1.72x10712 8.67 44.90

The isotherms of CO, and Ny were described using a dual-site Langmuir (DSL) isotherm model:

o sbibiCi  gsa,idiC;

* 2.19
4 1+ b;C; 1+ d;C; ( )
b = bo7i€_AUl)’i/RgT (2.19a)

d; = dOJG*AUd,i/RgT (2.19Db)

where ¢ is the equilibrium solid phase loading corresponding to a fluid-phase concentration of
C;. The constants gsp, i, ¢sdi> b; and d; are the equilibrium saturation solid phase loadings and
affinity parameters corresponding to the sites ‘0’ and ‘d’, respectively. The constants by ; and do ;
are the pre-exponential factors, AUy, ; and AUq; are the internal energies. Note that ‘b’ and ‘d’
refer to the high and low energy sites, respectively. The single component isotherms of CO, and
Ny on Mg-MOF-74, Zeolite 13X, UTSA-16 and CS-AC are depicted in Fig. 2.2, and the dual-site
Langmuir isotherm parameters that are used to fit the adsorption equilibrium measurements of
the same are given in Table 2.1. Note Mg-MOF-74 has the highest CO, and N, capacity and
affinities compared to the other three materials. Zeolite 13X has the next strongest CO, affinity.
UTSA-16 has a moderate CO, affinity but the lowest N, affinity. Finally, CS-AC has a low CO,
affinity but a high N, affinity. The extended DSL isotherm model is assumed to describe the

competitive nature adequately:

. gsb,co,bco,Coo, 4sd,c0,dco,Cco,
dco, = + (2.20)
2 1+4+bco,Cco, +bnyCONny 1+ dco,Cco, + dn,CN,

QSb,NQ bN2 CN2 qu,N2 dN2 CN2
1+ bco,Cco, + N, CONy 1+ dco,Ceo, + dny,ON,

G, = (2.21)
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Figure 2.3: Transitions (black dashed lines) of the 4 Step VSA cycle with LPP calculated using
the BAAM. a) CO, isotherm for Zeolite 13 X; b) N, isotherm for Zeolite 13X ; ¢) CO, isotherm
for CS-AC; and d) N, isotherm for CS-AC.

The BAAM is run for fixed values of Pg = 1 bar, Pt = 0.15 bar, P.ow = 0.03 bar, and
Tfeed—=298.15 K for the four adsorbents. The calculated results of each step of the cycle are
plotted in the respective CO, - No competitive isotherm of the two adsorbents in Fig. 2.3. The
competitive loadings, for different values of yco, calculated from Egs. 3.1 and 3.2, are plotted
as a function of the total pressure. A semilog plot is used in order to illustrate the behaviour
at low pressures. In Fig. 2.3, the black dashed line provides solution of the BAAM that are
represented as transitions between the different states for Zeolite 13X (Figs. 2.3 a) and b))
and CS-AC (Figs. 2.3 ¢) and d)). Similar plots for Mg-MOF-74 and UTSA-16 are provided in
the Appendix B. The case of Zeolite 13X is discussed first. At state «, the bed is completely
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saturated with the feed CO, concentration, yco, = 0.15. During the blowdown step, yco, in
the column increases as the weakly adsorbing component Ny is removed from the column and is
depicted by moving along the black dashed line in Figs. 2.3 a) and 2.3 b) from « to 5. The CO,
solid phase loading remains almost constant until CO, composition in the adsorber becomes
yco, ~ 1.00. Thereafter, in the evacuation step, the CO, loading decreases along the pure
CO, isotherm until the state v, corresponding to Pr,ow = 0.03 bar is reached. The LPP step,
represented by the transition from v to J, is nearly a straight line on the CO, isotherm plot
that can be identified by the intersection of a horizontal line from state -, and a vertical line
from Py = 1 bar. The adsorption step moves along the vertical line, Py = 1 bar until state «
is reached. Similar trends are observed for UTSA-16 and Mg-MOF-74.

In the case of CS-AC (Figs. 2.3 ¢) and d)) , there is a significant decrease in the CO4 loading
as one moves from « to 8. Further, at Pixt = 0.15 bar, the CO, composition is yco, = 0.65
compared to yco, ~ 1.00 in the case of Zeolite 13X. The inferior performance of CS-AC can be
explained by observing the transition in Ny isotherm in Fig. 2.3 d) that indicates that a significant
amount of Ny is left in the column at Pyt = 0.15 bar. This observation can be explained by a
lower selectivity and a weak CO, competition, thereby affecting the CO, purity and recovery.
Table 2.2 provides the summary of the simulated results for the fixed operating condition.
UTSA-16 gives Puco, > 99.9% and Reco, ~ 80% with the lowest energy consumption of 88.50
kWh, /tonne CO, cap. when compared to the other adsorbents. Mg-MOF-74, Zeolite 13X and
UTSA-16 give similar CO, purity and recovery values for the given Prow and Pint but there
is a significant difference in energy values. CS-AC shows the worst performance among the four

adsorbents considered.

Table 2.2: Performance indicators for P,ow = 0.03 bar, Piyt = 0.15 bar and T' =298.15 K.

Adsorbent Puco, Reco, En WCco,
(%] (%] [kWh,/tonne CO, cap.] [mol CO,/m?]
BLO EVAC Total

Mg-MOF-74 99.88 78.23 224 9594 98.18 1750.2
Zeolite 13X 99.96 79.30 1.65 9249 94.13 1143.0
UTSA-16 99.97 79.97 1.66 86.84  88.50 1674.4
CS-AC 94.42 55.63  19.19 99.49 118.68 297.2

As observed from Fig. 2.3, the transitions for the various steps of the 4-step VSA cycle with
LPP, indicate that for materials with high selectivity, a simple approach can be used to estimate

the process performance. The blowdown and evacuation transitions start from state o and
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move horizontally, i.e., at constant 96027 until yco, = 1.00 is reached and follow yco, = 1.00
isotherm until state - is reached. For the LPP step, the value of ygo2 can be calculated by
solving the isotherm expression by enforcing the condition ggyy, = qgsoQ. With all the four states
now identified, the purity, recovery, energy consumption and working capacity can be estimated.
This approach is similar to those that have been used in the literature [43]. This approach is

described separately in Appendix C.

2.3.2 Comparison of BAAM with the Detailed Model

In this section, the results from the BAAM are compared with the results obtained from the
detailed model for the case of Zeolite 13X. For a process design of the 4-step VSA cycle with
LPP using the detailed model, two pressures (PrLow, PinT), feed velocity (vieeq) and step times
(tBLO, tEvAC and tapg) are the typical design variables. In order to compare the product purity
and recovery, it is important to understand the impact of these six variables on the process
performance. Of the six variables, PLow, PINT, Vfeed and tapg are the most critical ones. In a
VSA process, the outlet flows typically drop exponentially as the pressure drops. In this case, if
terLo and tgyac are kept sufficiently long, this will ensure that the purity and recovery from the
process can be treated as the ideal case. In this study, Pow and Pyt are fixed at 0.03 bar and
0.15 bar respectively (as done in the previous section) while, tgyac and tpro are set to 200 s.
Hence, we are left with taops and vgeq as the two design variables. A parametric study is then
performed by varying taps and vgeeq in the ranges, 0 < tapg [s] < 180, and 0 < vfeeq [m/s] < 1.5
and the corresponding CO, purity and recovery contours are plotted as a function of tApg and

Vfeed in Fig. 2.4.

It is observed from Fig. 2.4 a) that the CO, purity increases, and approaches close to 100% when
taps and vgeeq are high. Under these situations, the CO, composition front has the opportunity
to completely saturating the bed with the feed and most of the N is removed in the blowdown
step. This condition also means that large quantities of CO, will be also lost as raffinate product
in the adsorption step leading to poor recoveries as seen in the top right corner in Fig. 2.4 b).
The design space is then scanned to pick an operating condition from the detailed model which
closely corresponds to the CO, purity and recovery values predicted from the BAAM. This is
shown in red “x” in Fig. 2.4. For this case, the energy consumption from the full model is
found to be 125.68 kWh,/tonne CO, cap. which is significantly high when compared to the
result from the BAAM for Zeolite 13X given in Table 2.2, which is 94.13 kWh,/tonne CO, cap.
To understand the differences in energy values, the same exercise was repeated, but now by
assuming an isothermal operation and no pressure drop across the column. This required some

changes to the operating conditions in order to ensure that the CO, purity and recovery are
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comparable to the BAAM. The energy-consumption from the detailed model dropped to 108
kWh,/tonne CO, cap. (15% less than the previous case) for the similar values of CO, purity
and recovery. Assuming zero mass transfer resistance and axial dispersion would further reduce
the energy consumption calculated from the detailed model. Summarizing, the BAAM can
represent the dynamics of the detailed model only under certain fixed operating conditions, i.e.,
when the column is fully saturated with the feed and when the key assumptions of the BAAM
are enforced on the detailed model. This is a key limitation of the BAAM.
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Figure 2.4: Contours of a) CO, purity and b) CO, recovery plotted as a function of fapg
and vgeeq from the detailed model for the case of Zeolite 13X. Pg = 1 bar, Pyt = 0.15 bar,

PrLow = 0.03 bar, tgLo = tgvac = 200 s. The point shown in red * gives Puco, and Reco,
comparable to the values obtained from the BAAM at Py = 1 bar, PiyT = 0.15 bar.

2.4 Parametric Study using BAAM

The previous section described the simulated results for a fixed P,ow and Pint. Evaluation
of the adsorbents for a fixed operating condition does not guarantee the correct ranking as the
optimal performance of an adsorbent might be different from the fixed operating conditions that
have been considered. A parametric study is performed for the case of Zeolite 13X by varying
Prow and Pyt in the ranges of 0.03 < Prow [bar] < 0.1 and Prow + 0.01 < Pyt [bar] <
P — 0.01 using the BAAM model. The contour plots of each of the performance indicators are

generated to study the operating regions giving high product purity and recovery with lower

energy consumption and higher working capacity.

Figure 2.5 a) shows that CO, purity is dependent on the value of both Pint and Prow. At a
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given Pint, CO4 purity increases with decreasing Prow. At a fixed Prow, CO, purity increases
with decreasing Pin7. In the former case, reducing Ppow increases the working capacity of the
sorbent as the non-linear portion of the isotherm is accessed. In the latter case, lowering PNt
increases the amount of Ny that is removed thereby resulting in higher CO, purity. A value
of Puco, ~ 100 is achieved when PNt is close to its lower bound for a fixed PiyT. The CO,
recovery shows a similar trend for a fixed Piyt. However, for a fixed Prow, PinT has a minimal
effect on recovery for Pyt > 0.15 bar. From Fig. 2.5a, it can be seen that the amount of CO,
removed is hardly affected in the range 0.15 < Pinr [bar] < 1 and this explains why Reco, is

unaffected.

The energy contours are shown in Fig. 2.5 b). For a specific value of Py and yg%dz, the total
power consumption [kWhe] is only a function of Prow. However, the specific power consumption
[kWh,/tonne CO, cap.] depends on the amount of CO, recovered in the evacuation step; in
other words a function of the recovery. Hence, it comes as no surprise that the contours of the
specific-energy resemble that of the recovery, i.e., the specific power consumption is sensitive to

Prow for a fixed Pint, but insensitive to Pt for Pint > 0.15 bar where Prow is fixed.

The working capacity contours in Fig. 2.5 ¢) depict the same trend as seen with the recovery
contours. Working capacity as high as 1050 mol CO,/m? are achieved at very low pressures.
The values of purity and recovery for a fixed value of P ow and variable Pyt are shown in
Fig. 2.5 d). Tt is observed that the best combination of product purity and recovery is achieved
when Ppow is at the lowest value. The outermost front in Fig. 2.5 d). will be referred to as the

purity-recovery “Pareto curve” for the BAAM model.
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Figure 2.5: Contour plots of process indicators for Zeolite 13X calculated from the BAAM a)

Puco, (solid lines) and Reco, (dashed lines); b) Energy consumption in kWh, /tonne CO, cap.

c)Working capacity in mol CO,/ m3. Sub-figure d) shows the purity-recovery Pareto curves for

various values of Prow.

2.4.1 Comparison of BAAM with the Optimized Results from Detailed Model

In order to evaluate various adsorbents, it is important to compare their optimal performance.

Figures 2.6 a) and b) shows the purity-recovery Pareto curves for the 4 adsorbents obtained

from the BAAM and the optimization of the detailed model, respectively. It is important to

note that the values of Py, Prow, vy and T are identical for both the detailed model and

the BAAM. The detailed model considers taps, vaps, tBrL.o and tgyac as decision variables.
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Comparing Figs. 2.6 a) and b), two observations become evident: 1) the maximum recovery
values predicted from the BAAM are lower when compared to their detailed model counterparts;
2) the BAAM predicts a purity of 100% at relatively higher recovery for Mg-MOF-74, Zeolite 13X
and UTSA-16. The former observation can be explained by the assumption in the BAAM that
requires the column to be completely saturated with the feed in the adsorption step and partly
due to the absence of axial concentration and temperature profiles in a perfectly-mixed batch
system. As a result, a significant amount of CO, is lost during the adsorption step whereas
in the detailed model by controlling the position of CO, front in the column, it is possible to
prevent the loss of CO, in the adsorption step. The latter observation can be understood by
looking at the simplified process transitions in Fig. 2.3 and also contour plots in Fig. 2.5. When
Pint is decreased from 1 to 0.15 bar, the recovery is fairly constant due to the flat blowdown
profile for the case of Zeolite 13X but the purity increases significantly until Pyt corresponding
to yco, = 1.00 is reached. At this point, the CO, purity equals 100% but the recovery decreases

when PinT approaches Prow.

A closer examination of Fig. 2.6 a) and Fig. 2.6 b) reveals an interesting correlation. Although
the absolute values of CO4 purity and recovery do not match, the BAAM gives a correct ranking
of adsorbents as compared with the detailed optimized ranking. Thus, based on maximization
of purity-recovery values, the decreasing order of ranking of the adsorbent is UTSA-16 > Zeo-
lite 13X > Mg-MOF-74 > CS-AC.
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Figure 2.6: Comparison of Puco, and Reco, Pareto curves obtained from a) the BAAM b)

optimization using the detailed model [2].
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2.5 Using the BAAM for Adsorbent Screening

In the previous section, the performance of the BAAM was compared with the detailed model
under optimized conditions, and it was observed that the model under-predicts the purity and
recovery performance although providing the correct ranking of the adsorbents. While this is
helpful, the practical questions that need to be answered are: “Will a particular adsorbent
be able to produce Puco, > 95% and Reco, > 90%? in order to satisfy US-Department of
Energy (US-DOE) requirements” and “If so, what is the energy consumption of the process
while guaranteeing US-DOE targets”. The aim of this section is to develop a classification and

energy scaling approach that will help answer these questions.

Khurana and Farooq examined a set of adsorbents for adsorbent screening using the detailed
model process optimization [1]. A total of 75 adsorbents, including a wide range of zeolites,
zeolitic imidazolate frameworks (ZIFs), cation exchanged zeolites (CEZs), porous polymer net-
works (PPNs) and metal- organic frameworks (MOFs) containing both real and hypothetical
adsorbents were examined. A detailed multi-objective optimization aimed to maximize Puco,
and Recco, was performed and those adsorbents that met US-DOE requirements were screened.
For those adsorbents that met these requirements, a separate optimization run that aimed to
minimize energy while satisfying the Puco, and Recco, constraints was performed. The results
of this study are provided in the Appendix D. This group of adsorbents along with the four that
have been considered in the previous sections, totalling 79, were used to develop a classification
and energy scaling approach for the BAAM. The adsorbents were described by the authors using
a DSL model and the fitting parameters are provided in the Appendix D.

2.5.1 Purity - Recovery Classifier

The BAAM was used to generate the purity - recovery Pareto curves for the 79 adsorbents for a
low pressure Ppow of 0.03 bar and different intermediate pressures. The purity - recovery Pareto
curves obtained from the BAAM are plotted in Fig. 2.7. Two colours are used to plot these
curves: green curves are used to represent those adsorbents that were identified by Khurana
and Farooq to have met the US-DOE purity-recovery constraints; and red curves were used to
represent adsorbents that failed to meet the constraint. It is interesting to note that there is a
clear clustering of green curves towards the top-right and the red ones towards the bottom left.
This shows the potential of the BAAM to be used as a classifier. In order to reduce the two-
dimensional measure (the Pareto curve), to a one-dimensional measure, the maximum Eucledian
distance from the origin (denoted as ryax) to the Pareto curve is considered as a proxy for the

performance of an adsorbent. The mathematical description of ryay is given by:
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Tmax = Max (r(Puco,, Reco,)) (2.22)

where r is the distance of each point on the Pareto curve, which is defined as:

r= \/ (Puco,)? + (Reco,)” (2.23)
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Figure 2.7: Collection of purity-recovery Pareto curves calculated using the BAAM for 79 adsor-
bents The green curves correspond to the adsorbents that met Puco, = 95% and Reco, = 90%
and the red ones correspond to those that did not satisfy based on the detailed model optimiza-
tion [1]. The black dashed line represents the locus of r95_go. In order to meet the Puco, = 95%
and Reco, = 90% requirement, a point on the Pareto curve of an adsorbent obtained from the
BAAM should fall above this curve.

Now, the goal is to determine the value of rg5_gg that provides the best classification for iden-
tifying materials that can provide Puco, > 95% and Reco, > 90%. The classification learner
toolbox available in MATLAB was used to perform the linear discriminant analysis with 5-fold
cross validation with rmax for 79 adsorbents as the input and the Puco,-Reco, constraints from
the detailed model optimization as the response. The results of the full model were converted

into a binary output. A value of “1” was assigned if the purity-recovery constraint was achieved
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and a value of “0”, otherwise. The analysis resulted in rg5_g9 = 110.25 with an accuracy of
87.3 %. In other words, an adsorbent with a Tyax > 7T95_90 = 110.25, is expected to meet
US-DOE requirements while an adsorbent with a 7. < 110.25 is not expected to meet the
targets. The black dashed line, in Fig. 2.7, represents the points for which r = rg5_g9 = 110.25.
This curve divides the whole plot into two regions one where the Puco, / Reco, constraints are

satisfied (green shade) and the other where it is not (red shade).

The efficacy of the BAAM to classify a material according to its potentially to satisfy US-DOE
purity-recovery targets is compared with a variety of performance metrics that are used in the
literature. A list of performance metrics tested and their definitions is given in Table 2.3. The
details of these metrics have been discussed in a previous work [2]. For each of the 79 adsorbents
the set of performance metrics were calculated based on their isotherms. Each metric was used
as an input in MATLAB classification learner toolbox in order to predict the digital output (1
if purity-recovery constraints are met and 0, otherwise). The classification accuracy for each of
the adsorbent metric is listed in Table 2.3 and it can be observed that the BAAM significantly
outperforms every other metric. The classification accuracy is the ratio of the sum of true
positive (TP) and true negative (TN) over the total number of observations. This is misleading
at times as a randomly generated metric is shown to have a classification accuracy of 53.16
%. To overcome this, Matthews correlation coefficient is computed which helps us quantify the
classification ability of each metric by considering all of true positive (TP), true negative (TN),
false positive (FP) and false negative (FN). Ideally, MCC should be closer to one to have a
good classification. This comparison highlights the advantage of the BAAM that has a high
classification accuracy and higher MCC without any significant increase in the computational

time.
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2.5.2 Calculation of Minimum Energy

In order to compare the performances of different adsorbents, it is important that energy con-
sumption has to be calculated at a specific Puco, and Reco,. The energy consumption, for the
case of Zeolite 13X, plotted in Fig. 2.5 b) is re-plotted in Fig. 2.8 a) but now as a function of
Puco, and Reco,. In addition to the contours of energy, the locus of rg5_go is plotted as black
dashed line. As it can be seen, the values of energy vary as one moves along the dashed line.
The energy value decreases, reaches a minimum and then increases. In this case, we choose the
minimum energy that coincides with the locus of rg5_gg as being representative of the minimum
energy for this adsorbent. This choice is not based on any physical argument, but is simply

suggested as an approach that will allow the development of a consistent methodology.
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Figure 2.8: Calculation of energy consumption using the BAAM. a) Energy contours as a func-
tion of CO4 Purity and Recovery for the case of Zeolite 13X. The black dashed line represents
the locus of r95_go with the minimum energy point being shown as a “*”. b) Linear regression
relating the minimum energy values computed from the BAAM to that of the optimization of

the detailed model.

The minimum energy values thus obtained from the BAAM for each of the adsorbents are
compared with the corresponding minimum energy values from the detailed model in Fig. 2.8 b).
It is important to note that only 35 of the 79 adsorbents that met the purity-recovery constraints
were considered for the energy consumption calculations. A linear regression was performed to
find the relationship between minimum energies calculated from the BAAM and that of the

detailed model. This relationship is provided by

Enmin,scaled = 1~1446Enmin,BAAM + 66.53 (2.24)
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where Enmin scaled 1S the scaled energy that can be compared with results from a full model. As
seen in Fig. 2.8 b), the minimum energies of 53% of the 35 adsorbents were predicted within
+10% and that of 83% was predicted within 415% of the values from the detailed model. This
accuracy seems reasonable considering the number of assumptions that went into developing the

BAAM along with a significant reduction in computational time.

2.5.3 Ranking Metric

In order to compare the multiple adsorbents, both the minimum energy and working capacity
need to be considered. The minimum energy and the corresponding working capacity for the
35 adsorbents that satisfied Puco, — Reco, constraints are shown in Fig. 2.9 a). An ideal
adsorbent is the one with that has a low minimum energy consumption and corresponding high
working capacity. This would form the bottom-right corner of the plot. It is worth noting here
that Zeolite 13X, which is commercial and available at a modest cost stands out as one of the
materials with the lowest energy consumption. UTSA-16 that has a low Ny affinity, and a few
hypothetical adsorbents, outperform Zeolite 13X. These results are consistent with other reports
in the literature [1]. Some of the promising adsorbents are named in Fig. 2.9 a), while the values
of the minimum energy calculated from the BAAM for the other adsorbents are provided in the

Appendix D.
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Figure 2.9: Plots of working capacity vs. minimum energy calculated from the BAAM. a) Shows
the adsorbents considered by Khurana and Farooq [1] and this work. b) Shows the results from
the screening of the NIST/ARPA-E Database.
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2.6 Screening of the NIST/ARPA-E Database

The National Institute of Standards and Technology (NIST) maintains a free and publicly acces-
sible NIST/ARPA-E Database of Novel and Emerging Adsorbent Materials reported from the
wide range of scientific literature [47]. The database, which is growing at a rapid rate, includes
data from published experimental and theoretical studies that are self-reported. In this section,
the potential of the BAAM is demonstrated by using it to screen this large publicly available
database. The objective is to identify those adsorbents that have the potential to meet US-DOE

purity-recovery targets and if so, calculate their parasitic energies.

The database consists of thousands of isotherm datafiles. Hence, it was important to develop
a filtering scheme in order to identify those materials for which reliable adsorption isotherm
data is available within the range of interest for post-combustion CO, capture. The approach
which is graphically described in the Appendix E is briefly described here. A query was made
through Python API script to retrieve all the adsorption isotherm data for all the adsorbent
materials for which CO, and Ny were reported as the adsorbates. The query resulted in 810
Digital Object Identifiers (DOIs), which represents an unique information source. This process
also yielded the isotherm data of other adsorbates and competitive isotherm data which were
not of interest to the current work. Accordingly, these data points were removed in the first
step before analyzing the data. This step identified those data points that contained isotherm
information for pure CO, and N, on the material. This filter resulted in 757 DOIs and 1540
unique adsorbents. At this stage, it was important to convert the reported values of pressure,
loading and temperature into a common unit. Pressure and temperature units were reported only
in bar and K, respectively. These were retained as they are. However, equilibrium loadings were
reported in a variety of units and the corresponding conversion factors were applied to convert to
a common unit (in this case “mmol/g”). For loadings that were reported on a “per unit volume
of the adsorbent”, an adsorbent density of 1130 kg/m3, that corresponding to Zeolite 13X, was
chosen to convert to per unit weight of the adsorbent. Materials for which equilibrium loadings
were reported on a “per unit-cell” basis were not considered further. This filter results in 743
DOIs and 1486 unique adsorbents. It is important to note here that multiple DOIs could report
data on materials that have identical names. For example, data on “Zeolite 13X” was reported
by 17 DOIs. In this study, each of this Zeolite is considered as a unique adsorbent. The BAAM
requires isotherm information for both CO, and N, at low pressures, i.e, < 1 bar and at 298 K.
Hence, it was important to identify data that included this information. Applying this filter,
significantly reduced the search space to only 102 DOIs and 159 unique adsorbents. It was seen
that most of the isotherm data for CO, were reported at 273 K while N, data was reported at 77

K, primarily as a part of the adsorbent characterization experiments. Upon closer inspection of
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the data it was found that some DOIs reported multiple CO, isotherms for the same adsorbent
at 298K. Investigating the primary reference revealed that these could be results of theoretical
studies, experimental measurements or even data from other research groups that were merely
referenced to. Under these situations, each set of isotherm was assumed to belong to a variant
of the same adsorbent. In a similar fashion, some DOIs reported multiple N, isotherms. In such
a situation, in order to avoid the multifarious combinations of CO, and N,, we just considered

the Ny isotherm that showed the highest loading at 1 bar pressure.

The CO, and Ny isotherm data hence obtained was described by Single Site Langmuir (SSL)
model by forcing equal saturation loadings for the two adsorbates thereby ensuring thermody-
namic consistency. Note that the SSL is a special form of the DSL in which only one of two
Langmuirian terms is retained. The complete list of materials along with the SSL isotherm
parameters is provided in Appendix E. The BAAM was then run to identify adsorbents that
could meet the US-DOE Puco, — Reco, constraints. Of the 197 materials, a total of 120 were
found to meet the requirements. The minimum energy and the corresponding working capac-
ity, for these 120 materials were computed and depicted in the Fig. 2.9 b). The process of
isotherm fitting and the BAAM calculations was completed in less than two seconds per adsor-
bent. Zeolite 13X still stands out as the best performing adsorbent in terms of minimum energy
consumption from screening the NIST database. A few other zeolites, microporous organic
polymers (MOPs) and metal organic frameworks (MOFs), namely Zeolite GIS, C24H21N3 and
activated [NCoHg]4Cus(BTT)3xG offer low parasitic energies. It is important to acknowledge
that is is quite possible that promising adsorbents could have been missed based on the filtering
approach that was adopted. This highlights the fact that reporting of equilibrium data for both
CO, at capture conditions and Ny is critical in order to perform reliable screening [48]. However,
the objective of this exercise, which was to showcase the flexibility and speed of the BAAM that

can be adapted to any large database, has been sufficiently demonstrated.

2.7 Conclusions

In this work, a batch adsorber analogue model (BAAM) based on the framework described
by Maring and Webley has been developed. It is based on several simplifying assumptions that
aims to reduce the computational complexity. Specifically, the adsorber is considered as a mixed
system that is isothermal and with the solid reaching instantaneous equilibrium with the fluid
phase. This reduces the PDEs to ODEs and eliminates the heat balances and the solid-fluid
mass balances. It was shown that the results of the BAAM can be represented on a isotherm
plot that requires only the description of the competitive behaviour of CO5 and N,. Under

certain conditions, a simple graphical solution, which does not require the solution of ODEs,
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can be obtained. By comparing the results of the BAAM with those from detailed optimization
studies, a classification model was developed that showed a 87.3% accuracy in determining
whether an adsorbent can produce a Puco, > 95% and Reco , = 9% when implemented in a
full-scale process. A simple linear relationship to calculate the minimum energy calculated from
the BAAM was developed. It was able to estimate the minimum energy within +15% for over
83% adsorbents. The ability of the model to screen large number of materials was demonstrated
by considering 197 adsorbents from the NIST/ARPA-E database.

In this work the advantages and shortcomings of the BAAM was studied by comparing its result
with those from detailed models. The BAAM has three important shortcomings. First, the
model is based on several assumptions that are far from reality. Real VSA units work under
non-isothermal conditions; mass and heat transfer rates are finite and there is a pressure drop
across the column. A real post-combustion flue gas also contains impurities and moisture that
can significantly affect adsorbent performance. In fact, as discussed, the ability to control the
position of the mass and thermal fronts is the basis of an adsorption process. Second, it has
a finite accuracy in being able to either determine purity-recovery classification or to calculate
the energy calculation. Hence, it is advisable not to select adsorbents purely on the basis of the
BAAM or any other simplified model as suggested in many papers in the literature. Third, the
operating conditions obtained from the BAAM can not be translated to an experimental demon-
stration. A detailed model is required to identify the best operating conditions for a particular
adsorbent before proceeding to the experimental stage. The key advantage of the BAAM is the
speed with which the purity-recovery classification and minimum energy consumption can be
calculated. It takes less than a second to perform these calculations on a standard laptop com-
puter, compared to a few days that is required for detailed process optimization. It was shown
that in terms of the accuracy with which the classification can be performed, the BAAM out-
performs simple adsorption metrics without any increase in computational time. In conclusion,
it is recommended that the BAAM be used to perform a preliminary screening and identify
a handful of adsorbents that can be further studied using the detailed model combined with
rigorous optimization. This approach could potentially increase the success rates in screening
materials while reducing the time for screening. Further, the ability to predict broad trends and
to understand them based just on the isotherms still makes this a powerful tool in the suite of

models that are available to process engineers.
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Chapter 3

Applications of Batch Adsorber
Analogue Model for a large-scale

adsorbent screening

3.1 Introduction

Zeolites are porous crystalline aluminosilicate structures which consist of SiO4 and AlO4 units
joined together through shared oxygen atoms to form an open-uniform crystal lattice [18]. Ze-
olites find its applications in ion exchange, catalysis, environment protection and gas separa-
tions [18,49]. As of 2016, 232 unique zeolite framework structures have been synthesized and
categorized by the Structure Commission (SC) of the International Zeolite Association (IZA)
(IZA-SC) [50]. Each of the unique frameworks has the three letter word recognized by IUPAC.
The database of new-zeolite like materials with more than 2.6 M unique structures, provides the
comprehensive list of all predicted zeolite-like materials which are structurally, topologically and
geometrically similar to that of zeolites [21,51]. The list of all hypothetical zeolite-like structures
can be accessed at www.hypotheticalzeolites.net/database/deem/. Zeolite 13X stands out
among the family of zeolites and also the current benchmark adsorbent for post-combustion
carbon capture [3]. Metal-organic frameworks (MOFs) are relatively a new class of crystalline
compounds consisting of inorganic metal clusters coordinately bonded to the organic ligands
resulting in highly porous structures. Zeolitic imidazole frameworks (ZIFs) are a special class of
MOFs having topology similar to that of aluminosilicate zeolites. ZIF's are neutral frameworks
in which metal ion being Zn or Co is linked to ditopic imidazolate [52,53]. The imidazolate

linkers in ZIFs (Im-M-Im) resemble the shared oxygen atoms in zeolites.
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Given a large number of adsorbents, as described above, for CO, capture application, it is prac-
tically impossible to characterize each one of them using experimental techniques. Thanks to the
significant advancements in the computation power, high-throughput computational screening
becomes vital to screen for the best adsorbents at a faster rate. In the first step of screening, any
of the databases with the crystal structure is chosen for the screening for any specific application.
Secondly, Grand Canonical Monte Carlo (GCMC) and molecular dynamics (MD) simulations
are performed with the crystal structures to compute the pure-component adsorption isotherms
and the gas diffusion characteristics respectively. Then, the adsorbents are ranked based on any
specific metric which is easier to compute. To incorporate process performances in some cases,
the adsorbents are tested with detailed models coupled with optimization studies to choose the
best candidates for CO4 capture. If we look across the literature, this has been the trend with
regards to the high throughput-computational screening [35, 54-58]. It is important here to

acknowledge the validity of these models in predicting the adsorption isotherms.

In this chapter, BAAM was applied on one such database, the carbon capture materials database
(CCMDB), from the University of California, Berkeley, to pick the best candidates with the least
energy consumption for a pressure swing adsorption process. The BAAM’s predictions were
compared with the corresponding optimized results of the detailed model to show the efficacy
of the model in predicting the minimum energy. Then, a parametric study was performed using
BAAM to look for the ideal characteristics of the adsorbents with the least energy penalty. And,

the chapter concludes with the closing remarks and the proposed future work.

3.2 Carbon Capture Materials Database (CCMDB)

Lin et al. screened nearly a hundred thousand zeolites and ZIFs for their feasibility of deployment
in the carbon capture applications using a hybrid pressure and temperature swing adsorption
cycle [35]. Zeolites, considered in that study, included all experimental zeolite crystal struc-
tures [59], and the predicted zeolite crystal structures which were derived from a comprehensive
database of zeolite-like materials [51,60]. The Henry coefficients, heats of adsorption, and satu-
ration loadings for each of the materials with CO, and N, as adsorbates were computed using
molecular simulations assuming that pure component isotherms could be described using dual-
or single site Langmuir isotherm models on a graphics processing unit (GPU). The resulting
adsorption isotherms were validated by the GCMC simulated competitive isotherms for a set of
50 structures [35]. The results of this work led to the creation of CCMDB which is accessible
at www.carboncapturematerials.org. CCMDB is created and maintained by the Berkeley
Lab’s Computational Research Division as well as the Energy Frontier Research Center for Gas

Separations Relevant to Clean Air Technologies. The database consists of details of geometri-
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cal parameters, adsorption data and performance indicators such as parasitic energy, purity at
minimum energy and working capacity of different zeolites and MOFs. In our study, we took
the isotherm data of predicted zeolite structures from CCMDB and screened them using BAAM
for their potential in the vacuum swing adsorption (VSA) process as opposed to their hybrid
cycle. There were a total of 118,149 predicted-zeolites and the particle density, the single-site
Langmuir (SSL) fitting parameters at 300 K of the same were provided.

As BAAM was developed and configured to run at 298.15 K, at first, using relevant conversion
factors, the corresponding fitting parameters of all the adsorbents at 298.15 K were estimated.
The histogram plot representing the probability distribution of each of the fitting parameters
are given in Fig. 3.1. Henry constants of CO, and N, span a wide range of values as shown in
Fig. 3.1 a) and b). The distribution of heat of adsorption of CO, stands out with considerable
number of the adsorbents having the values in the range -32.7 to -33 kJ/mol. Most of the
adsorbents have heat of adsorption of Ny between -20 to -7 kJ/mol. The saturation loadings
span between 0 to 15 mol/kg with densities varying from 1000 to 2500 kg/m?. With the relevant
fitting parameters, the CO,-N, competition could be described using the extension of the SSL

model as follows.
gsh,c0,bco,Cco,

1o, = 7 bco,Coo, + bryCry (3:-1)
&, = sh, N bN, ONy (3.2)
1+ bco,Cco, + bn,ON,
where,
boo, = bo,co,e” “Un00/RaT (3.3)
by, = bon, e SN2/ ReT (3.4)

In the equations described above, q’éo2 and qf(IQ are the equilibrium solid phase loadings corre-
sponding to the fluid-phase concentrations of Cco, and Cx,, respectively. The constants gsp co,,
gsb,CO,s bco, and by, are the equilibrium saturation solid phase loadings and affinity parame-
ters, respectively. The constants by co, and by, are the pre-exponential factors, AUy, <0, and
AUy, are the internal energies. For thermodynamic consistencies, the saturation loadings are
assumed to be equal, i. e., qéoz = qf{lz. Before proceeding further, it is important to define the
Henry selectivity (o) and competitive selectivity (ac) as below.
gsb,co,bco,  beo,

Henry Selectivity, ag = = (3.5)
sb,N, DN, b,

*
900,08,  beo,

Competitive Selectivity, ac = (3.6)

%, Coo, by,

As evident from the Egs. 3.5 and 3.6, for a SSL model, aip = ac. The effects of selectivity on

the process performance is discussed in detailed in the subsections coming below.
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3.2.1 Screening of CCMDB using BAAM

BAAM was run on these hypothetical zeolites (h-ZEOs) from CCMDB, firstly, to identify those
which satisfy U.S.-DOE Puco, — Reco, constraints and secondly, to compute the parasitic
minimum energies for those which satisfy the targets. As done previously, the low pressure,
Prow and high pressure, Py were fixed at 0.03 bar and 1 bar, respectively. PinT was varied
between Prow + 0.01 < Pyt [bar] < Py — 0.01. The temperature of the flue gas stream is
taken to be 298.15 K. The MATLAB simulations were performed in a desktop workstation with
two 12-core INTEL Xeon 2.5GHz processors and 128 GB RAM. It took less than a second to
screen each of the materials and the entire screening process was completed in 97 minutes after

parallelization on the 24-core workstation.

The large number of adsorbents with wide-ranging isotherm parameters makes the process of
visualizing the BAAM’s results complex. Any marker in Fig. 3.2 refers to a distinct adsorbent
with a unique combination of Hco, and Hy,. The slope of any line passing through the origin
with positive slope in each of the plots in Fig. 3.2 is given by the Henry selectivity (ap). Ac-
cordingly, all the adsorbents on the line passing through the origin will have the same selectivity.
Different shades of lines in Fig. 3.2 corresponds to a unique selective given by the legend. A total
of 107,225 of 118,149 adsorbents considered for screening, i.e., 90.8 % of the sample, were found
to have ryax > 110.25, i.e., capable of meeting US-DOE purity /recovery requirements. Fig. 3.2
a) shows the scatter plot of those materials that show rmax > 110.25 (shown as green markers)
and those that do not (shown as red markers). From Fig. 3.2 a), it is clear that there is a clear
clustering of green and red markers. In order to find a value of selectivity which separates these
two regions with the best possible accuracy, a linear discriminant analysis was performed. This
resulted in the value of ayy = 13 and it is shown in thick black dashed line in Fig. 3.2 a). Also as
seen in Fig. 3.2 a), the bulk of the markers which have been tagged as red have Henry selectivities
less than 13. The value of ag = 13 compares well with the observation made by Khurana and
Farooq that the minimum selectivity for an adsorbent to provide 95 % purity and 90 % recovery
is ~ 10 [1]. The scatter plot of Tyax as a function of Hco, and Hy, are plotted and shown in
Fig. 3.2 b). Overall it can be seen that ry.x increases with the increasing selectivity. While
this is a general trend, this observation has to be considered with caution. Figure. 3.2 ¢) and d)
show the trends of Enminscalea and WCco, respectively on a plot of Hco, vs Hn,. The black
markers refer to the top performing adsorbents which had Enmin scaled < 145 kWh, /tonne. The
low values of energy tend to occur at higher selectivities. For a clear colour gradient in Fig. 3.2
c), only adsorbents which had Enmin scaled < 180 kWh/tonne are plotted and the corresponding
WCco, are shown in Fig. 3.2 d).

In the next two subsections, the effects of two key adsorbent characteristics viz., the selectivity
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and heat of adsorption are compared with the performance indicators predicted from the BAAM.

This is done to understand the key material properties affecting the process performance and

also to bridge the gap between the material and process properties.
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Figure 3.2: Plots showing the distribution of hZEOs. a) Green markers correspond to the
adsorbents that met Puco, — Reco, constraints and the red markers correspond to those that
did not satisfy based on the BAAM’s predictions. Black dashed line denotes the locus of constant
selectivity line of 13 that provides the best classification of the materials that achieve the target
purity and recovery. Plots b), ¢) and d) provide the trends of rmax, ENminscaled and WCco2,
respectively. The black markers represent the adsorbent with Enmyin scalea < 145 kWhe/tonne.

3.2.2 Effects of selectivity on the process performance

The selectivity has been arguably the most widely used screening metric to assess the adsorbent
performance [34]. In this study, the Henry selectivities of the adsorbents are compared with

the BAAM’s performance indicators to understand the relationships between them. In the
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previous section, the Henry selectivity of 13 was shown to be distinguishing metric in finding an
adsorbent satisfying purity-recovery constraints. The Henry selectivity of each of the adsorbents
was calculated based on Eq. 3.5 at 298.15 K. For irregularly shaped distributions as with our
case, box plots provide useful means to compare the characteristics of the performance indicators
over different ranges of selectivities. In each of the box plots in Fig. 3.3, the bottom edge, the
central red mark and the top edge in any box correspond to 25th, 50th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points in either direction with ‘4’

symbol indicating if it is an outlier.

It has been shown in the literature that the adsorbent with selectivity less than 10 is considered
to be the worst performing material [1]. The first key observation from Fig. 3.3 a) is that all
the adsorbents with ay < 10 have rp.x < 110.25 hence proving that ry.x metric is in-line
with that what is shown in the literature. With the increase in selectivity above 10, there is a
marked increase in the median value of ry,x until a selectivity of 500 and r,,x becomes almost
constant for values more than 500 as illustrated in Fig. 3.3 a). In fact, there is a huge jump
in rmax values moving from 0-10 selectivity range to 10-25, highlighting the effect of increase in
selectivity on CO, purity and recovery values in the lower ranges of selectivities. For the case
of ENpin scaled, With increasing selectivity, the average Enpn, scaleq decreases upto a selectivity
of 500 and then as with the case of ryax, it becomes constant. For selectivities more than
1000, as indicated by the box plot, the maximum value is around 153 kWh,/tonne which is
higher than the minimum value of 147.2 kWh,/tonne in the selectivity range of 75-100. This
again proves that selectivity is not a good predictor of the optimized performance. However,
the pronounced effect of selectivity on the performance indicators is seen until a selectivity of
500. It is important to note here that there are no Enpmin scateda and I/VC'CO2 values in 0 to 10
selectivity range as Tmax < 110.25. There is a clear trend with respect to WCco, as seen in
Fig. 3.3 ¢), it increases with increase in selectivity up to 500 and decreases moving from 500 to
1000. WCco, goes through a maxima in the 250-500 range as the selectivity varies from 10 to
1000. The analysis with respect to WC(302 should be treated with caution as it is not a direct
predictor of productivity. To conclude, there is not a clear relationship between the selectivity
and the minimum energy for higher values of the selectivities. To further illustrate this, the
values of Enpin, scalea for all the adsorbents that met the purity-recovery constraints are plotted
in Fig. 3.4. It is rather evident that the selectivities of the top performing adsorbents, as shown
by the positions of black markers, range from = 180 to 1000. This indicates clearly that beyond

a certain value of selectivity, the ability of this metric to predict the energy consumption is poor.
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Figure 3.4: Relationship between the selectivity and the energy penalty.

3.2.3 Effects of heat of adsorption on the process performance

In this sub-section, the relationship between the heats of adsorption of CO4 and N, with the
process performance indicators are analysed. Fig. 3.5 shows the scatter plots of "max, Emin scaled
and WCco, as a function of the heats of adsorption of COy and Ny. It is evident that the
adsorbents explored in the CCMDB fall with in a clear boundary of AH¢o, and AHy,. From
Fig. 3.5, it is clear that there is no clear relationship between A Hy, and any of the performance
indicators. However, there is a clear gradient in the case of AHgo, as shown in Fig. 3.5 b).
The plot also shows that a minimum CO, heat of adsorption of 20 kJ/mol is required to meet
the purity /recovery limits. Higher CO, purities and recoveries are achieved for higher heat of
adsorption of CO, as seen in Fig. 3.5 a). This is also evident from the positions of the black
markers in Fig. 3.5. The lowest energy consumption corresponds to AHco, in the range of ~
32 to 42 kJ/mol and AHy, < 17 kJ/mol. These observations are in line with the Maring and
Webley [23].
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3.3 Validation of BAAM using detailed model

The screening of the CCMDB has now been performed using the BAAM. It is very important
to note that this dataset, in its entirety, can be considered as a test set since the BAAM has
not seen it during the calibration. Hence, it is important to verify the predictions of the BAAM

using the detailed model. This is the key focus of this section.

The cumulative distribution of the minimum energies of the hMOFs which had ry.x > 110.25
are given in Fig. 3.6 a). The shaded portion on either side of the distribution indicates the
+ 15 % uncertainty of the BAAM. As observed from the plot of cumulative distribution, =
50 % of the adsorbents screened have Emnminscaled less than 153 kWhe/tonne. To put this
in perspective, Enmingcaled Values of UTSA-16 and Zeolite 13X, examples of two important
adsorbents as described in Chapter 2, were plotted along with the cumulative distribution plot
and shown in Fig. 3.6 b).

A total of 0.55 % of total materials which translates to nearly 653 adsorbents of total materials
considered were found to have Enpyinscalea less than that of UT'SA-16 (144.88 kWh,/tonne).
Nearly 9500 materials were found to have Emmpinscaled less than that of commercialized Ze-
olite 13X (146.93 kWh/tonne). These results are indeed promising as it provides a set of
materials that can potentially outperform the current benchmark adsorbents. However, it is
also important to exercise caution as the practicality of the synthesis of these materials has not
been demonstrated. Nonetheless this analysis gives us great insights about the some of the key
isotherm characteristics and helps us validate BAAM with the detailed optimization studies.
The adsorbent h8297545 was found to have the lowest Enmin scaled Of 143.32 kWh, /tonne with
the corresponding working capacity, WCco, of 1057.11mol COy/ m?3. The single component
isotherms of CO, and N, of the top three adsorbents are shown in Fig. 3.7 along with those of
Zeolite 13X and UTSA-16 for comparison. The SSL fitting parameters of these adsorbents are
provided in the Table F.1. It is evident from the isotherm plots that h8297545 has lowest CO,
and N, capacities of the five adsorbents illustrated in Fig. 3.7 in the pressure range of 0 to 1
bar. h8297545 has similar CO, isotherm as that of UTSA-16 but lower N, capacity. All the top
three adsorbents have N, capacities lower than that of UTSA-16. This leads us to important
conclusions about the ideal CO5 and N, isotherms that an adsorbent with minimum energy
consumption should possess. h8297545 has the lowest N, adsorption capacity which reinforces
the need for accounting for the effect of Ny adsorption during adsorbent screening [2,23]. The
current trend of improving the CO, capacity alone while synthesizing an adsorbent doesn’t
prove to be helpful in an actual VSA process. Further efforts have to be put in reducing the Ny

adsorption.
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Figure 3.7: Pure-component isotherms of a) COg and b) Ng at 298.15 K for the top three
adsorbents with lowest Enpyin scaled Values plotted along with UTSA-16 and Zeolite 13X.

To test the effectiveness of BAAM in predicting the minimum energy values, adsorbents close
to each of 0 %, 25 %, 50 %, 75 % and 100 % on the cumulative distribution curve as shown
in the Fig. 3.6 a) were chosen. The adsorbents that were chosen for the study are depicted
as open markers in Fig. 3.6 a) and the isotherm parameters of these adsorbents are provided
in the Appendix F. The detailed energy - productivity optimization was performed to com-
pute the minimum energy values of these adsorbents under the optimized conditions. Genetic
algorithm (GA) was employed to run the rigorous optimizations with the detailed models to
minimize the energy consumption and maximize productivity under the constraints of CO, pu-
rity and recovery of 95 % and 90 %, respectively. A detailed description of the detailed model
is given in Chapter 2 and Appendix C. Three step times, low and intermediate pressures and
feed velocity were the six decision variables of the detailed model. The bounds for each of the
decision variables are as follows: 20 < tapg [s] < 200, 20 < tgro [s] < 200, 20 < tgyac [s] < 200,
0.04 < PNt [bar] < 0.45, 0.03 < Prow [bar] < 0.3, 0.1 < Ueeq [m/s] < 2. The parameters used
in the detailed model for the process simulations are given in the Table A.3. The GA was run
for 25 generations and the population size of 144 was chosen. In order to avoid GA getting stuck
on a local minima, first the operating regions were divided into 8 sub-regions and the samples

obtained after 10 generations were used to seed the GA.

The summary of the predicted minimum energies after the detailed model optimizations are
given along with the BAAM'’s predictions for the 7 adsorbents that were chosen for the study in
Table 3.1. As observed from the Table 3.1, the BAAM was able to predict the minimum energy
values of 6 out of 7 adsorbents under 8 % accuracy. For the cases of h8180594 and h8071971, the
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Table 3.1: Results of detailed model optimizations along with the BAAM’s predictions.

FrameWork CDF Tmax Enymin scaled |BAAM] Enpin [Detailed Model] % dif. WCco,
Name [ [kWh,/tonne COg cap.] [kWhe/tonne COy cap.] [mol CO2/m?]
h8297545 0.001  129.05 143.32 133.02 7.75 1057.11
h8329775 0.002  128.86 143.33 135.11 6.08 1370.62
h8180594 0.003  128.84 143.37 145.19 1.26 1131.31
h8071971 25.286 126.56 149.31 147.08 1.52 426.39
h8274646*  48.425 123.52 152.88 159.54 4.17 288.12
h8186387 74.835 120.38 158.53 172.02 7.84 291.32
h8081405 97.774 111.89 180.02 NA NA 89.43

differences were as low as under 2%. It is important to note here again that we are comparing the

BAAM’s result which was obtained less than a second to the detailed optimization result which

took more than a day to converge. The predicted minimum energy values from the detailed

model were plotted in Fig. 3.6 a) as the closed markers. Importantly, h8186387 was shown to

satisfy 95-90 requirement and the predicted minimum energy was within 8%. The validation

exercise discussed here demonstrates the ability of BAAM to be an excellent tool to minimize

the workload of the detailed process optimizers. The ability to predict the energy consumption

within 8 % of detailed model calculations is indeed encouraging. Appendix G provides the

summary of the performance indicators along with the selectivites of top 50 h-ZEOs from the
screening of CCMDB.
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3.4 In pursuit of the ideal adsorbent

As summarized in the previous section, the lowest Enmpinscaled from screening close to hundred
thousand materials turned out to be 143.32 kWh,/tonne. This leads us naturally to wonder
what would be the CO,-N, isotherms of an ideal adsorbent with the least possible PSA en-
ergy consumption. To answer this question and also to understand the trends of rp.x and
Enminscaled for a diverse range of adsorbents, a parametric study was performed using BAAM
on the hypothetical adsorbents generated from the non-linearity plot (NLP). Rajagopalan et al.
constructed the NLP to elucidate the effect of N, adsorption on the vacuum swing adsorption
(VSA) process [61]. For the purpose of illustration of the NLP, consider any of the plots in Fig.
3.2, the x-axis and y-axis correspond to Ny and CO, equilibrium constants with reference to
that of corresponding equilibrium constants of Zeolite 13X at 298.15 K. The distinctive feature
of the NLP allows us to generate hypothetical adsorbents by varying the non-linearities of CO4
and Ny isotherm, as given by the b values, with reference to Zeolite 13X. The density of all the
adsorbents in this study are taken to that of Zeolite 13X pellet density. gsp,co, and gsp N, of all
the hypothetical adsorbents were taken to be that of the saturation ladings of Zeolite 13X.

The x and y-axes of the NLP, each varying from 0 to 5, were discretized into 50 subintervals
of equal length of 0.1 which resulted in a total of 2601 adsorbents for the analysis. BAAM was
run on these materials with the same operating conditions as described previously. 7rya.x and
EnNmin scaled Outputs of the BAAM are plotted as contours in Figs. 3.8 a) and b). Figures 3.8 c)
and d) provide the respective zoomed in versions in the region of 0 to 1 for which a finer grid
step size of 0.01 was used for clarity. It is important to note that Enin scalea values are plotted
only for the adsorbents with rmax > 110.25. For a fixed CO, affinity, lower the N, affinity,
higher the rmax (Figs. 3.8 a) and c) and lower the Enpin scaled (Figs. 3.8 b) and d)). This can
be attributed to the the additional energy that needs to be spent to remove N, for higher Ny
adsorption which also results in lower product purity resulting in lower rmax. And, for a fixed
N, affinity, increase in CO, affinity increases rmax drastically for lower values of CO, affinities
and flattens out after reaching a certain value of CO, affinity which is different for different
values of N, affinities as clearly evident in Figs. 3.8 a) and c). For the case of Enpinscaled, for
a fixed value of by, the energy decreases rapidly as CO, affinity increases at lower values of
bco,. Then it reaches a minimum and the energy values increase beyond a certain value. This
is very interesting observation as in indicates that increasing CO, adsorption beyond a certain
value can infact be detrimental. Following two interesting observations clearly standout in Figs.
3.8 b) and d): a) The lowest Enmyinscaled is When by, = 0, and b) At by, = 0, the energy goes
through a minimum which shows that an increase in the affinity or the non-linearity of CO,

becomes detrimental to the process beyond a certain value. So, if we were to synthesize an

o4



adsorbent with zero N, adsorption, there exists a unique value of CO, affinity which gives the
best possible minimum energy. This is due to the fact that higher CO, affinity would mean

higher energy required to remove the adsorbate from the adsorbent.
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Figure 3.8: Contours of a) Tmax and b) Enminscaled Of the hypothetical adsorbents generated
from the NLP using BAAM. ¢) and d) provide the magnified versions of respective contours in

the range of 0 to 1.

Now that zero Ny adsorption case was shown to have the least energy consumption in a P/VSA
process. A parametric study was again performed but this time by varying bco,/bco,,13x and
sb,cO,- In this case, gspco, was varied from 0.5 to 10 in steps of 0.5 resulting in 20 distinct

points. As previously, bco, / bco,,13x was varied from 0 to 5 in steps of 0.1. This grid resulted
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in a total of 1020 adsorbents. And, BAAM was run again on these set of adsorbents to plot
the contours of Enmyinscaled as a function of bco, / bco,,13x and gsp,co, as shown in Fig. 3.9
a). As expected, lowest Enpinscaled 1S When sb,CO, 18 high and lower bco, indicating a linear
CO, isotherm. The lowest Enmin scaled 1S also around 142 kWh, /tonne which is also possibly
the best an adsorbent described by the Type 1 isotherm can do for the fixed 4-Step LPP cycle
as predicted by BAAM. The predicted minimum energy from this parametric study is only 1
to 2 kWh,/tonne lower than that of what we saw in the CCMDB analysis. This opens up the
opportunity to look into other shapes of the isotherms not restricting only to Langmuirain. In
this regard, S-shaped isotherms have shown good potential in delivering higher CO,, purities and
recoveries at lower energy consumption [62]. The modeling of the isotherms get complex and in

such scenarios, the potential of discrete data should be looked into and studied in detail [63].
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Figure 3.9: Enmin scaled contours for the case of zero N, adsorption with the particle density a)
p =1130 kg/m?, b) p =904 kg/m?® (20% lower) and c) p =1356 kg/m? (20% higher).

All the simulations, as described above, were done for a fixed solid particle density p. It is also
important to understand the effect of density on the process performance. The same parametric
study was then repeated for 20 % lower and higher solid density and the respective resulting
contours are shown in Figs. 3.9 b) and c¢). There is a slight improvement in the energy penalty

for higher p for a fixed gsp,co, as seen in Fig. 3.9 c).

3.5 Conclusion

In this chapter, BAAM’s potential to screen the CCMDB of 118,149 adsorbents was illustrated
and it was found that 107,225 of them have the ability to satisfy CO4 purity and recovery
constraints when employed in a P/VSA process. The screening time per adsorbent was almost
instantaneous and the whole process was completed in 97 minutes on a 24 core workstation. This

ability to screen the adsorbents with an accuracy of 87 % has been the best feature which makes
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BAAM to stand out from the other existing screening metrics which require similar computation
efforts and time. Then, the detailed model optimization studies were performed for a set of 7
adsorbents and it was observed that the BAAM’s predictions of minimum energy values were
within 10 % bound as that of corresponding minimum energy values from the detailed model. A
total of 653 predicted zeolites were found in this study which could deliver higher CO, purities
and recoveries with the lower energy consumption as that of UTSA-16 and these need to be
studied in detail with the detailed process optimization. The effects of selectivity and the heat
of adsorption of CO, and N, were discussed in detail. It was found that before resorting to
any of the screening techniques, if an adsorbent has Henry selectivity of less than 10, it could
be outright removed from further analysis. There were no correlations between the heat of
adsorption of N, with the performance indicators. A higher heat of adsorption of CO, favor
higher CO, purity and recovery with the least energy consumption. A parametric study using
BAAM was performed in this study to look for ideal characteristics of an adsorbent with the least
energy consumption. An adsorbent with zero N, adsorption was shown to be the one delivering
higher purities and recoveries with the least energy consumption. In this regard, there exists a

finite CO, isotherm above which it becomes detrimental to the process.
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Chapter 4

Concluding Remarks

4.1 Conclusions

The thesis dealt with modeling, analysis and applications of BAAM, a simplified proxy model, for
rapid and efficient screening of high performing adsorbents for post-combustion CO, capture.
The first part of the thesis provided a thorough analysis of BAAM and the development of
simplified metrics for computing key performance indicators. The second part of the thesis
presented its potential to screen CCMDB, an exhaustive database of hundreds and thousands

of zeolites and ZIFs, created and maintained by the University of California, Berkley.

Chapter 2 detailed on the mathematical modeling and analysis of BAAM for a 4-step VSA cycle
with LPP. BAAM’s modeling framework was adopted from the works of Maring and Webley [23]
and extended to a more complex process configuration in this study. The modeling equations

¢

were based on a “well-mixed” isothermal - batch adsorber system which simplified the overall
design of the adsorption process. The results of BAAM allowed us to visualize the transitions of
different steps of the 4-step cycle with LPP on CO, and N, isotherm plots by just solving ODEs
as opposed to the numerically intensive stiff PDEs. Then, the BAAM’s results were validated
by performing parametric study with the detailed model. It was concluded that BAAM could
replicate the detailed model only under specific operating conditions, i.e., when the column is
completely saturated with the feed conditions and other key assumptions of BAAM were enforced
upon. BAAM was initially tested upon using a set of four adsorbents which Rajagopalan et.al
considered in his study [2] and an observation was made showing the potential of BAAM in
using as a screening tool. Using the optimized results a total of 75 adsorbents [1], a purity -
recovery classifier based on BAAM was built. In doing so, the Euclidean maximum distance

from the origin to the Pareto curve, ryax, was taken as a proxy to the combined CO, purity

- recovery. A linear discriminant analysis was performed which resulted in rg95_g9 = 110.25
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as the classification metric with an accuracy of 87.3 %. Then, a linear relationship relating
the minimum energy predicted by the BAAM to that of detailed model was developed. It
is given by Enminscaled = 1.1446 Enmin Baam + 66.53. It was seen that minimum energies of
53 % of the 35 adsorbents were predicted within 10 % and that of 83 % was predicted within
15% of the values from the detailed model. Then, the high performing adsorbents were ranked
based on low minimum energy and high working capacity. BAAM was then applied on an
experimental NIST database to show the efficacy of BAAM in screening a large database. A
total of 757 DOIs and 1540 unique adsorbents were screened for the best candidates. UTSA-16
and Zeolite 13X stood out as the best adsorbents with the minimum energies 144.88 kWh, /tonne
and 146.93 kWh, /tonne, respectively. The chapter concluded with BAAM’s merits and demerits.

Chapter 3 illustrated the applications of BAAM for a large scale adsorbent screening. A total of
118,149 computationally predicted zeolites were screened from CCMDB of which 107,225 were
predicted to satisfy the purity-recovery constraints when employed in a 4-step VSA with LPP for
the post-combustion CO, capture. The trends of Tmax, ENminscaled and WCco, were explored
as a function of the Henry constants of CO, and N, for all the predicted zeolite structures. A
selectivity of 13 was found to be classifying metric which distinguishes if a material could meet
the purity-recovery targets. Then, the effects of selectivity and heat of adsorption to predict the
process performance were studied. The former analysis indicated that beyond a certain value
of selectivity, the ability of the selectivity metric to predict the energy consumption should
be treated with care. With the latter analysis indicating that the lowest energy consumption
corresponds to AHco, in the range of ~ 32 to 42 kJ/mol and AHy, < 17 kJ/mol. Then, the
results of BAAM were further validated by detailed model process optimization studies for a set
of 7 adsorbents and the predictions were within 8 % accuracy for 6 out of 7 adsorbents. Then, a
parametric study was performed using NLP to look for the characteristics of an ideal adsorbent.
It was found that a material with zero N, was found to have the minimum energy. For the
case of zero N, adsorption, it was observed that increasing the CO, affinity beyond a certain
value could be detrimental to the process performance. The minimum energy was evaluated at
142.58 kWh, /tonne.

4.2 QOutlook

Over the course of the thesis work, 119,768 adsorbents [1,2,35,47] consisting of a mix of zeolites,
ZIFs, MOFs and activated carbons were screened for their potential for a VSA based post-
combustion CO, capture process. If the screening processes were carried out using the detailed
model on a 24 core workstation, it would have taken us close to 119,768 days, assuming the

average optimization time per adsorbent is ~ 1 day. On the other hand, BAAM could screen
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each of the adsorbents under a second with a reasonable accuracy. BAAM seems to show
excellent promise as a potential tool to screen very large databases such as the ones described

in this work.

The flexibility that the BAAM provides, makes it appealing for wide-ranging applications. These

are some of the future works that we propose to do:

1. Extension of BAAM to more complex process configurations: This would help us
evaluate adsorbent performance in a different process set-up and study how an adsorbent

ranking varies based on the choice of process configuration.

2. Applications of BAAM for different gas separations: The framework of selecting an
adsorbent using BAAM for CO, capture application, as described in this work, could now
be extended for other gas separations involved in hydrocarbon refining, pharmaceutical

applications and other industrial separations.

3. Different choice of isotherm model: Incorporating discrete isotherm and S-shaped
isotherm models in BAAM would help us to look for more promising adsorbents with

lower energy consumption for a VSA process specific to CO, capture application.

4. Screening of other large databases: BAAM could now be used to screen other large
databases such as Computation-ready, experimental (CoRE) MOF database and hypo-
thetical MOF's database for CO, capture applications.
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Appendix A

Detailed Model

Table A.1: Model equations for predicting the column dynamics in the detailed model [3].

Model equations

Overall mass balance

10P _ 19T _ _T o (Pu> BT Lty 5comp 24 (A1)
Pot  Tat Poz\T
Component mass balance
Oy i OP 0T _ T o [ POy T 0 i P RT 1—ep 9g;
ot Y P~ Par = PDL8z<T8yz>_P8z<yTU>_Pq§BGZt (A.2)
Linear driving force model (A.3)
% = oi(qf — q1)
Column energy balance
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Column wall energy balance
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pWCpW 8t KW 82 + Ozt ’V‘ (T T ) Tzutt 7" L (T _T) (A5)
Pressure drop (Darcy equation) (A6)
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Table A.2: Boundary conditions for the typical steps in a cyclic adsorption process [3].

Step z=0 z=1L
Ply—o = Py + (P1 = Py)e=!) | _ =0
7=
Dy, %Zﬁ " ~]z=0 (Yi feed — Yilz=0) e8| . =0
OPEN-CLOSED =
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Table A.3: Detailed model process parameters [3]

Parameter Value

Column Length L 1 [m]

Inner column radius rin  0.1445 [m]

Outer column radius Tout  0.1620 [m]

Column void fraction £ 0.37 ]

Particle voidage Ep 0.35 ]

Particle radius Tp 7.50 x 1079 [m)]

Tortuosity 7’ 3 []

Column wall density Ps 7800 [kg/m?]
Specific heat capacity of gas phase Cpe 30.7 [Jmol ! K]
Specific heat capacity of adsorbed phase C,. 30.7 [Jmol 1 K~!]
Specific heat capacity of adsorbent phase Cp,s 1070 [Jkg 1K1
Specific heat capacity of column wall Cpw 502 [Jkg 1K1
Fluid viscosity p 1.72 x 107%  [kgm~'s71]
Molecular diffusivity Dyn 130 x107%  [m?s7!
Adiabatic constant o 1.4 ]

Effective gas thermal conductivity K, 0.09 [Jm 1 K-1s7
Thermal conductivity of column wall Ky, 16 [Jm 1K 1s™
Inside heat transfer coefficient hin 8.6 [Jm2K-1s7
Outside heat transfer coefficient hout 2.5 [Jm 2K 1s
Universal gas constant R 8.314 [m3 Pamol ! K—1]
Ambient Temperature T, 298.15 K]
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Appendix B

BAAM Transitions for the 4-step
cycle with LPP
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Figure B.1: Batch adsorber analogue model (BAAM) transitions (black dashed lines) of the 4
Step VSA cycle with LPP for Mg-MOF-74 (a) CO3 isotherm - (b) N3 isotherm and for UTSA-16
(c) COy isotherm - (d) Ny isotherm.
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Appendix C

Analytical expressions for the

performance indicators

As observed from Fig. 2.3, the transitions for the various steps of the 4-step PSA cycle indicate

460, YN

%22 > 50) can be
quyCO2
suggested), a simple approach can be used to estimate the process performance. The blowdown
and evacuation transitions start from state a and move horizontally, i.e., at constant %027 until

yco, = 1.00 is reached and follow yco, = 1.00 isotherm until state v is reached. Pyt at which

that for materials with high selectivity (an approximate value of a =

ngQ becomes 1.00 can be calculated by solving the non-linear equation given by ¢y, = qé%z.
This is shown in Eq. C.1.

PHyfeed
Pine = e = (C.1)
2 _ feed
PRt v

It is important to note here that Pyt is a function of by, only as this step ensures all Ny is
removed in this step. In the evacuation step, moving from S to « in the plot, if the gas phase
concentration is considered negligible, then the amount of CO, coming from this step can be
just found by the difference of the CO, loading at step 5 and v and it is given by the equation
below.

bco by
quvC%wﬁ <PH3/%812 — Prow — ﬁPHPLOW(l — Yo
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B gl -
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R, T R, T i y002)>

For the LPP step, the value of 9802 can be calculated by solving the isotherm expression for

o )
dco2 = 49N2-

N
P 1 2P
LOW( +RgT H)

bx,
R,T

Yoo, = (C.3)

Py (1 + PLOW)
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In adsorption step, the same set of equations as that of BAAM was considered. The two no-linear
equations were solved for Ng.q which is given by the expression below.

bco, bN bco
Py — P —2 P 1 2 P
4sb,CO, W (Pu — PLow) + 4sb.N, W FLow + R,T

Ntced = (64)

bco bco bn
1 2 p 1 2 p feed 2 po(1 — feed
< + R,T LOW>< + R,T HYco, + R,T (1 —yso,)

where,

With all the four states now identified, the purity, recovery, energy consumption and working
capacity can be estimated. This approach is similar to those that have been used in the literature
[43].
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n[ kWh, ] _ Wevac (C.7)
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Appendix F

Fitting parameters - CCMDB

Table F.1: Pure component single-site Langmuir (SSL) fitting parameters of the hMOF's chosen

for the detailed model optimization studies.

FrameWork Particle density  gsp co, bo,co, AUp,co,  GsbNs boN, AUy N,
Name [kg/m?] [mol/kg]  [m?/mol] [kJ/mol] [mol/kg] [m?/mol] [kJ/mol]
h8297545  1620.84 4.79 2.31x107%  38.69 4.79 1.24x107%  8.74
h8329775  1091.98 1.14 1.35x107%  38.37 11.43 6.92x107%  7.68
h8180594 1512.96 6.91 1.04x107%  38.93 6.91 1.07x107%  6.45
h8071971 1850.19 1.83 3.33x10797  30.31 1.83 3.90x107%  12.56
h8274646 1372.10 8.98 3.08x107%  30.33 8.98 8.36x107%  6.99
h8186387 2129.10 2.47 1.07x1079% 2357 2.47 6.87x107%  10.71
h8081405 1625.26 6.21 5.31x107°7  20.71 6.21 9.26x107%  6.90
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Appendix G

Top 50 materials from Screening of
the CCMDB

Table G.1: List of top 50 materials from screening of CCMDB along with their selectivities and

performance indicators from BAAM.

L.ZEO Selectivity — Tmax Enmin,scaled WCco,
[] [] [kWh, /tonne COy cap.] [mol COy/m3]
h8297545 904.54 129.05 143.32 1057.11
h8329775 464.25 128.86 143.33 1370.62
h8180594 477.84 128.84 143.37 1131.31
h8116694 360.28 128.67 143.43 1002.03
h8061849 1797.53 129.01 143.59 572.62
h8326012 668.75 128.78  143.60 621.81
h8210285 493.16 128.78  143.76 917.78
h8287207  328.55 128.65 143.78 1305.53
h8325732  429.47 128.78  143.78 1294.35
h8327293  329.08 128.64 143.78 1281.41
h8177168 2291.24 128.97 143.79 484.24
h8052324 964.14 128.78  143.80 487.96
h8313216  522.33 128.70  143.80 659.94
h8316044 386.14 128.73 143.81 1294.58
h8048587 1231.51 128.88 143.81 525.94
h8214739 554.10 128.87 143.83 1144.29
h8301782 638.66 128.91 143.84 1105.17
h8066467 1154.02 128.94 143.84 600.09
h8297227  290.86 128.53 143.86 1046.04
h8292301 429.09 128.73  143.86 1012.71

93



Table G.1 continued from previous page

L-ZEO Selectivity  rmax Enmin,scaled WCco,
[] [] [kWh, /tonne COy cap.] [mol COy/m3]
h8264123 824.82 128.58 143.88 401.42
h8126966 3141.31 129.11 143.88 570.46
h8170702 1129.50 128.69 143.89 411.10
h8044927  3200.46 128.96 143.89 441.98
h8210664 344.48 128.59 143.91 916.03
h8167200 602.85 128.70 143.91 581.31
h8301801 312.11 128.56  143.92 1018.32
h8330331 278.18 128.47  143.92 963.34
h8210793 540.31 128.83  143.93 1010.07
h8297090 820.44 128.94 143.93 838.02
h8269713 361.54 128.68 143.94 1239.23
h8278741  305.59 128.51 143.94 901.44
h8266001 304.70 128.49 143.95 845.26
h8288649 355.19 128.60 143.95 913.26
h8320223 314.34 128.47  143.96 757.22
h8307769 318.91 128.57 143.97 1023.79
h8301774  290.39 128.48  143.97 921.28
h8181466 1041.08 128.76  143.98 463.41
h8319074  305.63 128.55  143.98 1092.13
h8190460 2378.21 128.74  143.99 354.05
h8288827  409.21 128.65 144.01 840.28
h8306748  590.94 128.85 144.01 1012.71
h8314044  349.70 128.66  144.01 1293.07
h8293319 433.48 128.73 144.01 1042.92
h8251761 632.74 128.87 144.02 947.43
h8116643 1445.27 128.98 144.03 584.32
h8256586  294.78 128.51 144.03 1042.65
h8059476 974.09 128.86  144.03 572.80
h8274216 349.61 128.61 144.03 1024.35
h8299419 278.76 128.47  144.03 1015.47
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