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Background and objective

The main objective of this master thesis is to develop a process flowsheet model to study the
performance of a coal tired power plant when integrated with a novel technology so-called
Sorption Enhanced Water Gas Shift (SEWGS) for pre-combustion CO; capture. The SEWGS
technology considered in this work is based on a Pressure Swing Adsorption (PSA) process
which operates in a cyclic manner. In this process carbon dioxide is removed from a synthesis
gas at elevated temperature by adsorption. Simultaneously, carbon monoxide is converted to
carbon dioxide by the water-gas shift reaction. The periodic adsorption and desorption of carbon
dioxide is induced by a pressure swing cycle, and the cyclic capacity can be amplified by
purging with steam. The separation of CO; across a WGS reactor with sorbents eliminates the
need for a separate downstream CO; control process. Moreover, it would result in a purified CO,
stream at an appreciably higher temperature and pressure than obtained with existing capture
processes, thus reducing the energy requirement for CO; compression. When it comes to an
integration of a process island and power production island in an Integrated Gasification
Combined Cycle (IGCC) incorporating SEWGS technology, it is greatly important to study the
performance of the units operating within the process island and investigate how they impact the
efficiency penalty and power production rate. Due to the chemical reactions take place in the
SEWGS, it is one of the important components in the process island which can affect the
performance and efficiency of the power production process. Therefore it was defined for this
work to carry out a dynamic modeling and simulation of the cyelic operation of the PSA-based
SEWGS to evaluate the behaviour of the system and its capabilities over the conventional WGS
reactors.

The following tasks are to be considered:
1. Literature review
2. Dynamic simulation of the whole cyclic operation of the Sorption Enhanced Water Gas Shift

(SEWGS) system as a Pressure Swing Adsorption process in the simulation software
gPROMS,; using a dynamic reactor model for the reaction/adsorption mode.
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Abstract

A dynamic one-dimensional homogeneous model for a packed bed sorption-enhanced
water-gas shift (SEWGS) reactor has been developed, describing the non-isothermal, non-
adiabatic and non-isobaric operation of this type of reactor. The model was developed to
describe a SEWGS reactor designed to work under operating conditions and syngas feeds
encountered in a coal-fed Integrated Gasification Combined Cycle power plant utilizing an
oxygen-fed gasifier. Different from previous integration designs reported in literature, the
feasibility of leaving out the conventional high-temperature water-gas shift (WGS) reactor
upstream of the SEWGS reactor has been investigated. The reactor was assumed to be
packed with a mixture of K,CO;-promoted hydrotalcite CO, adsorbent and commercial
high-temperature FeCr-based water-gas shift catalyst pellets.

Utilizing the reactor model, a mathematical modelling framework for the operation of
eight SEWGS reactors in a SEWGS cycle has been developed. This system model ac-
counts for all the necessary interactions between the reactors during the SEWGS cycle,
including the exchange of mass in the feed, rinse, equalization and repressurization steps.
In contrast to available open literature, the mathematical framework describes in detail
how the necessary switches in the boundary conditions for the reactors have been real-
ized.

Simulations of several SEWGS cycles were carried out. The results were compared with
experimental and modelling data from literature. Due to inconsistencies in the parame-
ters and implementation of the model in the simulation software employed, results were
in most aspects quantitatively not comparable to results from literature. However, the
qualitative trends and physical mechanisms expected were observed and confirmed by the
model. The temperatures in the reactors reached an unacceptable high level with respect to
the tolerable operating conditions of the catalyst and adsorbent. It is planned to continue
the work on the model, and implementing it within a full power plant model to investigate
the effects of changes in the power production and thus the required amount of syngas to
be treated.
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Sammendrag

En dynamisk endimensjonal homogen modell for en adsorpsjons-forfremmet vann-gass
skiftreaksjonsreaktor “‘sorption-enhanced water-gas shift” (SEWGS) har blitt utviklet,
som beskriver den ikke-isoterme, ikke-adiabatiske og ikke-isobare driften av denne typen
reaktor. Modellen ble utviklet for a beskrive en SEWGS-reaktor konstruert for a fungere
under de driftsforhold og fgdestrgmmer av syntesegass som finnes i et kull-matet Inte-
grated Gasification Combined Cycle kraftverk, som benytter en oksygen-matet gasifiser-
ingsreaktor. Forskjellig fra tidligere integreringsdesign fra litteraturen, har muligheten for
a utelate den konvensjonelle hgytemperaturs vann-gass skiftreaktoren “water-gas shift”
(WGS) oppstrgms for SEWGS-reaktoren, blitt undersgkt. Reaktoren ble antatt a veere
pakket med en blanding av en K,CO;-promotert hydrotalsitt CO, adsorbent og kommer-
siell hgytemperaturs FeCr-basert WGS katalysator.

Med denne reaktormodellen som grunnlag, har et matematisk modelleringsrammeverk for
driften av atte SEWGS-reaktorer i en SEWGS syklus blitt utviklet. Denne systemmod-
ellen tar hgyde for alle ngdvendige interaksjoner mellom reaktorene i1 lgpet av SEWGS-
syklusen, herunder utveksling av masse i matetrinnet, rensetrinnet, trinnene for trykkut-
jevning og trinnet for trykkgkning. I motsetning til tilgjengelig apen litteratur, beskriver
det matematiske rammeverket i detalj hvordan de ngdvendige forandringene i grense-

betingelsene for reaktorene har blitt gjennomfgrt.

Simuleringer av flere SEWGS-sykluser ble gjennomfgrt. Resultatene ble sammenlignet
med eksperimentell data og modelleringsdata fra litteraturen. Pa grunn av uoverensstem-
melser i parametere og implementering av modellen i det benyttede simuleringsprogram-
met, var resultatene i de fleste aspekter kvantitativt ikke sammenlignbare med resultater
fra litteraturen. Imidlertid ble de forventede kvalitative trender og fysiske mekanismer
observert og bekreftet av modellen. Temperaturen i reaktorene nadde et uakseptabelt
hgyt niva med hensyn til de tolerable driftsforhold for katalysatoren og adsorbenten.
Det er planlagt a fortsette arbeidet med modellen, og implementere den i en modell for
hele kraftverket for a undersgke effekten av endringer i kraftproduksjon og dermed den

ngdvendige mengden av syntesegass som skal behandles.
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1. Introduction 1

1. Introduction

The operation of power plants using fossil fuels as feedstock for combustion results in
production of CO, in the combustion flue gas. The influence of the contribution of CO,
emissions to climate change has been thoroughly established. As a consequence, the
emission of CO, to the atmosphere will have to be paid for through the CO, emission
quota system. Therefore, it is desirable to in some way capture the CO, and transport and

store this, to not have to pay for the emission quotas.

In principle, there are three different routes for CO, capture: pre-combustion capture,
post-combustion capture and oxy-combustion. These can be illustrated as in Figure 1. In
post-combustion capture, CO, is removed from combustion flue gas, which might come
from a power plant, or from the off-gas from industrial processes such as the production of
cement. Different methods for post-combustion capture have been investigated, and some
of the methods, such as the amine-absorption setups have been used for decades for CO,
removal with the intention of for example enhanced oil recovery purposes [8].

1 N2/0.

Power CO, CO;

plant separation
Post-combustion
CO,

2 =P Gasification CO/H; [ 4
£ H H N,/O
2 Shift ==p| 02 : | Power _2/; CO, compression &
@ co, | Separation plant conditioning
L,—DU-V Reforming | CO/H, Pre-combustion
2
2 ). Power €0,
§ plant Oxy-combustion
E 0. 4
O N2
Air —V‘ Air separation H
Air/Oz
Process +CO; Sep.
Raw materials Product: Natural gas, ammonia, steel

Figure 1: Three different routes for CO, capture [6]

In oxy-combustion, another approach to CO, removal is made. In ordinary combustion
of fossil fuels, air is used to provide oxygen for the combustion. As air contains mostly

nitrogen, the combustion flue gas will contain CO,, but also significant amounts of N,. In
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the perspective of avoiding CO, emissions, this flue gas cannot be sent directly to trans-
port and storage as the storage volume required would be significantly larger than if only
the CO, was to be stored. This is the motivation for oxy-combustion, which avoids the
dilution of the flue gas with nitrogen by using almost pure oxygen O, in the combustion.
The flue gas will then contain mostly CO,. The oxygen can for example be provided by

an air separation unit (ASU).

One novel route for power production

Pre-combustion - principle from fossil fuels with low to no CO,
split the C,H,-molecules into H, and CO, emission 1S to remove the C()2 be-
Transfer heating value from C,H, to H,
Separate CO, from H, fore the combustion takes place. This
" . family of CO, capture technologies is
S| casifier |1o| Water | W, called pre-combustion capture. The ba-

co,

——> gas-shift — > .
capture to combustion

—
Natural Reformer (WGS)

gas

sic stages employed in pre-combustion

Oxidizer l co,
H,0
OZ

CO,; capture can be illustrated by Fig-
ure 2. Instead of combusting hydro-
Figure 2: Conceptual flow sheet for pre-combustion carbons C,H,,, forming CO, in the flue
€02 capture [0] gas, the fuel is converted into a gas mix-

ture consisting of mainly hydrogen H,

and CO,. The CO; is then removed from the gas mixture, and the H, can be combusted
in for example a gas turbine. As a result, only water vapour and air are being emitted to
the atmosphere as the combustion flue gas [6]. However, there are several configurations

of these three basic steps. Several such configurations are currently under development.

Methods using the basic configuration in Figure 2 employs separate downstream reac-
tors involving for example absorption processes or membranes to remove CO, before
the gas is sent to combustion. Other configurations are mostly based on the integra-
tion of CO, removal with existing unit operations in the power plant, such as sorption-
enhanced or membrane-enhanced reforming of natural gas or coal, and sorption-enhanced
or membrane-enhanced water-gas shift reactors. However, these pre-combustion methods
have not yet reached the advanced stages of post-combustion capture methods, such as the

previously mentioned amine-absorption setups.
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H, H,
Cco co
Water 2
Fuel Gasifier | H,0 co H,
— > gas-shift > 2 —
Reformer (WGS) capture
l l co,
HZ
co €O +H,0 2 H,+CO,
Fuel ifi H,0
ue Gasifier P WGS + H,

Reformer

gas separation

Figure 3: Sorption-enhanced water-gas shift reac-

lco2

tion [6]

One such integrated configuration is il-
lustrated in Figure 3. This arrangement
is called sorption-enhanced water-gas
shift (SEWGS), and combines the step
of the water-gas shift (WGS) reaction
with the step of CO, capture on a solid
adsorbent material.

There are several types of feedstock fuel
which can be used as input to a power
plant with this type of pre-combustion
CO, capture. However, the focus of the

present work will be on the power plant system called integrated gasification combined cy-
cle (IGCC) with the integrated pre-combustion CO, capture method SEWGS. The power

plant is assumed to use coal as feedstock. The power plant can conceptually be illustrated

with the flow sheet in Figure 4, where a distinction has been made between the process

island and the power island. In the process island, all unit operations required to process

the fuel are included. Please refer to Figure 5 for a flow sheet of the process island. The

power island consists of the power-generating units, such as the gas and steam turbines

and the heat recovery steam generator (HRSG).

System border

Air Slag  Sulphur

I |

———Coal——

Process island

T

N, Hy H)O(g) Air

Power island

Power—

—

Figure 4: IGCC power plant conceptual flow sheet

almost pure oxygen O, from an ASU [6].

The envisioned method starts with the
power plant receiving coal, which is
gasified through a gasification reactor.
Gasification is a partial oxidation of a
solid fuel, and the purpose of the gasifi-
cation is to convert the solid fuel, coal,
into a gas mixture consisting mainly of
carbon monoxide CO and hydrogen H,,
called syngas (synthesis gas). The gas
mixture usually consist of other com-
pounds, the main ones being H,O, CO,
and small amounts of H,S and COS.
This gasification can either be carried
out by using air, consisting mainly of

nitrogen N, and oxygen O,, or by using

Several reactions take place during gasification, but the main reactions are [6]

C +H,0(g) == CO +H, (1)
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f | I |
N, Air Sulphur H,0(g) for syngas feed (3)
to GT fomT 4 777777777777777777777777 - Different from
| |DECARBIt test case
| y r
| |
[ . [
A | | Heating and [
Air—>| ASU } H,S removal Syngas (2)->| H,0(g) input }
|
| , i
] T |
‘ SEWGS syngas feed (4) !
N, O, Syngas (1) | |
| |
l l . | | €O, to transport
Cooling, dry | SEWGS } and storage
—~Coal-—>| Gasifier —Syngas—> solids removal [ |
| process |
and scrubber | !
| I I | |
- H,
Slag H,0(g) for rinsing to GT
| and purging l
v i System border process
island
Figure 5: Process island conceptual flow sheet. Based on [16]
1
C+50, = CO )
Since the fuel contains hydrogen, the total reaction can be formulated as [6]
n m

Through the partial oxidation in the gasifier, the energy contained in the coal is converted
into heat and a gas mixture, syngas, which can be further oxidized in combustion reac-

tions.

From this point on, the SEWGS concept illustrated in Figure 3 differs from the conven-
tional IGCC power plants with downstream CO, capture. In an IGCC power plant with
downstream CO, capture as shown in Figure 2, the syngas leaving the gasifier is typically
cooled and mixed with high-pressure steam. After this, the syngas mixture is typically
sent to a high-temperature water-gas shift reactor to convert most of the CO into CO,

through the water-gas shift (WGS) reaction, thus producing more H, [45, 23, 6].

The exothermic WGS reaction [6, 13]
CO +H,0 = CO, +H, AH>93 = —41 kJ/mol 4)

After the high-temperature shift reactor the syngas is typically sent to a low-temperature
shift reactor to convert even more CO. However, complete conversion of CO is not possi-
ble due to the thermodynamic equilibrium between the reactants and products in the WGS

reaction [20].
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A possible composition and state of IGCC-produced syngas after leaving the low-
temperature shift reactor is given as stream refl in Table 2 [16]. It can be seen that there
is still a significant amount of carbon monoxide CO in the gas, 1.22 mol-%.

If one were to remove CO, from the gas during the WGS reaction, one would shift the
equilibrium of the WGS reaction towards the products, and thus be able to approach al-

most complete conversion of CO [20, 23].

This can be seen from the equilibrium constant for the WGS reaction [1, 40]

4577.8
- 4.33) _ PeoPr, 5)

Kwas = exp( PcoPH,0
2

At a given temperature 7', if one were to decrease the partial pressure of CO,, then either
the partial pressure of H, must increase, the partial pressure of CO must decrease or the

partial pressure of H,O must decrease.

This is the motivation for the use of the sorption-enhanced water-gas shift reactor. A
SEWGS reactor will combine the function of the WGS reactors with the process of re-
moving CO, from the gas mixture. The SEWGS reactor consists of a packed bed of a
suitable adsorbent material and a high-temperature WGS catalyst material. The adsorbent
in this case is a solid material onto which CO, can be adsorbed, that is, removed from the
gas-phase and physically or chemically bonded to the adsorbent material. The function of
the reactor is to adsorb the CO, onto the adsorbent and thus shift the equilibrium of the
WGS reaction towards the product side, such that the CO is almost completely converted
into CO, and H; [45]. By doing this, the WGS reaction is “enhanced” by the adsorption
of CO,.

As the syngas passes through the SEWGS reactor, the adsorbent in the SEWGS reactor
will adsorb the CO, and the catalyst will catalyse the WGS reaction such that the effluent
gas exiting the reactor will consist mainly of H, and steam H,O. This will continue until
the reactor column reaches breakthrough, which is the point when the adsorbent are not
able to adsorb enough CO, per time compared to the inlet feed flow rate, such that the
effluent gas exiting the reactor contains CO, above a desired level. This period of time
when the reactor is receiving feed syngas is usually called the feed step of the reactor

cycle.

The effluent gas mixture can be diluted with nitrogen N, from the ASU and sent to a gas

turbine for combustion and power production, with the main combustion reaction being
1
H, + 502 — H,0 6)

At the point of break-through, this SEWGS reactor cannot be used further for CO, removal
until regeneration has taken place, and the syngas must be redirected to another SEWGS
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reactor [23].

Regeneration is the process of desorbing the CO, from the adsorbent and removing the
CO, from the reactor. The equilibrium adsorption capacity of the adsorbent is a function
of temperature and pressure. If the temperature is increased, the equilibrium adsorption
capacity decreases, and the CO, will be desorbed. Also, if the pressure is decreased, the
equilibrium adsorption capacity decreases, giving the same result. The regeneration can
therefore in theory be carried out in two ways. Either by increasing the temperature of
the reactor, called temperature-swing adsorption (TSA), or by decreasing the pressure in
the reactor, called pressure-swing adsorption (PSA). The actual regeneration sequence of
most SEWGS setups is a series of steps that are based the principles of PSA.

The operation of a single SEWGS reactor is in effect a batch unit operation. However,
by using several SEWGS reactors operating in parallel, one or several being fed syngas
and capturing CO, while the other CO,-saturated reactors are being regenerated, the total
system of SEWGS reactors are able to operate in a semi-continuous process. Please refer
to Figure 6, which shows a simplified flow diagram. This means that, in effect, the effluent
gas exiting the system of SEWGS reactors contains close to no CO,, only combustible H,,
and H,O and other residual components. This is continuously fed to the gas turbines in
the power island. The operation of this system of SEWGS reactors, called the SEWGS
cycle, can be illustrated as in Figure 7, where 8 reactors are operating in parallel.

There are several possibilities when

System border SEWGS process

choosing which type of PSA cycle to

H:0le) { SEWGS reactor 1 | co: utilize for a given purpose. A PSA cy-

» .
cle generally consists of a feed step, and

»
an unknown number and type of steps
—Syngas—— >{ SEWGS reactor 4 H,

K required to regenerate the reactor, mak-
. ing it ready for starting the cycle once
. more. In the work by Wright et al. [45],
. the authors tries to identify the number
Dotted lines represents valves and interconnections Of reaCtors reqUired and an appropriate

between streams and reactors

cycle consisting of a sequence of steps
Figure 6: SEWGS process conceptual flow sheet,

based on Figure 1 in [2] for a SEWGS system. They propose a

cycle consisting of the steps shown in
Figure 7, utilizing 8 reactors. They claim that this cycle and reactor configuration consists
of the basic steps which can be expected in a commercial design of this type of process.
The SEWGS cycle in Figure 7 is one of the possible PSA cycles that could be utilized
to achieve the desired operation of the system of reactors. Within the available literature
on the SEWGS process and the cycles employed, this specific cycle is considered the one
with best potential, although improvements could possibly be made [45, 44, 2].
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Figure 7: SEWGS cycle operation [45, 29]

In this cycle, the following regeneration sequence is carried out after the feed step is com-
pleted (step F in Figure 7): The regeneration sequence starts with a rinse step (step R),
where some of the residual H, is removed by passing high-pressure steam H,O counter-
currently through the reactor, and this gas mixture is mixed into the feed to another reactor,
to avoid the loss of H, [45]. According to Wright et al. [45], the amount of steam used
here should be minimized, as this steam is taken from the power island, thus reducing the
power produced in the steam turbine, and lowering the overall efficiency of the plant.

The desorption of CO, is carried out by lowering the pressure in the reactor down to
atmospheric pressure in a series of steps called equalizations (steps Eql, Eq2, Eq3). The
reactor is connected to another reactor whose pressure are to be increased after CO, has
been removed (steps REq3, REq2, REq1). The purpose of this is to lower the energy use
related to increasing the pressure in the reactor [45]. During the equalization steps, most
of the remaining H, in the column will be transferred to the connected columns whose

pressure are to be increased.

Then follows a final depressurization (step D) to approximately atmospheric pressure, 1.1
bar, and low-pressure steam is passed through the reactor to desorb CO, and regenerate
the adsorbent (purge step P) [45, 44]. Water is then removed from the gas mixture, and
the resulting CO,-rich gas can then be sent to conditioning, followed by transport and

storage [44].

After this, the reactor is repressurized (steps REq3, REq2, REql) in equalizations with

other reactors which are to be depressurized [45].



8 1.1 Objectives and novel contributions

Finally, some of the effluent product gas from other reactors, which contains close to no
CO,, are used to bring the reactor up to pressure equal to that of the syngas. This is the
final repressurization step (RP) [45].

According to Wright et al. [45], this type of cycle probably can be improved with respect
to steam consumption. The steam consumption is the main reason for increased energy use
in an IGCC power plant with an integrated SEWGS reactor system for syngas treatment
and CO, capture, compared to that of an IGCC plant without CO, capture. The CAESAR
project are investigating the feasibility of SEWGS integration in IGCC plants, and have
determined that the steam consumption for the rinse and purge steps should not exceed 2
moles of steam per mole of carbon in the feed syngas, to be able to compete with other
technologies for pre-combustion CO, capture. In their work from 2011, they determine
that this is possible [45]. Their work also suggests that the syngas feed pressure should be

in the range 20-30 bar to minimize steam consumption.

To summarize, there are several advantages by using a system of SEWGS reactors instead

of the conventional WGS reactors:

e A system of SEWGS reactors can be used instead of two WGS reactors with a
downstream reactor for CO, capture. This could lower the capital costs for reactor

equipment.

e The SEWGS reactor can operate at higher temperatures than the low-temperature

WGS reactor. This is an advantage as the effluent gas is to be sent to combustion.

e The SEWGS reactor can operate at a lower steam to carbon ratio than the WGS
reactor. This is an advantage with respect to steam consumption, which lowers the
power plant overall efficiency.

e The SEWGS reactor is able to overcome the thermodynamic limitations of the WGS

reaction, leading to almost complete conversion of CO.

1.1. Objectives and novel contributions

The objective of this thesis is twofold. First, a model for a SEWGS reactor integrated in
an IGCC plant developed in the project thesis and the subsequent modifications to this
model, is to be presented. Second, a mathematical framework and operating schedule for
the simulation of a system of 8 SEWGS reactors is to be developed using methods and
parameters obtained from literature and the modified reactor model as a basis. This mathe-
matical framework is to be implemented in the process modelling software gPROMS from
Process Systems Enterprise Ltd. The operation and performance of the SEWGS system
is to be simulated using constant feed syngas flow rates. The SEWGS cycle utilized is the

setup with 8 reactors and necessary cycle steps presented in Section 1.
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In later work, the SEWGS system model developed in the present work shall be used to
investigate the effects of changes in time of the flow rate of feed syngas. This is a very
relevant aspect to evaluate, as the SEWGS system should be integrated in a IGCC power
plant, where changes in power demand and thus changes in the amount of feed syngas
which needs to be treated in the SEWGS system, is something that should be expected.
The chosen method of modelling the system should therefore be able to take into account
these aspects. Integrated in an IGCC power plant, the SEWGS system should treat syngas
and deliver a gas mixture containing mostly H,, steam H,O, N,, with close to no CO,
and CO. In addition, the SEWGS system should be able to deliver this gas mixture at
a close to constant flow rate, and even more importantly, close to constant composition.
The reason for these latter two requirements is that the gas mixture delivered from the
SEWGS system is to be sent to the gas turbines in the power island, which as of today

cannot handle larger variations in feed gas heating value than + 5 % [7].

The SEWGS reactor model utilized is a dynamic one-dimensional homogeneous model
for a packed bed sorption-enhanced water-gas shift reactor, which was developed in the
project thesis. This model is able to simulate the non-isothermal, non-adiabatic and non-
isobaric operation of such a reactor for both cocurrent and countercurrent flow. Similar
models for SEWGS reactors have been developed or are under development [45, 44].
However, no complete description of such a model has been found in the open literature
available.

A modelling framework for the operation of a system of SEWGS reactors in the cycle uti-
lized in the present work or similar cycles has not been found in open literature. There are
however, several modelling frameworks for other types of PSA systems to be found in the
literature. An example of this is the work by Nikolic et al. [31], where a generic modelling
framework for a PSA system is presented. The authors present a detailed description of
the system of reactors how the necessary interconnections are realized. However, during
the different steps of the cycle a reactor in the system undergoes, it is from a modelling
perspective, necessary to change the boundary conditions for the reactor. The method of
carrying out these switches in boundary conditions is not described in the work by Nikolic
et al. [31], and it has not possible to obtain this from the open literature available. There-
fore, a novel methodology for realizing the switches in the boundary conditions has been

developed in the present work.

1.2. Selection of adsorbent and catalyst

There are several possible combinations of adsorbent and catalyst that could be utilized in
a SEWGS reactor. The choice of adsorbent for the adsorption of CO, and catalyst for the

WGS reaction is important for the performance of the reactor.
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Concerning the choice of adsorbent, the literature suggests many options. Several screen-
ing studies have been performed to compare the suitability of different adsorbents for the
use in SEWGS processes.

In 2005, Allam et al. [2] conducted a screening study to identify suitable adsorbents for
use in SEWGS in a integrated reforming combined cycle (IRCC) power plant utilizing
either air-fed or O,-fed autothermal reforming (ATR) of natural gas. They required that
the adsorbent should be able to effectively adsorb and desorb CO, in PSA cycles between
approximately 30 and 1.5 bar within the temperature range 400 to 500 °C. The materials
evaluated were commercial sodium oxides (CL750), K,COs-promoted hydrotalcites (K-
HTCs), lead oxide adsorbents (PbO), and double salt adsorbents (DS) [2]. They conclude
that the lead oxide have low adsorption capacity at high temperatures. The sodium ox-
ide tested showed reasonable capacity at cycle time of 120 minutes at 400 °C. Significant
effort was made to develop supported double salts. The adsorption capacities of these
materials were found to be significantly lower than for K-HTC. The conclusion of this
screening study was that K-HTC was the best suited material with respect to their require-
ments. Reported adsorption capacity for the K-HTC was 1.6 mol CO,/kg adsorbent at
400 to 450 °C with 5 minutes cycle time. By doubling the cycle time, the capacity is also
approximately doubled.

In a more recent screening study from 2009 by Singh et al. [38], the objective was to iden-
tify high-temperature adsorbents suitable for pre-combustion CO, capture employed in
IGCC plants. Materials evaluated were zeolites (NaX, calcium chabazite), commercially
available hydrotalcite, layered double hydroxides/oxides (LDH/Os), and magnesium dou-
ble salts [38].

The authors state that, in the case of integrating a SEWGS unit in an IGCC plant, one
wants to keep the temperature of the gas exiting the SEWGS reactor which are to be sent
to a gas turbine for combustion as high as possible. This limits the choice of adsorbent
to the ones which can operate at high temperature [38]. However, the WGS reaction
conversion of CO into CO; is not favoured at high temperatures, and the reaction is ther-
modynamically limited at lower temperatures [41]. According to Stevens Jr. et al. [41],
a suitable adsorbent for the SEWGS reactor must be able to operate in the temperature
range of the WGS reaction, 200-400 °C. Specific to the integration of this reactor in an
IGCC plant, Singh et al. [38] states that this temperature range should ideally be 250-450
°C. This implies that a trade-off will have to be made between the need for lower tempera-
tures for the WGS reaction and the need for higher temperatures of the effluent gas exiting

the reactor.

In addition to this temperature requirement, Singh et al. [38] proposes among others the
following requirements for an adsorbent which are to be used in a SEWGS reactor within
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a IGCC plant: high selectivity for CO,, high adsorption capacity, sufficiently good ad-
sorption and desorption kinetics, the regeneration of the adsorbent should be possible to
perform in appropriate temperature and pressure levels, the adsorbent should be able to
be used for a sufficient amount of adsorption/regeneration cycles without the need to be
replaced, adequate mechanical strength for durability and ability to be formed into pellets,
should be able to tolerate impurities in the gas, cause a low pressure drop and be able to
be formed into pellets [38].

Singh et al. [38] proposes the following three candidates as adsorbents to be used in inte-
gration with an IGCC plant [38]

e Zeolite 13X
e K-promoted hydrotalcites
e Double salt adsorbents

Zeolite 13X can be used for adsorption in temperatures up to 200 °C. While this is not
ideal, it is possible to use this adsorbent in an SEWGS reactor in an IGCC plant [38]. At

temperatures above 200 °C, the adsorption capacity of zeolites are very low [39].

Hydrotalcites can be used effectively at a temperature of 350 °C in the presence of wa-
ter [38]. This is appropriate as the WGS reaction requires water vapour to be present.
Singh et al. [38] points out that the presence of H,S might pose a problem, so this sug-
gests that the removal of H,S before a SEWGS reactor using this type of adsorbent is a
proper choice. Wright et al. [45] also points out that H,S in syngas produced from coal

could lower the adsorbent stability and long-term capacity for CO,.

According to Singh et al. [38], double salt adsorbents are very promising. However, the
effects of water present are not yet fully understood [38]. Also, an appropriate method for
producing pellets which can be used in a packed bed reactor has not been found yet [34].
Due to the uncertainty in the possible detrimental effect of water present and the problems
with producing pellets, it is chosen in this work to not consider double salts further as a
adsorbent candidate. This is because one of the objectives of this thesis is to model the
combination of the WGS reaction and the adsorption reaction in one single reactor vessel,
the SEWGS reactor, where water present is a prerequisite and the adsorbent should able

to be formed to pellets.

In the work of Stevens Jr. et al. [41] from 2010, a novel adsorbent for use in SEWGS
reactors in IGCC plants is presented. This adsorbent, NaOH-promoted CaO, is capable
of CO, capture at temperatures between 300 and 600 °C and pressures between 1 and
11.2 atm. These operating conditions are suitable for integration with the WGS reaction
in a SEWGS reactor. CaO adsorbents are a common choice for CO, capture, but require
high temperatures to be regenerated through TSA. By promoting the CaO with NaOH, the
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regeneration temperature is significantly lowered, to 700 °C [39]. In addition, the adsorp-
tion capacity is increased. It should be noted that conventional calcium oxide adsorbents
have very high CO, capacity compared to K-HTCs [34, 8]. This type of calcium oxide is

therefore a promising adsorbent candidate for the use in SEWGS reactors.

According to a comprehensive review of adsorbents for CO, capture by Choi et al. [8]
from 2009, “it is well-established that calcium oxide-based adsorbents suffer from a rapid
degradation of CO, capture capability during the repetition of carbonation/calcination
cycles”. After several cycles, the adsorbent capacity can stabilize at as low as 25 % of
the initial capacity [8]. With respect to regenerability and durability, K-HTCs perform
better than conventional calcium oxides CaO. The adsorption capacity of K-HTCs are
reported to decrease by about 0.1 mol CO,/kg adsorbent during the first operational cycles,
thereafter stabilizing [8].

The NaOH-promoted CaO adsorbent presented by Stevens Jr. et al. [41] is under develop-
ment, and according to the authors the technical challenges related to their adsorbent are
related to adsorbent reactivity and durability, and lowering the degradation of the adsor-
bent [41]. The high temperatures associated with regeneration of CaO-based adsorbents
could pose a problem with respect to the reactor vessel, where heat-resistant alloys could
be required [34].

Hydrotalcites (HTC) have been studied intensively in the literature. HTC is a chemical
compound which when heated, decomposes into mixed metal oxides. It is common to
impregnate the HTC with K,COs3, resulting in what is called potassium-promoted HTC,
or K-HTC. This significantly enhances the adsorption capacity [2]. Compared to other
possible adsorbents HTC have poor adsorption capacity of CO,, good stability and poor
adsorption kinetics [34]. Although the capacity and kinetics of K-HTC are poor, they
have been found to be suitable for adsorption of CO, at high temperatures such as 400
°C, and especially suitable for the use in SEWGS reactors [9, 23, 2]. According, to Choi
et al. [8], K-HTC adsorbents can be used in temperatures up around 800 K. According
to Reijers et al. [34], the presence of water is contributing to the adsorption process for
K-HTCs [34, 8]. This is positive for the use in a SEWGS reactor, as the presence of water

is required for the WGS reaction.

However, Singh et al. [38] states that reduction in adsorption capacity over several cycles
is a problem. Also, according to the authors, there has been significant debate about
whether or not the adsorption kinetics of K-HTC are as good as required [38, 25].

Irrespective of this, there is significant work being done on investigating the suitability
and performance of SEWGS reactors using K-HTC as an adsorbent in IGCC plants. The
CAESAR project is putting a lot of effort into this. A experimental and modelling study
from 2011 by Wright et al. [45] has been carried out utilizing an improved type of K-HTC,
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which concludes that the use of this type of K-HTC is promising in a SEWGS reactor in
a IGCC plant [45, 43, 5].

The adsorbent capacity of this material is reported to be 27 % higher than a reference
sorbent [45]. The reference sorbent is a K,CO;-promoted hydrotalcite-based material,
designated as PURALOX MG70 [42]. Also, the mechanical strength of this material is
significantly higher than for the reference material [45].

The CO, capacity for the adsorbent chosen for a SEWGS reactor in an IGCC plant is
something that should be considered thoroughly. One of the problems when removing
CO, from syngas derived from coal compared to that from natural gas, is that the ratio
of CO; to H; in the syngas will be approximately doubled. This implies that about twice
as much adsorbent is needed to remove the CO, per amount of H, delivered, leading
to significantly higher capital costs for reactors [45]. According to Wright et al. [45],
this increase in adsorbent required is usually done by doubling the number of reactors
compared to treating syngas made from natural gas. The authors also claim that, instead

of increasing the amount of adsorbent, it is possible to reduce the cycle time.

The screening studies show a tendency for choosing K-HTC as the most suited adsorbent
for SEWGS in IGCC plants. The calcium oxide-based adsorbents have very high adsorp-
tion capacity compared to K-HTCs, and are very promising. However, problems with the
durability of these adsorbents are still under research. As the objective of this work is to
develop a model of a SEWGS reactor designed to be integrated in an IGCC power plant
based on available models and relations from literature, K-HTC is chosen as the adsorbent
used in the SEWGS reactor.

In conventional IGCC setups the syngas from the gasifier usually contains high levels of
H,S. The WGS reaction could then be carried out in reactors designed to handle syngas
with high H,S concentration, called sour shift. The H,S could then be removed from the
shifted syngas in an absorber column. Another type of design is to first remove the H,S
from the syngas from the gasifier, then carry out the WGS reaction in reactors designed to
handle syngas with very low H,S concentration, called sweet shift. These two setups are
illustrated in Figure 8. Concerning the WGS reactors, the main difference between these

two setups is the type of catalysts used in the reactors [6].
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Figure 8: H,S removal configurations [6]

The use of K-HTC requires that H,S concentrations in the feed syngas are very low. With
low concentration of H,S, it is possible to use a conventional sweet-shift high temperature
shift catalyst, based on the active component Fe;O4 with Cr,O; as a stabilizer [6]. This
will later be referred to as the FeCr-based catalyst. According to Bolland [6], this type
of catalyst can operate in the temperature range 350-500 °C. This is in accordance with
the expected temperature of the gas entering the SEWGS reactor, see the discussion in
Section 1.3 and stream 4 in table 2.

The setup of K-HTC and a commercial high-temperature FeCr-based shift catalyst for
SEWGS reactors designed to be integrated in natural gas IRCC plants have been ex-
tensively applied in literature. In a modelling, experimental and techno-economic inte-
gration study by Allam et al. [2], a study of SEWGS integration in IRCC plants were
conducted, using this adsorbent and catalyst setup. The same applies to an experimental
study by Van Selow et al. [42]. However, few studies have been conducted for this type
of SEWGS reactor setup integrated in coal-fed IGCC plants. The only ongoing modelling
and experimental projects found is the works by Wright et al. [45] and Wright et al. [44],
within the CAESAR project. This is the motivation for the present work.
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1.3. Defining the SEWGS system and its integration in the IGCC power plant

The SEWGS system should be integrated in an IGCC power plant. The power plant layout
is based on the assumptions and test case IGCC plant setup with CO, capture employed in
the DECARBIt report by Franco et al. [16], with several modifications. The DECARBit
test case IGCC plant with CO, capture delivers a net electric power output of 352.74 MW
at a net electric efficiency of 36.66 %. The DECARBiIt test case IGCC plant without CO,
capture delivers in comparison a net electric power output of 391.45 MW at a net electric
efficiency of 46.88 % [16].

The feedstock of the power plant is assumed to be bituminous Douglas Premium coal,
with the composition given in table 1. The DECARB:It test case utilizes a Shell oxygen-
fed entrained flow gasifier [16].

Table 1: Coal composition mol-% [16]

Carbon Nitrogen Hydrogen Total sulphur  Ash  Chlorine Moisture Oxygen
66.520 1.560 3.780 0.520 14.150  0.009 8.000 5.460

The DECARBIt IGCC plant with CO, capture employs two sour shift WGS reactors to
shift the syngas received from the gasifier. The sour syngas is then cleaned of H,S [16].
In the present work, this setup is replaced by first H,S cleaning, and then the SEWGS
process. Please refer to Figure 5. The syngas stream 1 in Figure 5 is assumed to have the
same composition and flow rate as the corresponding stream in the DECARB:It test case

with capture [16]. Please refer to Table 2.

H,S is then removed from stream 1, resulting in stream ref2 in Table 2. New mole fractions
and flow rates are calculated. This stream is assumed to be at same temperature and
pressure as stream 1, which is a oversimplification with respect to the operating conditions

of the H,S removal unit.

According to the DECARB:It test case, the syngas should then be heated to 573 K and
mixed with stream ref3 high-pressure steam H,O, resulting in stream ref4 [16]. This
implies that the pressure of stream ref4 will be between 41 and 51 bar, and the temperature
between 573 and 668 K. However, in the present work, it is desired that the temperature
and pressure of the syngas after being mixed with steam is 673 K and 26.89 bar according
to the SEWGS inlet conditions suggested by Allam et al. [2]. This feed pressure is in
the optimal range suggested by Wright et al. [45]. The pressure drop and temperature
adjustment can for example be achieved by a throttle valve and heat transfer to create

low-pressure steam.

In the present work, the composition and flow rate of syngas stream 2 and steam stream 3
is assumed to be equal to the corresponding reference streams ref2 and ref3. The temper-
ature and pressure in streams 2 and 3 are assumed to be 673 K and 26.89 bar.
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The steam flow rate of stream ref3 mixed into stream ref2 resulting in stream ref4 is based
on the DECARBIt requirements of the high-temperature WGS reactor. The situation in
the present work is different, as the stream of syngas mixed with steam is subsequently
mixed with rinse gas coming from one reactor, before being sent to a reactor in the feed
stage. However, since the rinse step is not continued until all of the gas which is in the
column at the end of the feed step is rinsed out, the rinse steam will not break through
to the inlet of the reactor. The gas leaving the reactor from the inlet to be mixed in with
the feed gas to two other reactors therefore only contains what was being fed the column
during the feed stage. This implies that the gas will have the same steam-to-carbon ratio
as the feed syngas in stream 4. The flow rate of steam in stream 3 is assumed to be the
same as in stream ref3. The two streams 2 and 3 are mixed, resulting in stream 4, which is
assumed to be at 673 K and 26.89 bar. The steam-to-carbon ratio in stream 4 is then 1.79.
Stream 4 is then what is sent to the SEWGS system for treatment.

As discussed in Section 1, it should be possible to reduce the steam-to-carbon ratio in
a stream sent to a SEWGS system compared to a case where the stream is to be sent
to a ordinary WGS reactor. There was, however, not sufficient time to investigate this
possibility. This is something that should be taken further in later work.

In several SEWGS integration designs, a high-temperature WGS reactor is placed up-
stream of the SEWGS reactor. This has the function of carrying out the bulk of the
conversion of CO into CO, before the SEWGS reactor. By doing this, the temperature
increase in the SEWGS reactor due to the heat developed by the forward WGS reaction
can be lowered. Therefore it should be expected that by not having a WGS reactor before
the SEWGS reactor, the temperature increase in the SEWGS reactor will be higher than
in other SEWGS designs [45, 17]. However, by doing this, investment costs for the WGS

reactor will be avoided.

Table 2: Streams, referred to Figure 5

Stream Molar flow T p Composition mol-%

- kmol/s K bar H, CO CO, N, O, Ar H,S HO
1 4.22 443 41 22.02 49.23 345 577 - 1.20 0.13 18.13
2 4.21 673  26.89 22.06 49.33 346 578 - 1.20 - 18.17
3 3.21 673  26.89 - - - - - - - 100.0
4 7.42 673 2689 1252 2799 196 328 - 0.68 - 53.57
refl 7.42 5772 37.6 3927 122 2872 341 - 055 0.07 26.72
ref2 4.21 443 41 22.06 4933 346 578 - 1.20 - 18.17
ref3 3.21 668 51 - - - - - - - 100.0
ref4 7.42 - - 12.52 2799 196 328 - 0.68 - 53.57

The SEWGS reactor design and dimensions are taken from the SEWGS modelling work
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by Wright et al. [44], which are developed to handle the syngas generated by a natural gas-
fed ATR in a 330 MW IRCC power plant. The authors conclude that 4 SEWGS trains,
with each train consisting of 8 reactors working in a SEWGS cycle, are sufficient to handle
the syngas feed. The purge step is assumed to take place using steam at 1.1 bar Wright
et al. [44]. A summary of the syngas flow rate composition in comparison to those used in
the present work is found in Table 3. With reference to the discussion in Section 1.2, it can
be seen in Table 3 that the amount of CO, and CO to be treated in the IGCC syngas feed
in the present case is approximately twice of that in a IRCC syngas feed, when correcting
for the different power outputs of the two power plants. Wright et al. [45] reasons that this
requires that the amount of adsorbent should be doubled, either by doubling the size of the
reactors, or by doubling the number of SEWGS trains. Another possibility is utilize the
same amount of adsorbent, and reducing the cycle time. In the present work, it is chosen
to increase the number of SEWGS trains. As suggested by the discussion by Wright et al.

[45], the number of SEWGS trains necessary in the present case is calculated as follows:

Flow rate of CO, and CO to treat, present case

Number of trains =
Y Flow rate of CO, and CO to treat, Wright

Power output, present case

- - Number of trains, Wright
Power output, Wright

(7)
_2.222 kmol/s 400 MW

= . -4 trai
1.001 kmol/s 330 MW oS

~ 10.76 trains

This calculation should give an indication of the number of SEWGS trains required in
the IGCC plant in the present case. The calculation suggests that at least 11 trains are

required, but the simulation results have shown that 10 trains are sufficient.

The flow rate of stream 4 in Table 2 is assumed splitted and distributed equally to the
10 SEWGS trains, resulting in a flow rate of 0.742 kmol/s of syngas to each train. As
two reactors in each train are operating in the feed step at each point in time, this flow
is splitted into 2, giving a flow rate of 0.371 kmol/s of syngas to each reactor in the feed
step. Using the ideal gas law, this gives an inlet velocity of

_ 371'mol/s - 8.314 J/(mol - K) - 673 K
B 2689000 Pa - 7 - (3.658 m/2)?

~ 0.0735 m/s (8)

This velocity is approximately 0.44 times the corresponding inlet velocity found by doing
the same calculation for the setup in the work by Wright et al. [44]. This feed gas velocity

is comparable the ones used in other modelling studies, for example 0.08 m/s used in
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Table 3: Comparison of present case to the work by Wright et al. [44]

Present case 400 MW IGCC Wright et al. [44] 330 MW IRCC
Syngas flow rate kmol/s 7.42 | Syngas flow rate kmol/s  7.00
Temperature K 673 | Temperature K 673
Pressure bar 26.89 | Pressure bar 28.00
Mol-% H, - 12.52 | Mol-% H, - 322
Mol-% CO - 27.99 | Mol-% CO - 2.6
Mol-% CO, - 1.96 | Mol-% CO, - 11.7
Mol-% H,0 - 53.57 | Mol-% H,0 - 15.2
Mol-% inert Ar and N, - 3.96 | Mol-% inert - 38.2
Flow rate of CO, and CO kmol/s 2.222 | Flow rate of CO, and CO kmol/s 1.001
SEWGS trains - 10 SEWGS trains - 4
Reactors per train - 8 Reactors per train - 8
Reactors on feed per train - 2 Reactors on feed per train - 2
Reactor length m 7.377 | Reactor length m 7.377
Reactor diameter m 3.658 | Reactor diameter m 3.658
Adsorbent per reactor kg 44465 | Adsorbent per reactor kg 44465
Catalyst per reactor kg 12927 | Catalyst per reactor kg 12927

the modelling of sorption-enhanced steam-methane reforming by Xiu et al. [46], with a
column length of 4 and 6 m, column internal diameter of 0.025 m, and particle diameter
1 mm.

As in the work by Wright et al. [44], the adsorbent is a K,CO;-promoted hydrotalcite-
based material and the catalyst for the water-gas shift reaction is FeCr-based high-
temperature shift catalyst material. The work by Wright et al. [44] does not explain which
adsorbent and catalyst particle size that were utilized. Therefore, this data had to be found
from the SEWGS experimental work by Van Selow et al. [42], where the adsorbent and
catalyst obtained from industrial manufacturers are in pellet form with a diameter of 4.8
mm.

Late during the work process, it was discovered that the methodology suggested by Wright
et al. [45] might not be the best choice with respect to the capital costs of the SEWGS
system. Their suggestion of increasing the number of SEWGS trains to accommodate
the increased content of CO, and CO in the syngas made from coal compared to nat-
ural gas, implies that the capital costs will increase accordingly. It might be possible
that the approximately same number of trains utilized in the natural gas case in the work
by Wright et al. [44] might be used for the coal case in the present work. The increased
amount of CO, and CO in the syngas implies that a reactor in the feed stage will reach
its CO, adsorption capacity faster than in the natural gas case. This means that the feed

step of the SEWGS cycle will have to be stopped after a shorter period of time, to avoid
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excessive breakthrough of CO; into the H, product. To accommodate this, it is possible
to reduce the total cycle time of the SEWGS cycle, thereby running each step in the cy-
cle for a shorter period of time. However, the increased mole fraction of CO, and CO in
the syngas implies that also the driving force for adsorption will be higher. Attempts to
simulate a system such as this were made, but there was not sufficient time to configure
the model such that convergence in the simulations was reached. This should be further

investigated in later work.

1.4. Risk assessment

According to the assignment text of this thesis, a risk assessment should be carried out.
The work with this thesis, consists of simulations using a computer, and has been carried
out in an office environment. No laboratory work or potentially hazardous work was
undertaken. Having consulted the supervisor of this thesis, it was decided that further risk

assessment was not necessary.
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2. Mathematical modelling: SEWGS reactor

A dynamic one-dimensional homogeneous model for a packed bed sorption-enhanced
water-gas shift reactor has been developed. The reactor is a cylindrical column of length
L and internal diameter d,, and consists of a inlet and a outlet, with the temperature of the
wall of the reactor being kept at a constant temperature 7',,; by a cooling jacket. As in
the modelling work of a sorption-enhanced steam-methane reforming (SE-SMR) reactor
by Ding and Alpay [13], the reactor is assumed to be packed with adsorbent and catalyst

particles, which in total gives a void fraction &,;. Please refer to Figure 9.

The mass, energy and momentum bal-
ances are based on the work by Ding

8’3’0 Eﬁfuemgas and Alpay [13], with some adapta-

tions. Their one-dimensional homoge-
%‘%@%

z=0 Adsorbent and catalyst particles z=

neous dynamic model was developed

to describe the non-isothermal, non-
Figure 9: SEWGS reactor adiabatic and non-isobaric operation of

a packed bed reactor where steam-
methane reforming reactions are taking place - and adsorption of CO, onto a solid K-HTC
adsorbent. One of the reactions taking place during steam-methane reforming is the WGS
reaction [13]. Therefore, the difference between the model by Ding and Alpay [13] and
the model which are to be developed in this work, is that only the WGS reaction is as-
sumed to take place. This implies that the same mass, energy and momentum balances
may be applied. The only difference is that another type of catalyst is employed, one for
catalysing the WGS reaction instead of the steam-methane reforming reactions. This im-
plies that an expression for the reaction kinetics for the WGS reaction over the selected

catalyst must be found.

The additional equations required for describing effects such as axial dispersion, thermal
conductivity and so on, are also based on the expressions used by Ding and Alpay [13]

where these are found to be applicable.

The model assumptions are based on those by Ding and Alpay [13], with some modifica-

tions

e One-dimensional calculation of all variables along the axial z-direction of the reac-

tor column

No radial concentration gradients

No radial temperature gradients

Ideal gas behaviour
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e Axially dispersed plug flow
e Only CO, can be adsorbed

e Linear driving force (LDF) model for the mass transfer of CO, between the gas

phase and the adsorbent

e Modified Langmuir isotherm for the equilibrium adsorption capacity of CO, as pro-
posed by Lee et al. [25]

e A model of the water-gas shift reaction kinetics as proposed by Hla et al. [21]
e The adsorbent and catalyst particles of the same spherical, uniform particle size
e Temperature in gas-phase and in adsorbent and catalyst particles are equal

The following N components have been considered: i = CO,, H,, CO, H,0 and N,.
Nitrogen N, and argon Ar are assumed to be inert, and the mole fractions of N, and Ar
have been added together from the data in stream 4 in Table 2. The model should therefore
consider N = 5 components.

The mathematical model should be able to calculate the decision variables for

- each point along the axial direction in the reactor between the inlet at z = 0 and the outlet
atz=1L

- each time step from ¢ = O to the end of the period of analysis

The following 10 variables are to be determined: component concentrations ¢;, total con-
centration ¢, temperature 7', total pressure p, velocity u and amount of CO, adsorbed gco, .
As the variables are functions of the axial position z in the reactor, this requires in total
10 equations for each axial position z in the reactor. Accordingly, 10 governing equations
are required to determine the solution. Additional equations are required to determine
auxiliary variables which are used by the governing equations. These can be found in
Section 2.8.

There has been significant problems with determining the correct set of governing equa-
tions which should be utilized for modelling the SEWGS reactor. It was not possible to
implement the one-dimensional homogeneous dynamic model by Ding and Alpay [13]
directly, as there was several unexplained aspects in the model description. The model
by Ding and Alpay [13] utilizes one mass balance for each of the components considered,
and does not include a total mass balance. The authors do not state how they have related
the component concentrations to the total concentration. The vacuum pressure-swing ad-
sorption (VPSA) modelling work by Liu et al. [28] utilizes one mass balance for each
of the components considered, and does not include a total mass balance. The authors

relate the total pressure to the total concentration using the ideal gas law, and includes
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a relationships defining the total concentration to be equal to the sum of the component
concentrations. The SE-SMR modelling work by Reijers et al. [35] utilizes one mass bal-
ance for each of the components considered, and includes a total mass balance. Neither
of these works provided enough information to be able to describe a coherent model with
zero degrees of freedom which was able to reach convergence in gPROMS utilizing the
configuration in the present work. Therefore, several assumptions and modifications to
these models had to be made to be able to describe a model which could be utilized in the
present work. This is not ideal, and it was discovered very late during the work process
with this thesis, that the reason for the problems with convergence was partly due to the
choice of governing equations, and partly the implementation of the model in gPROMS.
The model utilized to run the simulations in the present work will now be presented.
Please refer to Section 5.2 for a summary of the necessary modifications to the reactor

model, which should be taken into account in later work with this model.

To be able to reach convergence in the simulations, it was necessary to define the mass
balance for all N components except one and include a total mass balance (equation of

continuity).

The model should accommodate both cocurrent and countercurrent flow. Cocurrent flow
1s defined as flow from z = 0 in the direction of z = L, and countercurrent flow vice versa.

As a convention, z = 0~ is defined as the inlet, and z = L* as the outlet of the reactor.

The governing equations of the model will now be presented. The default type of flow
direction is defined to be cocurrent flow. Therefore, the boundary conditions for cocur-
rent flow will be introduced together with their corresponding governing equation. The

boundary conditions for the other types of flow will be presented later in Section 2.10.

2.1. Mass balance

The mass balance for i = CO, in the reactor in the axial domain z € (0, L) can be formu-
lated as follows, adapted from [13, 36]

anOz
ot

“Tor T a2 0z \¢ ©)

oc o(uc 0 9
COo, _ ( COz) + (_Dux%zoz) + Pb,cai’lcO, ¥ — Pb.ads

The mass balance for components i = H,, CO, H,O in the reactor in the axial domain

z € (0, L) can be formulated similarly, not including the adsorption term

8@ 8(145,‘) 0 _ ay,
—=_ —(eD, == : 1
&; 6t 8z + 0z (C ax GZ ) + pb,catnzr ( O)

Boundary condition for cocurrent flow at z = 0: [13, 3]

aEi(Z = 0) _ _M(Z = 0)(Ei,inlet - Ei(Z = 0))
0z B Dax(Z = 0)

(11)
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Boundary condition for cocurrent flow at z = L: [13, 3]

Géi(z = L) _

oz 0 (12)

The mass balance and boundary conditions are defined for N — 1 components i = CO,,
H,, CO, H,0. Together with the total mass balance, this determines the values of ¢; for

the whole axial domain z € [0, L]. In total 4 equations for each point z.

2.2. Total mass balance

The total mass balance in the axial domain z € (0, L) can be formulated as follows [35]

St% = _6(5;6) + Pb,car Z () r - pb,ads% (13)

Boundary condition for cocurrent flow at z = 0: [13]
u(z = 0) = Uipier (14)

Boundary condition for cocurrent flow at z = L: [13]
P = L) = Pouter (15)

The total mass balance and boundary conditions determine the values of u for the whole

axial domain z € [0, L]. In total 1 equation for each point z.

2.3. Energy balance

The energy balance in the axial domain z € (0, L) can be formulated as follows, adapted
from [12, 13]

- or o (, oT - oT
(Ecp,gasgt + ph,cath,cat + pb,adscp,ads) E = (9_2 (kza_z) - Ecp,gasua_z
- - anOz 4U
~—Mb,ca hi i)+ N1 sAha s, — + _(Twa - T) (16)
Lb IZ( TI) Pb.ad ds.CO» ™ g d, 1l

1

Please note that the term s,‘g—f which is used in [12, 13] has been omitted. The reason for
this simplification is that it is assumed that pressure change is instantaneous. Please refer
to Section 2.4.

Boundary condition for cocurrent flow at z = 0: [13, 3]

aT(Z =0) _ _E(Z = O)Cp,gas(z = 0u(z = 0)(Tine: — T(z = 0))
0z k(z = 0)

(17)
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Boundary condition for cocurrent flow at z = L: [13, 3]

oT(z=L) _

7 0 (18)

The energy balance and boundary conditions determine the values of T for the whole axial
domain z € [0, L]. In total 1 equation for each point z.

2.4. Momentum balance

For the momentum balance, the Ergun equation, which describes pressure drop in a packed
bed column, will be used in the whole axial domain z € [0, L]. This can be formulated
as [13, 12, 3, 15]

a /1y 1 - 2 /ls 1 — & as
o _ _ysotbiz o) 1 75uig 2L 2 Pses (19)
0z s €
The relationship [18]
S icial locit
Interstitial gas velocity = uperficial gas velocity (20)

Ep
has been used.

This form of the momentum balance assumes that pressure change is instantaneous. The
last term uses u|u| instead of u?. This is accommodate countercurrent as well as cocurrent
flow. The momentum balance determine the values of p for the whole axial domain z €

[0, L]. In total 1 equation for each point z.

2.5. Ideal gas law

The ideal gas law for the total concentration ¢ will be used in the whole axial domain
z€[0,L].

14

RT 1)

c =

The ideal gas law determine the values of ¢ for the whole axial domain z € [0, L]. In total

1 equation for each point z.

2.6. Relationship between component and total concentration

Defined in the whole axial domain z € [0, L].

¢= Z (@) (22)

i
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This equation determine the values of the concentration of the last component ¢y, for the

whole axial domain z € [0, L]. In total 1 equation for each point z.

2.7. Linear Driving Force model

The linear driving force model for adsorbent loading has been used to account for mass
transfer limitations in the adsorbent. The adsorption rate of CO, in the whole axial domain
z € [0, L] can be formulated as follows [13, 25]

dqco,
ot

= kLDF(qu2 = qco,) (23)
This equation for the adsorbent loading of CO, determine the values of gco, for the whole
axial domain z € [0, L]. In total 1 equation for each point z.

2.8. Additional equations

The following equations are, unless otherwise noted, evaluated on the whole axial domain
z€[0,L].

2.8.1. Axial dispersion coefficient

As suggested by Ding and Alpay [13], the axial dispersion coefficient for gas dispersion in
a packed bed can be approximated by the following expression by Edwards and Richard-
son [14]

0.5d,u
Dy =0.73Dy + —————— (24)
9.7¢,D,,
+
e dyu
which is valid for Reynolds numbers and particle diameters:
0.008 < Re,, < 50,0.000377 m < d,, < 0.0060 m (25)
where [19, 32]
as d
Re, = Pgastdp (26)
u

Referring to Table 10, the particle diameter used in the present case, d, = 0.0048 m, is
inside this range. The relationship from Eq. (20) has been used here as well.

This relationship for the axial dispersion coeflicient is used in several reactor modelling
schemes in literature: Reijers et al. [35], in an one-dimensional homogeneous dynamic

model of a reactor for sorption-enhanced steam-methane reforming. Halabi et al. [19],
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in an one-dimensional heterogeneous dynamic model of a reactor for sorption-enhanced

autothermal reforming of methane.

However, for reasons discussed in Section 2.11, the expression in Eq. (24) was not used

in the simulations. A constant value was used instead.

2.8.2. Effective, axial thermal conductivity

As suggested by Ding and Alpay [13], the effective, axial thermal conductivity can be
expressed by the relations by Yagi and Kunii [47] and Kunii and Smith [24] as

h.d 1-
k. = g,,[1 B ”) + ﬁi( £2) — | ko + i PrRe,k, 27)
8 - 28
1 =+ dphrs ’ ’yks
0] kg
0.1952(7/100)?
. (T/100) 08)
|4 l-e
2(1—g,) e
hys = 0.1952(T/100)3ZL (29)
—e
The Prandtl number is inserted into Eq. (27) [32]
C as, C_ as_
Pr = p.gasH — p.gasCH (30)

kg kepgas

This relationship is used in several reactor modelling schemes in literature: Halabi et al.
[19], in an one-dimensional heterogeneous dynamic model of a reactor for sorption-

enhanced autothermal reforming of methane.

2.8.3. Overall bed-to-wall heat transfer coefficient

As the wall of the reactor is assumed kept at a constant temperature 7, heat produced
through the WGS reaction and the adsorption will be transferred through the wall out of
the reactor. An expression for the overall heat transfer coefficient is therefore required.
For spherical particles, as suggested by Ding and Alpay [13], this can be expressed by the
relation by Li and Finlayson [27] as

k 6d
U = —2.03Re}," exp (—7”) (31)
t t
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which is applicable when

< (32)

d
20 < Re, <£7600,0.05 < Ep <03
t

This equation is not valid for very low Reynolds numbers, and therefore an additional
expression is needed. In the work by Ding and Alpay [13], the following expression by
De Wasch and Froment [11] is used

6.15 hrvd 1 -
Uge,—>0 = D 5b(1 + 01 A p) + 'Bi( £t) X k, (33)
t g - +7_g
1 doh, Tk,
Dk

which according to De Wasch and Froment [11], only takes into account the static contri-

bution to the overall heat transfer coefficient.

In the work by Ding and Alpay [13], Egs. (31) and (33) are linearly combined to give an
approximation of the heat transfer coefficient over the range of Reynolds numbers from 0
to 7600:

1 hrvd 1 - k 6d
[ 615 o (145m%) . Bi(1 - &) ke +|—2.03Re  exp[-—L || (34)
d[ kg 1 + % dt ! d[
1 dh. Tk,
ok,

The Reynolds numbers for the flow in the present work is expected to cover the ranges
governed by the expressions in both Eq. (33) and (31). The relation for high Reynolds
numbers given in Eq. (31) is not valid for the particle to reactor diameter ratio used in
the present work d,/d; ~ 0.0013. This implies that this expression can not be used in
the present work. As no other applicable relations for the overall heat transfer coefficient
could be found, a constant value was utilized in the simulations. Please see Section 2.11
for the determination of this constant value. This is something that could be investigated

in further work with the model.

2.8.4. Reaction rate

The reaction rate for the forward WGS reaction , i.e. conversion rate of CO, can be
expressed by a model by Hla et al. [21]
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r = 1000 - 10>845+0.003 exp (—1 1 10(1)_30Ti 2630)

( Pco )1.0i0.031 (pc02 )—0.3610.043 ( D, )—0.0910.007 (1 _ 1 Pco,PH,

1000 1000 1000 ) (35)

Kwes pcopm,o

This expression is valid at atmospheric pressure and 450 °C for a FeCr-based high-
temperature shift catalyst called HTC1, with the following composition: 80-90% Fe,O,,
8-13% Cr,0;, 1-2% CuO [21]. The expression was determined in an experiment utilizing
ground catalyst with particle size in the range 53-150 um. The particle diameter 150 um
is 3.1 % of the particle diameter used in the present work, d, = 4.8 mm. It is unknown
whether or not this affects the behaviour of the catalyst. According to Hla et al. [21], this
rate expression was determined using gas streams with compositions consistent with the
syngas from a dry-feed Shell gasifer in an IGCC plant, and this rate expression showed a
very good fit to experimental data for these CO-rich streams.

The syngas used in the experiments had the following dry-basis composition: 65 % CO,
30 % H,, 2 % CO,, 3 % N, [21]. Compared to dry-basis composition of stream 4 in
Table 2, 60.28 % CO, 26.96 % H,, 4.23 % CO,, 8.53 % N, it can be seen that the use of
this rate model is reasonable. According to a review of water-gas shift reaction kinetics

by Smith et al. [40], this expression is used in several recent literature publications.

However, this rate expression was determined at atmospheric pressure. Smith et al. [40]
suggests that since most such rate expressions are determined at atmospheric pressure, the
pressure modification recommended by Rase [33] can be used. This modification takes
the form of multiplying the rate expression with an activity factor, which depends on the
total pressure. For total pressures p above 20 atm = 20.265 bar, this factor is 4 according
to Rase [33]. The feed syngas pressure is ca. 28.69 bar, well above 20.265 bar, and the
total pressure in the column p, is not likely to fall below this range. Another suggested
pressure scale-up factor commonly used is a correlation by Singh and Saraf [37], which

is valid up to 30 atm [1]:
Fpress = (P/101325)0'5_1?/(250.101325) (36)

The value of this factor is increasing slowly from 3.52 at 20 atm up to 3.64 at 30 atm,
which is in the order of magnitude suggested by the factor of Rase [33]. This behaviour
of the activity factor is also in accordance with what Atwood et al. [4] concludes, that the
activity factor only increases slightly as the pressure is increased further than 10 atm.

It is chosen here to use the correlation by Singh and Saraf [37], which is also used in
a model for a WGS reactor in an IGCC plant in the work by Adams II and Barton [1].
Implementing this in the expression for the reaction rate and leaving out uncertainties in

the values in the original expression, the expression for the forward WGS reaction at total
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pressures up to 30 bar and temperature in the range of 450 °C becomes

—111000)

r = (p/101325)0.5—17/(250-101325) A 105.845 eXp(
RT

'(pco )l'o(pCOZ )‘0-36( P, )‘0-09 L pcopm, 37)
1000 1000 1000 KWGS pCOPHzO

2.8.5. Equilibrium constant

The equilibrium constant for the WGS reaction is a function of temperature. According

to Adams II and Barton [1], the most commonly used relationship is [1, 40]

4577.8

KWGS = exp( - 433) (38)

2.8.6. Equilibrium adsorbent CO, loading - Modified Langmuir isotherm

The equilibrium adsorbent CO, loading is a function of the partial pressure of CO, and
temperature. Several analytical expressions for approximation are suggested in literature,
and there has been significant discussion about how the actual isotherm of K-HTC is. It

appears that the confusion is due to the different types of K-HTC used in the experiments.

An isotherm developed in 2007 by Lee et al. [25] suggests that the isotherms used in
earlier K-HTC adsorption schemes are not as accurate as assumed, especially at higher
partial pressures of CO,. The authors state that earlier developed isotherms, referring
to the isotherm developed by Ding and Alpay [12], predict too low adsorption capacity
at higher partial pressures. The capacity in their isotherm approaches 0.875 mol CO,
adsorbed/kg adsorbent at the highest partial pressure of 3 atm.

In the SEWGS experimental study from 2009 by Van Selow et al. [42], the authors have
reviewed the adsorption isotherms found in literature, among them the isotherm developed
by Lee et al. [25]. The authors conclude that the adsorption isotherms reported in literature
are of limited use for SEWGS modelling, since most isotherms are developed for lower
partial pressures and predict too low adsorption capacities compared to their findings. The

authors report a breakthrough adsorption capacity of 1.4 mol CO,/kg adsorbent.

Compared to the value reported by Van Selow et al. [42], the adsorption isotherm by Lee
et al. [25] 1s conservative with respect to adsorption capacity. However, until there is de-
veloped new isotherms which are consistent with respect to higher partial pressures and
adsorption capacities, the isotherms reported in literature will have to be used for mod-
elling. The modified isotherm developed in the work by Lee et al. [25] will be employed,
which is reported to give good fit to experimental data in the partial pressure region of O -
3 atm at a temperature of 400 °C [25].
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mKcpco, |1+ (a+ DKrpl |

dco,(Pco,.T) = (39)
co ? 1+ Kcpeo, + KCKRPZJZ)IZ
where
Kc = K¢ exp (qc/RT) (40)
Kr = Kyexp (AHR/RT) 41)

This isotherm was developed from data found in experiments using particles with a diam-
eter of approximately 0.30 cm. This particle diameter is 62.5 % of the diameter chosen
for the adsorbent particles in the present work, d,, = 0.48 cm. This could affect the accu-
racy of the model. A shortcoming with the isotherm by Lee et al. [25] is that it does not
state specifically which type of K-HTC that were used in the experiments. The only infor-
mation given is that the K-HTC sample was obtained from Air Products and Chemicals,

Inc.

It should also be noted that since the CO mole fraction in the syngas feed is so high, the
partial pressure of CO, will be very high in some regions of the reactor, quite probably
over 3 atm. However, this isotherm will have to be used. Referring to Figure 2 in [25],
extrapolating to higher partial pressures will not increase the adsorption capacity signifi-
cantly. It will therefore not pose a computational problem to use this isotherm, since the
equilibrium adsorbent loading determined by Eq. 39 will not increase significantly when
the partial pressure is higher than 3 atm. According to Lee et al. [25], as

lim qcp,(pco,, T) = m(a + 1) = 0.875 mol CO, adsorbed/kg adsorbent (42)

Pco, >

2.8.7. Isoteric heat of adsorption of CO,

As CO, is adsorbed, heat will be developed. In several modelling schemes for K-HTC
adsorption, constant values for the isoteric heat of adsorption of CO, are used. In the
SE-SMR modelling work of Reijers et al. [35], a constant value N_luds,coz = 17000 J/mol
CO,; adsorbed is used. This value is also used in the SE-SMR modelling work of Ding and
Alpay [13]. However, according to Lee et al. [25], the heat of adsorption is approximately
constant = g¢ = 21003.68 J/mol when the loading of the adsorbent is in the lower region,
and then sharply shifts to another approximately constant value = AHg/a = 16853.15
J/mol in the higher loading region. The authors state that the isoteric heat of adsorption
can be described by [25]
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Krpto,(1 +a(l + Kepco,)
1+ (a+ l)KRp‘éO2

o (Kapleo,( +a(l + Kepeo,)
a
1+ (a+ l)KRp"CO2

] (AHg/a - qc)

Ahgsco, = qc + (43)

where Aﬁad‘y,coz > (0 J/mol CO, adsorbed. The authors report that this correlation qualita-

tively fits data from literature.

2.8.8. Linear Driving Force model mass-transfer coefficient

According to Ding and Alpay [12], this variable may be a function of pressure, tempera-

ture and the adsorbent loading. They propose the following relationship

15D, 1

(44)

kLDF =
Ep, ads)pp ads

2
p (-
(?) 1+ [ (6qC02 /6pC02)T

gp,ads

To be able to implement Eq. (44) in gPROMS, it is required to determine explicitly the
partial derivative 6q*coz /épco,

0q¢0, mKc (1 + ZKRpCO a+ KRpCO + KRpCO a’> + KcKg P‘é+012 2) 45)
= 2
o0pco, (1 + Kcpeo, + KCKRP“+])
kipr
15D,
d,\’
B 2
|+ (1 = &pads)PpaasRT MKc (1 + 2Krpg,a + KrDg, + KrPgo, a’ + KcKRpacJE)lz 2)
Ep.ads (1 + chcoz + KCKRP%-Blz)

(46)

According to the relationship in Eq. (44), the value of k;pr decreases when the partial
pressure of CO, decreases. This implies that the rate of desorption, which is undertaken
at lower total pressures, is lower than the rate of adsorption. This is accordance with exper-
imental work from literature, see for example Allam et al. [2, p.238] and Ding and Alpay
[12]. As discussed in Section 1.2, there is significant debate about the adsorption kinetics
of K-HTCs. Therefore, it has been difficult to find good data for which correlations that
should be used when modelling the adsorption on K-HTC.
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In the experimental work on the adsorption kinetics of K-HTC by Allam et al. [2] from
2005, the authors report that during adsorption, the mass transfer coeflicient k;pr =
0.1 s7!. The experiments were undertaken at 723 K and 24.5 bar. However, during des-
orption, the reported value is k;pr = 0.001 s~! for one specific flow rate. The authors state

that this value does not describe the results using other flow rates very well.

The work by Lee et al. [25] from 2007 reports a value of the mass transfer coefficient
kipr ~ 0.05 s7' at 400 °C, and k;pr ~ 0.0833 s~ at 520 °C. The authors state that k; p
was found to be independent of the adsorbent CO, loading and only a weak function of
temperature in the range of the experimental data. This is not in accordance with the
findings in the work from 2000 by Ding and Alpay [12].

According to a work carried out in 2008 by Lee et al. [26], it is possible to utilize the
same constant value for k;pr for desorption as for adsorption on K-HTC, citing a value
of k;pr ~ 0.05 s~ at 400 °C. This will be employed in the present work, leaving out the
need for the expression in Eq. (44). It should be noted that the temperature in the reactor
will increase above 400 °C due to the heat developed by the heat of the exothermic WGS
reaction and the adsorption of CO,. However, since no consistent expression for k; pr as
a function of temperature could be found, a constant value will have to be utilized as for

now.

2.8.9. Enthalpy of component i at temperature T

The enthalpy of an ideal gas is only a function of temperature [30]
T
hi= h(T) = b, + f Cpi(T)dT = I, + (h(T) = (T o) (47)
Tres
where the standard reference state is T,y = 25 °C and p,.; = 1 atm. h; is evaluated from the
Multiflash physical property package in gPROMS using the functions IdealGasEnthalpy-

OfFormationAt25C(i) + VapourEnthalpy(T, p, array of mole fractions of 1 components,
where only y; = 1).

2.8.10. Specific molar heat capacity of gas-phase at constant pressure

C, gas 18 evaluated from Multiflash using the function VapourHeatCapacity(T,p,y).

2.8.11. Partial pressures

Pi = E’,RT (48)
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2.8.12. Mole fractions

i = (49)

o O

2.8.13. Mass density of gas-phase

Peus = > &M, (50)

2.9. Model summary and degrees of freedom

It is necessary to distinguish between model variables and stream variables. The physical
behaviour of the SEWGS reactor, represented by the model variables, is a result of the
thermodynamic state and flow rates at the inlet and the outlet of the reactor, represented
by the stream variables. The relationships between the model and stream variables are

defined through the boundary conditions of the model.

To be able to reach convergence in gPROMS, it was necessary to assume that the mole
fractions y;, the component concentrations ¢;, the total concentration ¢, the partial pres-
sures p; could take negative values. This is not physically consistent, as the lower bound
of these variables should be set to zero. The reason for this assumption is that expressions
such as Eq. (37) will go towards infinity as these variables goes towards zero. However,
using the appropriate solver settings, the values of these variables in the simulation results

will not be negative.

The following 40 model variables are defined over the whole domain z € [0, L]: ¢, c,
T, p, u, 4co,s Dax, Rep, kz, by, hys, U, 1, Kwas, o, Kes Kk, Ahaas coss kiprs iy Cpgas,
Di» Yi» Pgas- An overview of the corresponding 40 equations which were implemented in
gPROMS are given in Table 4.

Table 4: Model variables and equations. MF = Multiflash

Variable: ¢; c T p u qco,

Eq.: D01 1)(12)(22) (21)  A6)(ATHA8) (19) (13)(14)(15) (23)
Variable: D,, Re, k, hy  hy U

Eq.: const. 26) 27 28) (29) const.
Variable: r Kwes 4o, Kc  Kg Ahags.co,
Eq.: (37) (38) (39 (40) 41) (43)
Variable: k;pr h; Cp.gas pi i Pgas

Eq.: const. MF MF 48) (49) (50)
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The following 8 stream variables are defined for the inlet: Mole fractions y; .., tempera-
ture T, pressure piy., and molar flow rate 72;,,,. Correspondingly, 8 stream variables for
the outlet: Mole fractions y; yurer, temperature 7o, e, Pressure P, and molar flow rate

’;loutlet .

Currently, the system consists of 40 model variables and 16 stream variables, with corre-
sponding 40 model equations. The system now has 40 + 16 - 40 = 16 degrees of freedom.
Sixteen additional equations are required to determine the system. With the situation of
cocurrent flow as an example, it is desirable to assume that the inlet mole fractions y; jer
inlet temperature 7., inlet molar flow rate 7;,,, and outlet pressure p,,;.; are known.
This removes 8 degrees of freedom from the system. The 8 remaining stream variables;
Dintets Yioutlets Loutler A0 714,470, are then assumed unknown and needs to be determined from
the reactor behaviour, through the model variables. This implies the need of 8 stream

equations.

However, the stream variables consists of mole fractions and molar flow rates, while the
model variables consists of molar concentrations and velocities. It is therefore necessary

to introduce the following relationships, using the ideal gas law:

_ _ yi,inletpinlet

Cijinler = RT oo (51
Cuute = o (52)
e = % (53)
o = o

These equations relating C;ners Cioutlers Uinter A0NA Uy to the stream variables were not
implemented directly in gPROMS, but were substituted into the boundary conditions and
stream equations when required. The boundary conditions and the stream equations re-

quired to solve the system for cocurrent flow are presented in Table 5.

In summary, the system to be solved consists of 40 model equations, 8 stream equations,
40 model variables and 16 stream variables, where 8 of the stream variables are assumed

known.

The governing and auxiliary equations together constitute a system of coupled partial
differential algebraic equations (PDAE). This system of equations was implemented in
the gPROMS process modelling software developed by Process Systems Enterprise Ltd.
This software is able to solve such systems of equations numerically by discretizing spatial

variables into finite elements and integrating in the time domain. The reactor z-axis was
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discretized into a certain number of elements using the centered finite difference method
(CFDM) of second order. Please refer to Section 4 for details about the simulations.

2.10. Boundary conditions

The boundary conditions for cocurrent feed flow presented in Table 5 are from the SE-
SMR modelling work by Ding and Alpay [13]. These are based on the boundary con-
ditions proposed by Danckwerts [10]. However, Ding and Alpay [13] do not provide
boundary conditions for the other steps in the reactor cycle. These were found in the
PSA modelling work by Ribeiro et al. [36], and are based on the Danckwerts boundary
conditions.

All boundary conditions for the N — 1 component concentrations ¢; are defined for i =
CO,, H,, CO, H,0. The expressions implemented in gPROMS substitutes the variables
Ci.inlets Cioutlets Winter A0 Uy, With the expressions found in Egs. (51), (52), (53) and (54).

2.10.1. Cocurrent feed step (F)

Table 5: Boundary conditions for the cocurrent feed step (F)

z=0 z=1L

0ci(z=0) _ u(z = 0)(Ciiner — €i(z=0)) dci(z=L) _ 0
O 0z Dy(z=0) 0z
m aT(Z = 0) _ _E(Z = O)Cp,gas(z = O)M(Z = O)(Tinlet - T(Z = 0)) aT(Z = L) ~0

0z k,(z=0) 0z

M(Z = 0) = Uinlet P(Z = L) = Poutlet
§ P(Z = O) = Dinler E,‘(Z = L) = Ei,outlet
% T(Z = L) = T()utlet
% M(Z = L) = Uoutlet

These boundary conditions assume that the 8 variables C; iniers Tinters Uinters Pourter ar€ known.

The 8 variables piuiers Cioutters Toutiers Wourter are assumed unknown.
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2.10.2. Countercurrent rinse step (R) and purge step (P)

Table 6: Boundary conditions for the countercurrent rinse step (R) and purge step (P)

z=0 z=1L
oc(z=0) _ 0 dci(z=L) _  uz=L)(Ciouter — Ci(z = L))
&) ﬁz HZ Dax(z = L)
[an} aT(Z = O) -0 aT(Z = L) _ _E(Z = L)Cp,gas(Z = L)M(Z = L)(Toutlet - T(Z = L))
0z 0z k(z=1L)
p(Z = 0) = Dinlet M(Z = L) = Uoputler
§ E‘i(Z = 0) = Ei,inlet P(Z = L) = Poutlet
5| T =0) = T
e
7 M(Z = O) = Uinlet

These boundary conditions assume that the 8 variables piuers Cioutters Loutlers Uoutler ar€

known. The 8 variables ¢; iiers Tinters Uiniers Poutier are assumed unknown.

2.10.3. Countercurrent equalization steps (Eql), (Eq2), (Eq3) and countercurrent depres-

surization step (D)

Table 7: Boundary conditions for the countercurrent equalization steps (Eql), (Eq2), (Eq3) and countercur-
rent depressurization step (D)

z=0 z=L
oc(z = 0) _0 oci(z=1L) _0
O 0z 0
e 0T (z=0) 0T(z=1L)
oz=l) o | ZEED g
0z 0z
p(Z = 0) = Pinlet M(Z = L) = Uoutler = 0
§ Ei(Z = 0) = Ei,inlet P(Z = L) = Doutlet
% T(Z = 0) = Tinter
=
7 M(Z = O) = Uinlet

These boundary conditions assume that the 8 variables piners Uoutiers Ciouters Loutler Ar€

known. The 8 variables C; iners Tinters Winets Poutler ar€ assumed unknown.



38 2.11 Determination of parameters

2.10.4. Cocurrent re-equalization steps (REq3), (REq2), (REql)

Table 8: Boundary conditions for the cocurrent re-equalization steps (REq3), (REq2), (REql)

z=0 z=1L

0ci(z=0) _ u(z = 0)(Ciiner — Ci(z = 0)) oci(z=L) _ 0
O 0z D, (z=0) 0z
M aT(Z = 0) _ _E(Z = O)Cp,gas(z = O)M(Z = 0)(Tinlet - T(Z = O)) aT(Z = L) -0

0z k. (z=0) 0z

M(Z = 0) = Uinlet Lt(Z = L) = Uoutler = 0
§ P(Z = 0) = Dinlet E'i(Z = L) = Ei,uutlet
z T(z= L) = Toue
% p(Z = L) = Doutlet

These boundary conditions assume that the 8 variables C; jujer, Tinters Uiniers Yourler ar€ known.

The 8 variables piners Cioutiers Toutiers Poutter ar€ assumed unknown.

2.10.5. Countercurrent pressurization step (RP)

Table 9: Boundary conditions for the countercurrent pressurization step (RP)

z=0 z=1L
oc(z=0) _ 0 0tiz=L) _ u(z=L)Ciouter — Ci(z = L))
O 0z 0z _ D, (z=1L)
@ | dT(z=0) _ 0 0T(z=1L) _ Az = L)Cpgus(z = Lz = LT ousier = T(z = L))
0z 0z k(z=1L)
u(z=0) = tinier =0 | p(2=L) = Poutter
Sla=0 = | 4= L) = e
§1&=m:mm
7 Pz =0) = Pinier

These boundary conditions assume that the 8 variables uiners Ciourters Toutlets Poutler ar€

known. The 8 variables ¢; iuiers Tiners Piniets Uourler are assumed unknown.

2.11. Determination of parameters

It has been very challenging to find consistent parameters for the different expressions
used in the model which with certainty can be said to describe the dynamic behaviour of
the SEWGS reactor. As the objective is to model a SEWGS reactor which could be used
industrially in an IGCC plant, several crude assumptions have been made when collecting
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the parameters for both adsorption and WGS reactions. These assumptions will now be

elaborated. For a full overview of parameters used in the model, please refer to Table 10.

It is assumed that the adsorbent particles and the catalyst particles are spherical and of the
same diameter d,. The particle diameter have been chosen to be 4.8 mm, taken from the
SEWGS experimental work by Van Selow et al. [42], which utilizes the same adsorbent
and catalyst. The reactor length and diameter used in their work were respectively 2 m

and 38 mm.

The internal space of a packed bed reactor can be said to consist of the voids, which
contains the gas in the reactor, and the solid parts of the adsorbent and catalyst particles.
Since the particles themselves are porous, some of the total void volume in the reactor
is inside the outer perimeter of the spherical particles. The void fractions &, &, and g,
describes the ratios between three different types of void volumes and either the total
unfilled volume of the reactor column or the particle total volume. They are related to

each other by the following relationship [3, 32]
g =¢,+&,(1—¢gp) (55)

The total void fraction & includes both intra-particle voids and inter-particle voids. The
inter-particle void fraction g, is the void volume between particles in the bed per volume
of unfilled reactor, while the intra-particle void fraction g, is the void volume inside the
particles in the bed per volume of particles. The total void fraction is then total void
volume between particles and inside particles per volume of unfilled reactor. Please refer

to Figure 10.

However, since the particle void frac-

tions of the adsorbent g, .4 and cata-

0 Adsorbent voids . .

O lyst €, . particles are different, a mod-
Q y D p
@ 0 @ @ Ccatalyst voids ification is necessary. In the works on

& @ Bed voids SEWGS modelling by Van Selow et al.

o o e 8’
. () @ Total voids [42], Allam et al. [2] and Hufton et al.
[23], the volume of catalyst is much
Figure 10: Relationships between the void fractions lower than the volume of adsorbent (1:5

volumetric ratio). In the present work,
the mass of adsorbent and catalyst per reactor were found from the work by Wright et al.
[44], please refer to Table 3. As no information could be found in the work by Wright
et al. [44] on which volumetric ratio this corresponds to, it is assumed that these masses
of catalyst and adsorbent gives a volumetric ratio of 1:5. By using this assumption about
the volumetric ratio, the following expression is obtained
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5
& =&+ Sp,ads(l —&p) - 8 + Sp,cat(l - &) - 8 (56)

It has been difficult to find a consistent set of void fractions suitable for SEWGS reac-
tor design, so the parameters had to be found from different sources, which is not ideal.
The value of the total void fraction &, required in the SEWGS reactor is from the work
by Allam et al. [2]. The adsorbent particle void fraction is from the experimental work on
K-HTC adsorption kinetics by Ding and Alpay [12]. The catalyst particle void fraction is
from an experimental work by Hoogschagen [22] on a WGS catalyst with similar compo-
sition (Fe, O, + 7% Cr,0,) as the catalyst used in to determine the reaction rate expression
from Section 2.8.4. With these assumptions, the bed void fraction &, can then be derived
using Eq. (56)

&, ~ 0.6286 57

The bulk densities of adsorbent and catalyst in the reactor are determined using the mass

of adsorbent and catalyst and the reactor dimensions from Table 3.

Mass of adsorbent 44465 kg

Ph.ads = -
Total reactor volume i (3.658 m)2 7377 m
(58)
~ 573.5367 kg adsorbent/m’ reactor
o — Mass of catalyst 12927 kg
cat = B
Total reactor volume - (3.658 m)2 7377 m
(59)

&

166.7404 kg catalyst/m? reactor

As discussed in Section 2.8.8, the expression for k;pr in Eq. (46) is not utilized in the
present model. A constant value k;pr ~ 0.05 s7! is used instead. However, during the
work process, some of the data necessary to utilize this expression was collected from
literature. The adsorbent particle density p,, .45 to be used in Eq. (46) was found from Xiu
et al. [46], which employs the same adsorbent and same equation for k;pr as Ding and
Alpay [12]. This could be used in further work with the model, if it is chosen to utilize
the expression in Eq. (46).

The specific heat capacity of the K-HTC adsorbent C, 44, is found from Ding and Alpay
[12]. As no data for the specific heat capacity of the catalyst C,, .., could be found, it is

assumed that this is equal to that of the adsorbent. This is a crude simplification.
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There was not sufficient time to determine the molecular diffusion coefficient D,, which
is to be used in Eq. (24). Therefore, a constant value of D,, = 5.0 x 10™* m?/s, from the
SE-SMR modelling work by Xiu et al. [46], was used. This is an obvious shortcoming
to the model, as the axial dispersion coefficient is a function of velocity, temperature and
composition. However, the velocity and temperature used by Xiu et al. [46] is 0.08 m/s
and 723 K, which is in the same range as in the present work. The composition in an

SE-SMR reactor is similar, the difference being the presence of methane CH,.

As discussed in Section 2.8.3, the expressions for the overall heat transfer coefficient U
could not be used. During preliminary work with single-reactor simulations using low
feed flow rates giving Reynolds numbers below 20, the expression in Eq. (33) was valid.
From these simulations, an average value of U ~ 22.366 W/(m? - K) was determined.
This constant value was utilized in the subsequent simulations. This could have significant
influence on the results, especially with respect to the high temperatures developed in the
reactor due to the exothermic forward WGS reaction. The necessity of implementing a
correlation or utilizing another constant for the value of U is something that should be
investigated in further work with the model.

The parameters 3, y, @, e, k,, k,, a;_ are used in the correlations for the thermal conduc-
tivity in Eq. (27) and the overall heat transfer coefficient in Eq. (33). The values for these
parameters are found in the SE-SMR work by Ding and Alpay [13], which use a nickel-
based steam-methane reforming catalyst. As these parameters are based on the physical
properties of the particles in the reactor, to use these directly in the present work might
not give correct results. The task of determining appropriate values for these parameters
which are consistent with the materials used in the present work is something that should
be worked further with.

According to [12], A, is the shape factor of the particles. Ding and Alpay [13] uses spher-

ical particles, with A; = 1.0. This value will be used here as well.

It is assumed that the catalyst efficiencies (including stoichiometric coeflicients) n; for the
reacting species CO, and H, are equal to 1, while for CO and H,0 equal to -1, as no other

data could be found. This could influence the accuracy of the results.

A constant value for the gas-phase dynamic viscosity u is used, from the work by Ding
and Alpay [13]. This is a simplification, as the calculation of an average dynamic viscosity
could easily have been carried out. It is possible to calculate u using the Multiflash phys-
ical property package in gPROMS, and implement p as a variable in gPROMS, instead of
using a constant value. This is something that should be considered in further work with

the model.

Parameters related to the expression for the equilibrium adsorbent capacity in Egs. (39),
(40) and (41), K2, qc, Klg, AHpg, m and a at temperature 400 °C are from the work by Lee
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et al. [25].

The reactor wall is assumed to be kept at a constant temperature 7',,; = 673 K.

Table 10: Reactor model parameters

Parameter Value Unit Reference

a 2.5 - [25]

ar, 0.5 - [12]

Cpads 850 J/(kg adsorbent - K) [12]

Cp.car 850 J/(kg catalyst - K) Section 2.11

Dy, 5.0x107* m?/s Section 2.11

d 0.0048 m [42]

d, 3.658 m [44]

e 0.35 - [13]

AHg 42132.88 J/mol 10.07 kcal/mol from [25]
Kg 8.6632 x 1076 Pa~! 0.8778 atm™! from [25]
k, 0.09 J/(m - K) [13]

kipr 0.05 57! [26, 25]

Kg 4.10027766 x 10716 Pa=23 1.34 x 1073 atm™2" from [25]
ky 0.3 J/(m - K) [13]

L 7.377 m [44]

m 0.25 mol/kg [25]

qc 21003.68 J/mol 5.02 kcal/mol from [25]
R 8.314 J/(mol - K) -

Tyvanl 673 K Section 2.11

U 22.366 W/(m? - K) Section 2.11

Bi 0.95 - [13]

& 0.6286 m? gas in bed/m? reactor Eq. (57)

Ep,ads 0.24 m?® gas in particle/m? particle  [12]

Epcat 0.6 m? gas in peurticle/m3 particle  [22]

& 0.74 m? gas/m3 reactor [2]

Nco, 1 - Section 2.11

NH, 1 - Section 2.11

Nico -1 - Section 2.11

1MH,0 -1 - Section 2.11

N, 0 - Section 2.11

(0] 0.2 - [13]

vy 0.667 - [13]
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Pb.,ads
Pb,cat

Pp.ads

1.0
2.87 x 1073
573.5367
166.7404
1300

Pa-s
kg adsorbent/m? reactor
kg catalyst/m?> reactor

kg ads/m? ads particle

[13]
[13]
Eq. (58)
Eq. (59)
[46, 12]
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3. Mathematical modelling: SEWGS system

3.1. Methodology for simulation of a multi-column PSA system

As discussed in Section 1.3, the syngas flow which is to be treated is splitted into 10 parts,
equally divided and delivered to the 10 SEWGS trains. From a modelling perspective, it
is reasonable to assume that the behaviour of every one of the 10 SEWGS trains, where
each train consists of 8 reactors, is the same. This allows for modelling the behaviour of
one SEWGS train, and multiplying the resulting flow rates by 10 to obtain the total system

performance.

According to the objectives discussed in Section 1.3, the model should be able to account
for changes in the syngas flow rate, that is, stream 4 in Table 2. Stream 4 is the mix of
the syngas from the gasifier, stream 2, and the desired amount of steam added, stream
3. To give the possibility of changing the amount of steam that is added in stream 3, it
is assumed that one SEWGS train receives two separate streams, one feed syngas stream
and one stream containing steam. The syngas stream consists of one tenth of the syngas

stream 2. The steam stream consists of one tenth of stream 3.

As the objective of the present work is to develop a model of the SEWGS system based on
data and information available in the literature, the cycle steps and reactor configuration
proposed by Wright et al. [45] will be utilized. The cycle consists of 11 separate steps
which one reactor must undergo. With reference to Figure 7, it can be observed that in all
steps except the depressurization (D) and purge (P) steps, there is interaction between the

reactor and the other reactors in the system.

Liu et al. [28] carried out a simulation of a multi-column vacuum pressure-swing adsorp-
tion (VPSA) system. According to the authors, there are several approaches for such type
of simulation. They suggest that the simplest approach is to simulate the behaviour of a
single reactor, assuming fixed gas compositions for the streams which in reality is com-
ing from other reactors. This functions as a simplification of the interactions between the
reactors in the system. The resulting flow rates from the single reactor simulation could
then be multiplied by the real number of reactors in the system to determine the behaviour

of the complete system.

In the cycle utilized in the present work such assumptions would have to be made for the

following steps:
e The feed step, where rinse gas from another reactor is mixed into the feed gas.

e The equalization and re-equalization steps, where gas is exchanged between two

reactors.
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e The repressurization step, where the reactor is repressurized using product gas from

a reactor in the feed step.

The fixed gas compositions could be determined by simulating the operation of the single
reactor throughout a complete cycle, then using results from the simulation to calculate

approximate gas compositions and flow rates for the streams coming from other reactors.

This approach is quite simple in means of computational efforts. However, the reliability
of the results is questionable, especially for the type of cycle and reactor interactions
inherent in the cycle configuration used in the present work. If this approach was to be
used, the aspect causing most concern is the interaction between the reactor being in the
rinse step and those in the feed step. The amount of gas coming from the reactor being
rinsed is the determining factor for how much new feed syngas that can be sent into the
system without reaching breakthrough of CO, into the H, product.

Liu et al. [28] presents a more realistic approach; The modelling of the complete multi-
column PSA system, with all the required connecting streams and valves. This approach is
computationally much more requiring and difficult to solve. However, with the appropri-
ate simplifications and solution strategy, the simulation results will be more accurate and
reliable than for a single-reactor simulation. This approach takes into account all relevant
interactions between the reactors in the system, and enables the possibility to investigate
the stability of the PSA system over several cycles, and also the effect of changes in time

in the feed conditions and compositions.

This latter approach is chosen for the present work, as the objective for later work is to
use the model for the SEWGS system in an IGCC power plant model, where the dynamic
behaviour and reliability of the total system is of significant interest.

The modelling of the SEWGS system of reactors consists of two parts. First, the mathe-
matical model for the behaviour of the system must be developed, accounting for all the
different flow patterns between the reactors for all points in time throughout the SEWGS
cycle. When this has been established, the second part must be considered: the implemen-
tation of a operating schedule for the system as time passes, that is, running the system
of reactors according to the SEWGS cycle in Figure 7. This operating schedule consists
of aspects such as regulating the flow rates of feed syngas, steam for the feed, rinse and
purge, and perhaps most importantly, the switching of the connections between the reac-
tors and the change in boundary conditions of the reactors affected. This second part is
mathematically quite complicated, and needs to be carried out carefully and thoroughly to
ensure that the model is able to describe the actual physical behaviour of the system with
appropriate accuracy, and that the simulation in the modelling software gPROMS is able

to reach convergence.

Now, the first part will be presented: establishing a mathematical model for the SEWGS
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system. Following this, the implementation of the model in gPROMS, and the closely
related task of establishing an operating schedule, will be presented in Section 3.15.

3.2. Identification of the different states of the SEWGS system

One of the objectives of this thesis is to develop a modelling framework for the parallel
operation of 8 individual SEWGS reactors, a SEWGS train, in accordance with the oper-
ating schedule presented in Figure 7. By inspecting the operating schedule, it can be seen
that there is 16 different states that a system of 8 reactors can be in. These 16 different
states will be referred to as cycle state 1 through 16. However, among these 16 cycle
states, there are only 2 fundamentally different states that the system switches between,
referred to as system states. Using cycle state 1 as an example of system state 1 and cycle
state 2 as an example of system state 2, these two system states will now be elaborated on.
Figure 11 defines the system border for the SEWGS train, with the relevant streams going
in and out of the train.

CO, CO,
H, Product Product 1 Product 2

Pt

HP Steam R —>» SEWGS train «— LP Steam P

T !

HP Steam 1 HP Steam 2
Feed 1 Feed 2

Figure 11: SEWGS train flow sheet



48 3.2 Identification of the different states of the SEWGS system

H, Product H, Product
M7) e M7) e

f
@ ot
LP Steam P HP Steam R 1 LP Steam P HP Steam R
2.
RP

M6)
6. 7. 8. 1. 3. 4. 5. 6. 7. 8.
Eql R F F REG2 P D Eq2 R F
va
g
b

M5

M3 Ma M3 C
% a f b % a XV3 f
HP Steam 1 Feed 1 Co, Feed 2 HP Steam 2 HP Steam 1 Feed 1 Co, co, Feed 2 HP Steam 2
Product 1 Product 1 Product 2

Figure 12: System state 1 example. External Figure 13: System state 2 example.  External
streams referred to Figure 11. streams referred to Figure 11.

The first state, referred to as system state 1, can be illustrated by the flow sheet in Fig-
ure 12, which shows the flows and interconnections between the system of reactors. Sys-

tem state 1 can be said to consist of:
e One reactor being in the first fourth of its feed step (F).

The gas sent to the inlet of this reactor consists of feed syngas, appropriate amounts

of steam and half of the gas exiting the inlet of the reactor being in the rinse step.
e One reactor being in the third fourth of its feed step (F).

The gas sent to the inlet of this reactor consists of feed syngas, appropriate amounts

of steam and half of the gas exiting the inlet of the reactor being in the rinse step.
e One reactor being in the first equalization step (Eql).

The inlet is connected through a valve with the inlet of the reactor in step REql.
Keeping the outlet closed, the gas will move countercurrently out of the reactor
until the pressures in the two reactors are equalized. At the beginning of this step,
the reactor pressure is approximately 26.89 bar, and ends up at a lower pressure of
20.443 bar.

e One reactor being in the third equalization step (Eq3).

The inlet is connected through a valve with the inlet of the reactor in step REq3.
Keeping the outlet closed, the gas will move countercurrently out of the reactor
until the pressures in the two reactors are equalized. At the beginning of this step,

the reactor pressure is approximately 13.995 bar, and ends up at a lower pressure of
7.5475 bar.

¢ One reactor being in the first re-equalization step (REq1).

The inlet is connected through a valve with the inlet of the reactor in step Eql.
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Keeping the outlet closed, the reactor will receive gas cocurrently until the pressures
in the two reactors are equalized. At the beginning of this step, the reactor pressure
is approximately 13.995 bar, and ends up at a higher pressure of 20.443 bar.

e One reactor being in the third re-equalization step (REq3).

The inlet is connected through a valve with the inlet of the reactor in step Eq3.
Keeping the outlet closed, the reactor will receive gas cocurrently until the pressures
in the two reactors are equalized. At the beginning of this step, the reactor pressure
is approximately 1.1 bar, and ends up at a higher pressure of 7.5475 bar.

e One reactor being in the first half of the rinse step (R).

The reactor is countercurrently being fed steam at a pressure of approximately 26.89
bar at the outlet. This will rinse out some of the hydrogen, CO, and other gases of
the reactor. The gases leaving the reactor through the inlet is assumed to be splitted
in two, one half being sent to each of the two reactors being in the feed step. The
rinse step is not continued until all of the gases in the reactor at the end of the feed
step is removed, only parts of it. The reason for this is that the residual gas, which
contains significant amounts of valuable H,, is transferred out of the reactor during
the equalization steps with other reactors undergoing re-equalization. In this way,
only small amounts of H, is lost in the CO, product streams leaving the system
during the depressurization and purge steps [45].

e One reactor being in the first half of the purge step (P).

The reactor is being countercurrently purged of CO, by feeding steam at a pressure
of approximately 1.1 bar. The low pressure allows the CO, previously adsorbed to
be desorbed into the gas phase. The desorbed CO; is blown out of the reactor by the
steam passing through the reactor. The gas leaving the reactor at the inlet mainly
consists of CO, and steam. The steam is removed downstream by flashing, and the

remaining 