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CCS R&D Portfolio

Coal power will continue to be a cornerstone of Europe’s energy system in the foreseeable future,
due to its economic attractiveness and ability to contribute to secure and stable electricity genera-
tion. As such, it will remain part of Vattenfall’s generation portfolio.

However, when fossil fuels are combusted in power plants, vehicles, or industrial plants, carbon
dioxide (CO,) is emitted into the atmosphere. The increased levels of carbon dioxide in the atmos-
phere is the dominating contributor to increased global warming - one of the greatest environmental
challenges of our time.

Vattenfall intends to cut its CO, exposure from 90 million tonnes in 2010 to 65 million tonnes by
2020. By 2050, the vision is to have a carbon-neutral generation portfolio. Part of the strategy is to
develop the Carbon Capture and Storage (CCS) technology to reduce CO, emissions into the
atmosphere from coal-fired power plants. The idea is to capture CO, from a coal-fired power plant,
transform it into a liquid, and store it deep underground. The storage repositories will be of the same
kind as where oil and gas are extracted - formations of porous rock with a sealing cap on top. The
aim is to develop a commercial concept operable by 2025-2030.

Political support, legal framework, and societal acceptance are crucial to make CCS possible, and
Vattenfall is collaborating with various stakeholders to develop relationships and requisite condi-
tions. In the long term, new sustainable energy sources will have to be deployed, but the develop-
ment of emission free fossil fuel utilisation is considered as necessary bridging technology.

The CCS R&D project portfolio is providing options for Vattenfall's fossil based operations in its
continental core markets. It has been running since 2001 and involves in addition to Business Unit
R&D Projects, also specialists from BU Engineering, BU Production Lignite and a large number of
external partners, including several major manufacturers, other power companies, engineering
companies and research providers and leading universities in Europe.

The CCS R&D project portfolio consists of three elements:

- Development of concepts and technologies to capture carbon dioxide more efficiently and at less
cost

- Investigations of CO, transport and geological storage options that are safe, reliable and cost
effective

- Environmental assessments and acceptance building.

This report is one of several reports produced within the CCS R&D Portfolio. Any questions and
inquiries concerning the report should be directed to the authors. Questions and inquiries concern-
ing the Portfolio drivers and roadmap should be directed to R&D Projects/Sustainable Asset
Development.
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Summary

In 2008, Nuon started the so-called L£Oatch-up project with the objective to
demonstrate pre-combustion €€apture at a pilot plant in Buggenum in order to
verify the technology performance and to generaiawedge in the form of vali-
dated models and operational experience. It wagdaito apply this knowledge to
optimise the design and operation of the full-s&a® capture unit at the Magnum
power plant, a multi-fuel Integrated Gasificatioartbined Cycle (IGCC) planned in
Eemshaven, the Netherlands.

The CQ Catch-up project consists of 2 parts:
1. Engineering and construction of a pre-combustigrtwe pilot plant at the
Buggenum IGCC (finished in 2011)
2. Operation and execution of the test and R&D prognani2011-2013)

The test programme is the collection of test ruasgsmed at the pilot plant. The
results of the test programme are input to thearebing R&D programme aiming
to understand and improve the process by meansocEgs modelling and labora-
tory experiments. The test and R&D programme has beanaged by Vattenfall
R&D Projects and performed together with Delft Ussity of Technology and
Energy research Centre of the Netherlands (ECN)imvmlves a number of scien-
tists and PhD students. This report summarisesethéts of the pilot plant operation
and test and R&D programme of the OCatch-up project.

The pilot plant is a simplified, smaller version thfe CQ capture plant for the
Magnum IGCC power plant designed by CB&l Lummuswits designed to capture
1.4 t/h of CQfrom 1.2 t/h of syngas (=0.8% of the syngas floani the Buggenum
gasifier). In the pilot plant carbon monoxide (CiQ)catalytically converted into
carbon dioxide (Cg and hydrogen (b), the so-called water-gas shift (WGS)
reaction, after which CQis separated from Hin the absorption-regeneration
section. The WGS catalyst applied in the pilot plarHaldor Topsge’s SK-201-2, a
copper promoted iron/chromium based HTS catalyisé (physical) solvent used to
remove CQis Genosorb 1753 consisting of dimethyl-ether of poly-ethylegigcol
(DEPEG).

The pilot plant has been operated from January 2@March 2013. Total operating
hours are 5886 hours and the cumulative, €&ptured is 4478 ton. The pilot plant
has been operated without major problems after spelatively minor) hardware

and control modifications. The sampling conditianigystem and analyzers have



been the largest point of concern. From HSE petisgeao incidents occurred (zero
lost time incidents, no spills).

The overall mass balance as well as the mass lesdoc the individual plant sec-
tions close very well. For the overall mass balatiee relative deviation between
input and output is only 0.11%. The measured CQvexgion is approximately 93%
at reference state (normal operating conditionsjiclvis according expectations.
The average CfOabsorption efficiency is around 86% at the refeeestate. The

results are incomparable as the design was basea Mellapak 350 Y/750 Y

whereasRaschig Super-Ring 0.6 and Raschig Super-Pak 2&£¥ tested in the
pilot plant. As a result, the overall capture eéficy is approximately 80% in refer-
ence state.

In the pilot test programme various parametricstesbth steady-state and dynamic,
were performed to investigate the performance efghift and absorption section.
The reactor 1 and 2 catalyst activity decreasesrauch slower rate than expected
by the catalyst vendor. The reactor 3 catalystehasich lower activity than antici-
pated. Repeated chemical analysis of reactor 3ysataamples hinted towards
catalyst damage due to an over reduction as bdiagptobable cause for the
observed lower activity. This over reduction migesult from steam condensation
upstream of the reactor during start-up.

The high and stable activity directly following thapid initial catalyst deactivation
allows reduction of the reactor feed temperaturas lawering of the pilot steam
consumption.

Operation at a reduced steam/CO ratio would alleducing the steam requirement
for the WGS section and thus the C€apture penalty, but can lead to carbiding
thereby increasing hydrocarbon and especially, @iéduction. Severe carbiding
can lead to permanent loss of catalyst activity@anselectivity and even to physical
damage of the catalyst pellets. Compared to referestate operation at
steam/CO=3.1 mol/mol (for reactor 2), operationediuced ratios of 2.6 down to 1.5
indicates no sign of carbiding. It is concluded tih& catalyst is stable at the reduced
steam/CO ratios tested.

Lowering the reactor 2 steam/CO ratio from refeeenstate conditions to
2.06 mol/mol results in a decrease of the ovemativersion by 3.6%-points, while
the overall steam/CO ratio decreases by 26%. Tlegns that a small decrease in
CO, capture ratio saves a significant amount of stehereby decreasing the effi-
ciency penalty for C@capture. The exact impact on the efficiency peniatthe
full-scale IGCC with CQcapture still needs been quantified.

For the absorption section, the parametric teste vperformed to evaluate the
impact on the C@absorption efficiency, validate the mass transtesfficients and
the thermodynamic modeAll trends observed in the parametric tests arénia



with expectationsResults indicate that Raschig Super-Ring 0.6 hlasti@r per-
formance than Raschig Super-Pak 258% analysis of the spent solvent indicates
no signs of degradation.

For a better understanding of the O&pture process and explanation of observed
performance a series of process models have beefoged:
a heterogeneous adiabatic plug-fleeactor model (Matlab)
a steady-state model of the syngas conditioningveatgr-gas shift section
(Aspen Plus V7.3)
a steady-state model of the €&bsorption section (Aspen Plus V7.3)
a dynamic model of the syngas conditioning and mgas shift section
(Dymola/Modelica)
a dynamic model of the G@bsorption section (Dymola/Modelica)

It can be concluded that the validated steady-stadedynamic models are generally
capable of predicting the pilot plant performankstighout the entire operational
range and can be used for the development of a-kEggle model of the capture unit.

In summary, the project objectives to verify thehmology performance and to
generate knowledge in the form of validated mod&ld operational experience are
clearly achieved. However, the knowledge generaiethe CQ Catch-up project
will not be applied directly, as the investmentidien for the gasification and GO
capture unit in the Magnum project has been posgpobeyond 2020. The
commercial outlook for IGCC+CCS remains uncertdime main concern for IGCC
plants remain the relatively high costs (both imig of CAPEX and OPEX). The
results of the C@Catch-up project, basically promising an optimisiedign for the
water-gas shift and GCabsorption unit with reduced specific energy comstion
(and hence OPEX) and possibly CAPEX, are not erpletti change much to this
problem.

Although direct application in the Magnum plantnist foreseen on the short term,
the gasification projects under development in ofherts of the world as well as
new future projects may benefit from the achieveimiemade in this project.
Knowledge dissemination is aimed for by means oie(gific) publications of the
researchers involved in the project. Papers in-pmgewed journals are currently
being prepared on the steady-state and dynamit gdat modelling work, as well
as the results of the WGS reactor modelling anddteam/CO ratio test run. As the
suppliers of catalyst, solvent and packing all hbgen heavily involved in the pro-
ject to learn on the outcome of the test prograntropefully the generated insights
will be followed up and potentially discussed/offérin any new IGCC + CCS pro-
ject.
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1 Introduction

1.1 Project rationale and objective

In 2005, Nuon started the development of a muki-imtegrated Gasification Com-
bined Cycle (IGCC) power plant, the so-called Magnproject, in Eemshaven, the
Netherlands. The application of gasification tedbgg enables pre-combustion car-
bon dioxide (CQ) capture in order to store the €@ a geological formation. Hereto,
steam is added to convert carbon monoxide (CO)epteis the syngas into carbon
dioxide and hydrogen ( by means of the water-gas shift (WGS) reactiamh-S
sequently, CQis separated from by means of absorption. The original concept for
Magnum was to construct the gasification sectiost,fiwith the option to install the
CO, capture unit afterwards (“capture ready retrofit”)

In 2007, a study was performed by CB&l Lummus, agieeering company manag-
ing the EPC of the Magnum IGCC, to select the tettigy for a CQ capture retrofit.
The energy consumption of the WGS reaction and &lf3orption is significant (see
Figure 1-1 for an indication for the Magnum desjgrgmprising of the loss in heating
value in the shift reaction, the steam to drivegh#t reaction and the power to drive
(mainly) pumps and compressors. Therefore, the teaifor CB&l Lummus was to
minimise the specific energy consumption and gostgonne avoided GOThe result
of the technology selection was an open-art delsaged on existing technologies but
with several modifications in the flowsheets tyflicgresented for pre-combustion
capture at IGCC'’s. Note that the optimal captute szcording to CB&I Lummus was
81% (“bulk-removal”), which is below the 85-90% coronly found in literature.

Although CQ capture has never been applied in combination aithGCC unit,
many of the elements have been proven in the clamidustry, yet in a slightly dif-
ferent configuration as foreseen in Magnum duéh&odifferent purpose of G&ap-
ture. Also the syngas composition when gasifyingl ¢and biomass) in the Magnum
plant differs from that when gasifying natural gasheavy oil residues as performed
typically in the chemical industry (for which maestperience exists). In addition, the
mode of operation in the chemical industry is défg than the power sector; in the
latter the load of the WGS and g@€apture unit should be able to follow the ramping
of the power plant. Therefore, it was decided tmadestrate and optimise the concept
developed by CB&l Lummus on a small scale firstopefapplying a full-scale com-
mercial CQ capture unit at the Magnum plant. This resultedh@ so-called CO
Catch-up project, encompassing the engineeringcamdtruction of a COcapture
pilot plant and operation at the site of the IGGQ®vpr plant in Buggenum, the Willem
Alexander Centrale (WAC).
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Figure 1-1: Specific power loss of C@capture for the Magnum IGCC with 28
bar gasifier pressure (low-pressure case), captumate of 81% and
battery limit CO , pressure of 110 bar. For a single train gasifier
with the capacity of Buggenum (600 MW,), the energy consump-
tion would be 65 MW,. LHV = lower heating value, ISBL/OSBL=
inside/outside battery limits

The objective of the COCatch-up project is to demonstrate pre-combusGah
capture at the pilot plant in Buggenum in ordeweéafy the technology performance
and to generate knowledge in the form of validatediels and operational experience

that can be applied to optimise the design andadioer of the full-scale COcapture
unit at the Magnum IGCC.

The CQ Catch-up project consists of 2 parts:
3. Engineering and construction of the pilot plamighed in 2011)
4. Operation and execution of the test and R&D prognan2011-2013)

The test programme is the collection of paramedgst runs performed at the pilot
plant. The results of the test programme are itptiie overarching R&D programme
aiming to understand and improve the process bynmeé process modelling and
laboratory experiments. The test and R&D programn@s been managed by
Vattenfall R&D Projects and performed together viitglft University of Technology

and Energy research Centre of the Netherlands (E&Md) involves a number of
scientists and PhD students.

! The PhD projects in the R&D programme last urlil 2.
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1.2 Overview test and R&D Programme

The test and R&D programme is divided into thedwihg work packages:

1. Plant operation and optimisation

This work package consists mainly of modelling esmichulation activities
aimed to:

a. Verify the overall system performance and operatievindow

b. Perform system analysis and optimisation considdnigat integration

and dynamic performance.

The obtained process models (steady-state and dgnhame validated by
comparison with data of the pilot plant. The knadge acquired by means of
studies on the pilot plant is used for the optitiisaof the CQ capture plant
in the Magnum IGCC.

2. Water-gas shift section
This work package involves both experimental anddeliong activities.
Different catalysts are screened at the ECN labdest in close cooperation
with the catalyst vendors. Hereto, the activitylestvity and stability of
different catalysts and the effect of aging, presssulphur concentration and
H,0:CO ratio are measured in a high-pressure tesDrighat basis, a catalyst
was selected for further testing in the pilot tpsbgramme. Also kinetic
measurements are performed and catalyst physiopkpres are measured in
the lab to generate input for a reactor model, twiian be used for reactor
design and sizing and process optimisation.
This work package also includes a PhD project dft Riniversity of Tech-
nology to develop new promising catalysts. Thisiad further discussed in
this report (as it is not directly related to thietpplant test programme).

3. CO, absorption section
In order to create a better insight in the parametaving CQ absorption and
regeneration, first a thermodynamic model for tblvent-water-gas compo-
nents has been developed. This is the basis fateebased steady-state model
of the CQ absorption and regeneration section used to fissmsansfer
coefficients for different packings and compare pleeformance at on and off
design.
In parallel, a PhD project aiming for simultaneso$vent and process optimi-
sation is executed at Stuttgart/Delft University Tgchnology. This is not
further discussed in this report (as it is not diserelated to the pilot plant
test programme).
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4. Corrosion.
Corrosion rates are monitored using electric rasist probes and wall thick-
ness measurements to get more insight in the ¢eeress of the process
media and the solvents used.

This report highlights the results of the test &&D programme. In chapter 2, first

the pilot plant process and design is explainesidne detail. Chapter 3 gives an over-
view of the plants measurements, followed by therafional statistics and lessons
learned in chapter 4. The performance of the pilant is shown in chapter 5 and the
results of the test programme will be discussedhapter 6. Chapter 7 focuses on
process modelling and validation and finally thedasions are given in chapter 8.
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2 Process description and pilot plant
design

In this chapter, the design considerations relébethe Magnum C@capture plant
will be discussed, which will form the basis to emstand the pilot plant design (sec-
tion 2.2) and the R&D questions to be addresse¢ddMest and R&D Programme.

2.1 Design considerations pre-combustion CO  , capture
2.1.1 Gasification

The gasifier design is one of the decisive facforsthe technology choice of the
downstream WGS and GQ@bsorption units. The original Magnum concept r{fro
2007), from now on referred to &sv-pressure casevas based on three gasifiers as
applied in Buggenum (Shell dry quench gasifier vathoperating pressure of 28 bar
and a capacity of 2000 t coal/d = 600 MW 144,000 NriYfhr CO + H). The CQ
capture design from CB&I Lummus is based on thesseiaptions. In a later stage,
both the gasifier capacity and pressure were rédered in order to decrease CAPEX
and increase efficiency. By increasing the gasifis¥ssure from 28 bar to 42 bar
(high-pressure ca3ethe syngas booster compressors, which are esjtir meet the
pressure at the fuel control valve of the gas hebican be omitted or minimised,
saving costs and increasing the overall plantiefiicy. The consequence of the higher
gasifier pressure on the WGS section is a somembdified heat integration (due to
different water dew point). Consequences for thelgst will be discussed in 6.2.3.
The CQ absorption section will benefit from higher gamifipressures due to the
higher CQ partial pressures as will be further discussel 3:6.

2.1.2 Water-gas shift

In the water-gas shift section the CO containetha syngas feed is converted into
CGO, by means of slightly exothermal chemical reaction:

CO(g) + HO(g) COy(g) + H(9), H°298 = 41.1 kJ/mol

The shift reaction can either take place in ther syingas before sulphur removal
(sour shift) or in the cleaned syngas after sulpkbuoroval (sweet shift). Most IGCC +
CCS concepts found in literature are based on slift; as the efficiency penalty is
slightly lower (IEA GHG, 2003). In addition, the stpeam hydrolysis unit can be
omitted, since COS is also converted 5Hh the sour WGS reactor. In the original
Magnum concept, a sweet shift concept was foreseento its presumed compati-
bility for easy CQ capture retrofit and the ability to bypass thdtsdmd CQ absorp-
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tion unit (e.g. when CQcapture is not economically viablepnother advantage of a
sweet shift is that both desulphurised syngas andaH be delivered over the fence
(which was one of the options considered for theyMen plant). For these reasons,
sweet shift catalysts have been considered inribjeqd.

There are two commercially available sweet shifalgats available: high temperature
shift (HTS) and low temperature shift (LTS). HTSnsist of copper promoted
iron/chromium, typically operated at 350 — 500°@ at sulphur concentrations below
100 ppm. The LTS is more active and operates agldemperatures, but is very sen-
sitive to sulpur poisoning (requires typically <plpS). When hydrogen production is
the objective, generally two reactors in seriedwitercooling are applied as the shift
reaction is equilibrium limited. HTS is used forlb@onversion in reactor 1 and LTS
in reactor 2 to minimise CO slip. As the objectimethese plants is to maximise the
hydrogen vyield high OPEX (steam to drive the reactio the product side) and
CAPEX (for extensive gas cleaning in case of cdafasification to protect the LTS
catalyst from poisoning) are justified. In the catéGCC + CQ where the driver is
cost-efficient CQ capture, bulk CO conversion by means of HTS cstaly con-
sidered.

HTS catalysts are commonly applied in hydrogenamdhonia plants, mainly treating
syngas from steam methane reforming, but also ftft signgas produced by
gasification of heavy oil residues (typically innsbination with a Rectisol unit and
low-temperature shift catalysts). In those appigces, the sulphur level to which the
catalyst is exposed is very low (below ppm level)l anany of the trace elements are
removed in the Rectisol unit or upstream. There laogvever, little references where
iron/chromium catalysts are exposed to the sulpkuals and trace elements common
in a coal gasification plant with a less stringéhS removal. This aspect will be
studied in more detail in the Test and R&D programivoth by laboratory tests and
pilot testing.

As the MP/IP steam needed in the WGS reaction, wisieither extracted from the
syngas cooler or heat recovery steam generator @R&nnot be expanded to pro-
duce electricity, reducing the steam consumptioa meinimum is the key to minimise
the efficiency penalty of COcapture in IGCC applications. Although adding more
steam increases CO conversion, the incrementalegifiy penalty does not justify the
additional CQ captured, so the optimum amount of steam is th&nmim steam
required by the catalyst. Excess steam (i.e. xisimietric ratio) is needed to:

2 In contrast to a sour shift, the syngas flow aomhposition to the b8 absorber is unaffected
when operating with/without CQrapture.
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limit the temperature rise and hotspots (minimisiatalyst deactivation)
prevent the formation of iron carbide (which mays®a deactivation, cataly-
ses the Fischer-Tropsch reaction and reduces shtabtrength).
Catalyst vendors typically specify a minimum stedum:gas or steam:CO
ratio to prevent carbide formation.

In a conventional scheme with several reactorsenies, the temperature rise in the
first reactor would determine the steam requiresie@bal syngas from a Shell dry
guench gasifier typically contain 60 mol% CO, whielsults in high reaction rates and
temperature rise (in comparison to syngas prodéired natural gas and to a lesser
extent, heavy oil residues). A.8:CO ratio of around 4.3 (on molar basis) would be
required to keep the reactor outlet temperaturevbeéd00°C (Carbo et al., 2009),
which is higher than the minimum to prevent carbfiolenation. Ideally steam with
only part of the syngas is to be fed to the fiestator. As steam and CO are consumed
in equal quantities the J:CO ratio increases, thereby allowing part of $igagas
feed (containing less steam) to be fed directiyth® second reactor. This can be
achieved by splitting the syngas flow, a stratdmt has been suggested in literature
(Carbo et al., 2009) and that has been appliedB& Cummus to optimise the flow-
sheet (see Figure 2-1). As a result, the overgl:BO ratio (and hence overall steam
demand) is reduced drastically. Basically, the mimn steam demand is set by the
inlet conditions of the second reactor, which eguhE minimum to prevent carbide
formation.

In order to further reduce the efficiency losshe tvater-gas shift reaction, maximum
heat integration has been applied by CB&I Lummuasioperation with shift catalyst
vendors). Instead of using steam from the syngatecor the HRSG directly, steam
is generated internally, which is the most effitieay to generate the required steam.
In this concept, depicted in Figure 2-1, steamrizdpced by evaporating make-up
water and recycled excess water condensed dowmstifea reactors using the hot
syngas outlet from the WGS reactors. This concegke®s use of the partial pressure
reducing effect of the syngas for generating tlearst (similar as in saturator towers).
In this way the required steam is generated atveddemperature than in the HRSG
and thus making better use of the heat availabtbanvater-gas shift effluent that is
ultimately cooled down to condensate all excesansie
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Figure 2-1: Process flow diagram of the water-gas s  hift section (high-pres-
sure case)

2.1.3 H,S and CO; absorption

Syngas from the gasification plant is treated gingle integrated 6 + CQ removal
planf separated by a sweet water-gas shift unit. Comialgravailable gas treatment
technologies can be grouped in chemical and physateents (and mixtures thereof).
The optimal solvent is determined primarily by #yngas composition and pressure
(determining HS and CQ partial pressure) and the product specificatitmshe case

of IGCC + CQ where the driver is cost-efficient G@apture and not too stringent
H,S removal is required, the SeleRblprocess is generally considered the optimal
process, although apple-to-apple comparisons betdiéfrent gas treatment options
for IGCC with S and CQ@ removal are scarce. The Selexol process is a prove
commercial process licensed by UOP that uses aigathysolvent consisting of a
mixture of dimethyl ethers of polyethylene glyc@EPEG) to remove acid gases
from synthetic or natural gas streams. It is ideallited for the selective removal of
H,S, COS and C® Sulphur levels below 1 ppmv can be achieved wathiable and
optimised CQ capture levels. Selexol is a stable and non-cmeaslvent and has a
relatively low vapour pressure (i.e. solvent losmesacceptably low).

% In theory, it is possible to use one solvent lect&vely remove HS and another solvent for
the removal of CQ but this is not considered.
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One of the key parameters in a typical Selexol floget is the solvent temperature. In
some plants, the solvent is chilled as it incredbessolvent capacity for acid gas,
thereby reducing the solvent flow rates and equigrs&e. Also the design for inte-
grated HS and CQ removal for the high-pressure Magnum case propbgedOP
(seeFigure 2-2 includes solvent chilling.

CB&I Lummus performed an independent analysis mal fihe optimal configuration
for energy-efficient bulk C@removal (for the low-pressure Magnum case, not con
sidering HS removal). It was concluded that the optimal terapee for energy-effi-
cient bulk CQ removal is 40°C. A detailed analysis to assesdivenghe energy use
and lifecycle costs when operating at 40°C (larggnipment, large solvent pump
duty) are lower in comparison to chilled conditigemaller solvent flows i.e. smaller
equipment and solvent pump duty, additional energgy and costs of chiller) has not
been performed though. Also the impact of a higli®rosity at lower temperatures on
mass transfer needs to be included in such analysis

The consequence of a relatively high solvent teatpee is a high solvent flow to
achieve the required capture efficiency. In the CB&mmus design, the solvent flow
is around 250 Aim?h. In order to recover part of the high pump epgegrich solvent
expander is proposed in the CB&l Lummus design,ctvtallows power recovery
from the high solvent flows and flashing €@ot standard in UOP design). Another
aspect to be considered for such high solvent flsate select the right packing for
optimal mass transfer. The UOP absorber designrassl Selexol plants use random
packing (such as Raschig Super-Rings), which grdily suitable for high liquid
loads. CB&I Lummus considered three beds of stmectypacking (250 Y and X) in
the CQ absorber. The main argument for structured padkitige lower HETP versus
random packing and also pressure drops are expdotdmse smaller. However,
structured packing has never been tested for DEREGhese liquid loads at
pressurised conditions. The performance of stredtupacking (versus random
packing) needs to be verified by means of experiatetata first.
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Figure 2-2: Process flow diagram integrated H  ,S + CO, removal (high-pres-
sure case)

2.2 Design rationale pilot plant

The pilot plant is a simplified, smaller version thfe CQ capture plant for the
Magnum IGCC power plant as proposed by CB&I Lumnitigsvas designed to cap-
ture 1.4 t /h of C@from 1.2 t/h of syngas (=0.8% of the syngas flaoent the
Buggenum gasifier). There are also a number oingisselifferences between the pilot
plant and the large-scale capture plant, of whiehmajor are described below:

- Heat integration in the WGS section. In the pildanp, water is evapo-
rated/condensed by means of electrical heatersf@odd-draft air coolers,
respectively, instead of shell and tube feed-effluseat exchangers as fore-
seen in the Magnum plant. In this way the tempeeatiependency of two
streams (feed-effluent) is avoided and the precisdrol of the temperature
becomes possible. This simplifies the operatiotereds the operational flexi-
bility and prevents process fluctuations that caoftlence the reliability of
the test runs in the test programme. However, fpesnergy consumption
figures of the pilot plant are non-representatind eEncomparable with figures
from literature for large-scale plants (and arerdfee not discussed).
The reason not to use steam instead of waterdsriwonstrate the principle of
internal evaporation. Consequently, the controllgsoiphy and dynamic
behaviour are not representative for the largeesglant.
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- No integrated KBS removal. HS is absorbed upstream the pilot plant in the
main Sulfinol unit of the Buggenum IGCC. The implions are that the GO
absorber has only 1 solvent feed (semi-lean) idstée2 solvent feeds (lean
and semi-lean) as in the integrategBH CQ removal unit in the large-scale
plant. More importantly, the water balance hasdaobntrolled differently. In
the integrated k6 + CQ removal unit the water content of the solventas-c
trolled in the reflux section of the regeneratoheTsolvent water content
affects the CO2 loading, as well as physical priger(such as viscosity),
which will affect hydrodynamics and mass transffater in the solvent
(DEPEG) is also required in order to provide stearstrip the acid gas in the
regenerator. Typical water content for DEPEG ist%win order to control
the water content of the solvent in the pilot plamtdehydration unit was
included in the original design. Potential liqguidndensed in the GQcom-
pression knockout drums downstream the 1st andcBnapression stage is
routed to the dehydration package (ELJ10 AT040¢ (Sgure 2-10). Here,
entrained solvent is separated from the knockoumdwater stream and
returned to the 3rd flash vessel. The water remowvedhe dehydration
package is then recycled to the water make-up dfRon.several reasons it
was decided to exclude this dehydration unit iatarlstage (the necessity for
this unit was debated as it is not required inMagnum plant and the design
of the dehydration unit was relatively complex).abing the content of the
compression knock-out drums or sending the (@th water) to the flare and
varying the duty of the solvent heater ELH30 AC{%6e Figure 2-9) were
considered to be adequate strategies to contreVaher content.

- Solvent expander. As explained in 2.1.3 a richeathexpander is proposed in
the CB&I Lummus design to recover part of the pugngrgy. This feature is
not present in the pilot plant, as these turbimescammercially available and
it was not considered necessary to test it.

- Flash gas recycle compressor. In the integrat&l+HCQ removal unit in the
large-scale plant a compressor is included to mrctdwe CO and Hthat are
released in the first flash vessel. This is notspne¢ in the pilot plant, as
measuring the flash gas composition (as functiofiowf rates and flash pres-
sure) is deemed sufficient. As a consequence theptd@luct stream in the
pilot plant will contain relatively high concentias of CO and K

- In the Magnum design, a heat exchanger is foreadéch removes low level
heat from the overhead vapour of tH& Shift Reactor Effluent Rectifier by
heating solvent, which provides additional flashargl improves Cé&recov-
ery. In the pilot plant, an electrical heater idigo study the effect of
increased solvent temperatures.

- Packing. Ideally, the absorber is equipped withdhme packing (250 Y and
X) and distributor as in the large-scale plantotder to achieve comparable
capture efficiencies as in the Magnum design whiln $ame packing, tower
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height becomes so high and would require extra@appracing, and struc-
tures which significantly increase the overall cdsterefore, it was decided to
use a finer packing to achieve the same separatffaiency and reduce the
tower height. CB&I Lummus suggested using 2 bedh 50 Y and 350 Y, a
structured packing with larger specific surfaceaatiean the 250 Y/X sug-
gested for Magnum. In further discussions with agkvendors, it became
clear that there is nollittle experimental data thepports the theoretical per-
formance (hydraulic, efficiency) of structured piagkin combination with the
high liquid loads of DEPEG at pressurised cond@idRandom packing such
as Raschig Super-Rings, on the other hand, is g&napplied for the Selexol
process and can be considered proven packing ifoafiplication. Therefore,
it was decided to start the test programme withcRigsSuper-Rings 0.6 first,
after which the packing will be exchanged for R&g&uper-Pak 250 Y.

- Compressor design. In the pilot plant an electratandriven 2-stage inter-
cooled reciprocating compressor is used, whereasulsi-stage integrally-
geared centrifugal compressor is foreseen fordtgelscale application.

: “ek .
L. LN b
). 28 eaee? AN

Figure 2-3: Raschig Super-Rings 0.6 (left) and Rasc hig Super-Pak 250 Y
(right) in the CO , absorber of the pilot plant

Due to the differences between the pilot plant adidscale plant, the data from the
pilot plant cannot be usedirectly to predict the performance of the full-scale plant
The data from the pilot plant are used to validamdels, which will be up-scaled

accounting for the differences to simulate the naass$ energy balance of the large-
scale plant.

2.3 Pilot plant process description

The pilot plant consists of five Sections: Syngamditioning and CO shifting, Con-
densate Recovery, GQAbsorption, CQ Compression and Solvent Storage. These
Sections are discussed below (for more detailyGB&I Lummus, 2008a)). Figure
2-4 depicts a simplified process flow diagram & émtire process and the pilot plant.
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Figure 2-5: CO , capture pilot plant. The tall column in the middle
ture is the CO , absorber.

2.3.1 Syngas Conditioning (KKS-code ELF) and CO Shi

code ELG)

Product (0,

Flash 3

Solvent
Cooler

CO, capture pilot plant

of the pic-

fting Section (KKS-

The syngas slipstream is taken from the main sydiges downstream the 19

removal (Sulfinol) unit of the Buggenum plant. Tea®f Sulfinol solvent are removed
in the Syngas Total Feed Wash Column (ELF10 BD0af)absorber consisting of
two beds of structured packing. Demineralized wétan the Water Make-Up Pump
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(ELG55 APO010) is fed to the top of the column oowflcontrol to wash entrained
Sulfinol from the gas feed by absorption. A portiohthe water from the column
bottoms is recycled by the Wash Column Recircutafamp (ELF21 AP010) to the
top of the second bed, reducing wash water consampEhe remaining waste water
discharge stream shall be sent on level contrididaxisting sour water stripper.

SRR e | ) T e e wores
| L [ | & ]

Ao | -

ELFLO
ACOT0_|

Figure 2-6: Process flow diagram of the Syngas Cond itioning and CO
Shifting Section

Washed syngas is mixed with reaction water fromRbaction Hot Water Feed Pump
(ELG40 APO010) in the Syngas Total Feed Mixing EdudELF20 AMO010). The
combined feed is then vaporized and heated toiosatémperature in a series of
electrical heaters. The combined effluent fromeHactor is first heated on tempera-
ture control in the Syngas Total Feed Humidifiet FEO AC010) and separated into
two vapour streams and liquid bottoms in the Synfesl Feed Splitting Vessel
(ELF20 BB010). The liquid bottoms and the vapouwesstream from the vessel are
routed to the Syngas™1Feed Reboiler (ELF40 AC010). The demisted overhead
vapour bypasses the first CO shift reactor and cliesithe first reactor effluent, and
if required, the second reactor effluent as well.

The Syngas L Feed Reboiler (ELF40 AC010) operates in thermasiptashion with
the Syngas 1 Feed Humidifier Knock-Out Drum (ELF40 BB010). Thepour and
liquid feeds from the splitting vessel are combiméth liquid bottoms from the Feed
Humidifier Knock-Out Drum and partially vaporizeal the reboiler. The mixed-phase
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effluent from the reboiler is separated into a wapoverhead stream and liquid
bottoms. A constant flow small waste water blowdostream is withdrawn from the
knockout drum to the Blow Down Cooler (ELF51 ACO1@here it is sent to the Sour
Slurry Stripper in the WAC. Vapour overhead frone tByngas *1 Feed Humidifier
Knock-Out Drum is brought to the desired reactemperature in the Syngas 1st Feed
Superheater (ELF50 AC010) and then fed to tiéhift Reactor (ELG10 BH010).
Reactor effluent is cooled to the desired react@mperature by direct quench with
vapour on flow control from the Syngas Total Fegdittihg Vessel and then thor-
oughly mixed in the Interreactor Static Mixer (EL@GGAM010). The quenched feed is
then reacted in thé"2Shift Reactor (ELG20 BH010). The reactor efflusntooled to
the desired reaction temperature in tA&Shift Reactor Air Cooler (ELG30 AC010)
and then fed to the™3Shift Reactor (ELG30 BH010), which is needed thiewe >
90% conversion efficiency. The hot shifted syngasipct from the 8 Shift Reactor
is then sent to the Condensate Recovery Section.

Table 2-1: Shift Reactor Dimensions

Parameter Reactor 1  Reactor|2 Reactor 3
Diameter (m) 0.432 0.518 0.581
Height (m) 6.19 6.22 6.22
Catalytic Bed (m) 3.50 3.50 3.50

L/d 14.40 11.54 11.52
Catalyst volume (1} 0.513 0.740 0.928

Gas hourly space velocity3259 4378 3503
(Nm*m? h)

The catalyst applied in the pilot plant is Haldasp§ge's SK-201-2, a copper pro-
moted iron/chromium based HTS catalyst.

2.3.2 Condensate Recovery Section (KKS-code ELG)

Hot shifted syngas from thé*3hift Reactor, containing a substantial amourwatier
vapour, is cooled in the3Shift Reactor Effluent Air Cooler (ELG40 AC010)tiin
most of the water vapour is condensed. The mixes@leffluent is fed to thé®Shift
Reactor Effluent Rectifier (ELG40 BD010). The vapqhase from the air cooler
travels up the randomly packed bed and is counteetly washed with liquid from
the Rectifier Cold Effluent Separator (ELG50 BBO010) condense excess water
vapour and reduce the recycle of dissolved lightthe reaction water. The rectifier
bottoms are recycled on flow control to the CO &if Section as reaction water. To
maintain adequate level, demineralized water is dadflow control reset by the
rectifier bottoms level.
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The overhead vapour from the rectifier is parti@bndensed in the Rectifier Effluent
Condenser (ELG50 AC010) and separated in the Rectifold Effluent Separator
(ELG50 BB010). Condensed liquid is refluxed to tieetifier by the Rectifier Cold
Reflux Pump (ELG50 AP010). A small blow down of kked-out condensate is
periodically sent to the existing sour slurry gtep to purge the reaction system of
contaminants. To periodically analyze the compaositf dissolved gases in the con-
densed liquid, an intermittent stream could be s$erthe Water Make-Up Drum on
flow control. Shifted syngas vapour from the sefmrég compressed in the Shifted
Syngas Compressor (ELG60 AN010) to overcome thespre drop of the upstream
Syngas Conditioning, CO Shifting and CondensateoRRay Sections, bringing the
syngas back to the normal Buggenum operating pres3the compressed syngas is
cooled with cooling water in the Shifted Syngas @ogssor Discharge Cooler
(ELG60 AC010) and fed to the CO2 Absorber (ELH100BD)

The Water Make-Up Drum (ELG55 BDO010) is fed witksh demineralized water on
level control. The demineralized water is pumpedthy Water Make-Up Pump
(ELG55 AP010) and used as wash water in the Syhgtd Feed Wash Column and
as supplemental reaction water.
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Figure 2-7: Process flow diagram of the Condensate Recovery Section
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2.3.3 CO, Absorption Section (KKS-code ELH)

The CQ Absorber removes GOfrom the shifted syngas by absorption using the
physical solvent dimethyl-ether of poly-ethylengegll (DEPEG). DEPEG is com-
mercially licensed by DOW under the trade nameX®&tT¥ and by Clariant under the
trade name Genosdtii753. In the pilot plant, only the latter solvéwas been tested
(as the difference between these solvents is majgin

The shifted syngas is fed at the bottom of thermoolwand counter currently contacts
the solvent fed at the top of the column across beds of packing. The scrubbed
overhead vapour exchanges heat with cooling watehe CQ Absorber Overhead
Cooler (ELH70 AC010) and enters the Rich Gas Separator (ELH70 AT010) to
remove any condensed liquid. The hydrogen richigasnt back to the WAC plant. It
is also possible to send part of this hydrogen badke Syngas Conditioning Section
to influence the feed composition to the shift teex

a0
RCR T HULTRA )

15100

200
RCR G HULTRA )

Figure 2-8: CO , Absorber. Height (T-T) is 17 m, diameter is 0.76 m . The two
packed beds have a height of 4.5 (top) and 4.8 m (b  ottom)
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CQO, absorbed in the liquid phase is recovered by dspreation of the rich solvent
using three flash drums. Rich solvent from thedoatof the CQ Absorber is flashed
and fed to the Solvenf'Flash Vessel (ELH20 BB010). The first flash drugsavers
burnable components gHind CO), which is combined with the gas from tffeadd

3" Flash Vessels. Liquid from the Solverit Elash Vessel is flashed and can be
heated in the Solvent Heater (ELH30 AC010) to iase2eCQ recovery and reduce the
water content of the solvent. Effluent from the\@olt Heater is fed to the Solverif 2
Flash Vessel (ELH30 BB010), where more £§as is recovered. To protect against
the possibility of solvent foaming and to preveatrgover of small liquid droplets in
the exiting vapour phase, demisters have beenllgttat the vapour outlet of these
two vessels. To further protect the downstream, COmpression Section from the
consequences of foaming in thédnd 2° Flash Vessels, the vapour streams from the
1% and 29 Flash vessels are routed on pressure controet&divent 3 Flash Vessel
(ELH40 BB010). The rich solvent liquid stream fratre 2 Flash Vessel is flashed
and also fed to the™Flash Vessel. CfOgas from the SolventBFlash Vessel is
cooled by cooling water in the G@ompression *1 Stage Suction Cooler (ELH40
ACO010) and fed to the GACompression *1Stage Suction Knock-Out Vessel (ELH60
AT010). Any liquid that condenses drains back te 8f Stage Flash Vessel by
gravity. The Solvent Cooler (ELH50 AC010) is usedcbol the recovered solvent
before it is recirculated to the GQAbsorber on flow control by the Solvent
Circulation Pump (ELH50 AP010). A side stream dlfvent is routed to the®*1Flash
Vessel through the Solvent Side Stream Filter (BLKAH010) and the Solvent Side
Stream Adsorption Filter (ELH50 AT020) to removentaiminants.

s
ELHTD | o s ELHZ0 | s | [ELH3D | e 0 [ e ELH50 | mer ELHSO | wen
BO0Y BBC10 ALY ACO10 ATOHO i
o e T e | e e s ) O
BEO A .
o
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Figure 2-9: Process flow diagram of the CO  , Absorption Section
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2.3.4 CO, compression section (KKS-code ELJ)

CQO, is then compressed in the €Oompressor (ELJ10 ANO10). For that purpose an
electric motor-driven 2-stage intercooled reciptingp compressor is used. The
discharge from the final stage of the compressoodged in the C@Compression?
Stage Discharge Cooler (ELJ10 AC020) and then dethé CQ Compression
Stage Discharge Knock-Out Vessel (ELJ10 AT020) émove condensed liquid.
Potential liquid condensed in the €Qompression *1 Stage Discharge Knock-Out
Vessel (ELJ10 AT010) and G@ompression ¥ Stage Discharge Knock-Out Vessel
(ELJ10 ATO020) are recycled to the Solverft Blash Vessel (ELH40 BB010). The
resulting CQ product is mixed together with thexHch gas from the top of the
absorber and fed back to the main syngas lineeBitiggenum plant. There is also a
possibility to recycle the CQand H-rich gas in order to study the effect of different
syngas compositions or to send the products tfare

GENERAL NOTES

PROCESS FLOW
€02 CATC]

H-UP PILOT PLANT
C02 COMPRESSION SECTION

Figure 2-10:  Process flow diagram of the CO , Compression Section
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Figure 2-11:  CO , Compressor

2.3.5 Solvent storage section (KKS-code ELK)

The Fresh Solvent Storage Tank (ELK10 BB010) waldhall the fresh DEPEG sol-
vent, which is supplied to the unit by tanker tru€kesh solvent is supplied to the
system by the Fresh Solvent Make-Up Pump (ELK10 &R Qipstream of the Solvent
Side Stream Filter, but only during the initiallifi stage and to make up losses
during normal operation. The GCpent Solvent Drain Vessel (ELK20 BB010) is
used as the DEPEG closed drain system and tots@entire solvent inventory of the
CO, Absorption Section. COSpent Solvent Pump (ELK20 AP010) is a sump pump
within the drain vessel used to deinventory the¢esysto a tanker truck, if necessary.
The CQ Catch-Up Area Waste Water Pump (GUE10 AP010)sisrap pump used to
transfer any waste water spilled in the diked gferarea for treatment.
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Figure 2-12:  Process flow diagram of the Solvent St  orage Section
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3 Pilot plant measurements

3.1 Data storage and extraction

Actual and historical measurement data (pressamperature, flows, concentrations
etc) were stored in ABB’s Power Generation InfolioratManager (PGIM), which is

also used for the Buggenum IGCC plant. The databeapresented with the PGIM
software itself or can be extracted to Excel fotHar data analysis.

3.2 Online measurements

In addition to the pressure, temperature, flow kevel measurements needed to con-
trol the process, the pilot plant is equipped witbasurements to get better insights in
the process and to validate the models.

Shift reactor temperature profile

The three shift reactors are equipped with multipermocouples that allow measur-
ing the axial and radial temperature profiles. Hxél temperature profile gives a
good indication whether and at which coordinateilgagium is reached and how it
moves in time and upon changes in process condit®adial temperature profiles are
used to calculate heat losses. Figure 3-1 depietshree shift reactors and the loca-
tion of the catalyst bed and thermocouples.
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Figure 3-1: Position of axial and radial thermocoup les in Shift Reactors
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Gas composition

Two process gas chromatographs (type PCG Maxunoih fSiemens) are used to
measure the gas composition. The syngas analy2éf5(ECQ201) is a 10-stream
analyzer (2 parallel blocks of 5 streams) measu@@y CQ, H,, H,O, N, and CH
(see Table 3-1). In auto-sequence, it takes 15 tesnior the analyzer to complete the
entire cycle of 5x2 streams. It is also possiblpuba pair of streams in repeat mode,
which enables a more frequent (3 min) measurenfahecomposition.

Table 3-1: Syngas analyzer streams (R = Shift React or)

Left Right

A (syngas inlet) H (syngas in between packed bbderaer)
C (outlet R1) B (inlet R1)

E (outlet R2) D (inlet R2)

G (outlet R3) F (inlet R3)

J (inlet shifted syngas compressor) | (outlet atysqr

The CQ analyzer (ELH20 CQ204) measures the CO,,EH, H,O, N,, CH,, H,S and
COS concentration from the flash vessel gas oufletg, 3) and the compressed LO
stream. In auto-sequence, it takes 12 minutethm@analyzer to complete the entire
cycle of 4 streams. It is also possible to putreash in repeat mode, which enables a
more frequent (3 min) measurement of the compasitio

Both analyzers were regularly validated and (ifdezh calibrated with a calibration
gas (see Table 3-2). Water was initially calibratgdmeans of a nitrogen flow satu-
rated in an ice bath. Later, a response factoo tatween C@and HO (using ther-
mal conductivity factors for both gasses) was usechlculate the KD concentration
from the response factor of GO

Table 3-2: Calibration gas composition
Component (mol/mol) ELF50 CQ201 ELF50 CQ201
CO 0.1 0.0081
H, 0.6502 0.082
CGo, 0.199 0.904
H,0O 0.004 0.004
N, 0.05 0.0081
Ar 0 0
H,S 0 0.000042
COS 0 0.0000157
CH, 0.00082 0
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Solvent composition

The solvent analyzer (ELH10 CQ202) measures thgd@ HO concentration from
the lean (absorber inlet), semi-lean (in betweenphcked beds) and rich (absorber
outlet) solvent in parallel (3 minutes cycle time).

The analyzer is calibrated using a DEPE&Hblend, of which the composition was
measured offline using the Karl-Fischer method.c8ithe CQ will flash from the
solvent upon a reduction in pressure, it is imgmssio calibrate the analyzer with a
calibration blend of DEPEG and GO'herefore, a response factor ratio between CO
and HO (using thermal conductivity factors for both gegsderived from an experi-
ment performed by Siemens has been implementeal¢alate the C@concentration.

Water pH and conductivity

In order to monitor the quality of the reaction eraoutlet ELG40 BD010), rectifier
reflux (outlet ELG50 BB010) and waste water (outidtF40 BB010), the electric
conductivity is measured. The pH, an indicator floe presence of organic (by-)
products, is measured in the reaction water (olEleg540 BD010), rectifier reflux

(outlet ELG50 BB010) and waste water (outlet ELIBIN010).

3.3 Offline measurements

In order to verify online measurements and get miosgght in the chemistry of
process gas, water and solvent, a number of sewemalial sample points are present.
The table below gives an overview of manual sangpdiptions.

Figure 3-2: Example manual sample
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Table 3-3: Manual sampling options
KKS code Medium Purpose
ELF20 CQ201| Washed syngas| Measure Sulfinol concentration
ELF21 CQ201| Wash water

ELF51 CQ202

Waste water

ELG40 CQ204

Reaction water

ELG50 CQ203

Reflux water

ELG57 CQ201

Waste gas

Analysis of organic by-products

ELH20 CQ202

Rich solvent

ELH20 CQ203

Semi-lean solvent

ELH40 CQ201

Semi-lean solvent

ELH50 CQ201

Lean solvent

Analysis of degradation products/impurities
Measure C@and HO concentration

ELH80 CQ201| H2 rich gas Measure solvent concentration (entrainment)
ELJ10 CQ202 | Water

ELJ10 CQ203 | Water + Solvent

ELJ20 CQ201| C©

ELK10 CQ201| Fresh solvent Analysis of degradation products/ impurities
ELK20 CQ201| Spent solvent Measure water concentration

In case the activity, selectivity or stability diet catalyst shows unexpected behaviour,
a sample can be taken from a single pellet stréagtor (SPSR), two of which are
installed in parallel to the™Shift Reactor. This allows easy access to thedystthat
has been exposed to the syngas. Additionally, diffecatalysts can be tested at the

same time.

Figure 3-3:

Parallel shift reactors
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3.3.1 Water analysis

In addition to online analysis of the syngas ,Giéntent, which is an indicator of
(changes in) catalyst selectivity, the water streamihe shift section can be sampled
for offline analysis of organic by-products likeymenates (methanol, ethanol, formic
acid, acetic acid) and higher hydrocarbons (etleyleethane, propylene, propane).
Methanol will be present up to a few ppm (dry sygbasis) after the first reactor, and
up to 20-30 ppm after the second/third reactoraifiddissolve in condensate. Typi-
cally, 5% of methanol is converted into ethanokniig acid is typically a few ppm in
dry syngas and acetic acid is generally not foumdHTS (personal communication
Haldor Topsge). Fischer-Tropsch reaction is catalysy FeC, (which can be formed
when operating the catalyst at too low steam/C@)ahlso Ni from the gasifier may
deposit on catalyst and cause methanation. Clafhirpresent in syngas up to 100
ppm) and C2 (probably below detection limit) wildg in the syngas, C3 and C4 will
dissolve in the condensate when formed.

Intertek Polychemlab measured the organic by-prisd(specifically the oxygenates)
in 2 batches of water samples. Ethanol and methaexd measured with GC-FID and
formic acid and acetic acid are measured with HPII& results are given in the table

below.

Table 3-4: Water analysis for oxygenates in [mg/kg]

Sample CHOH CHsOH CHOOH GH;O0H
Reference <5 <5 <0.1 <0.1
Reaction water 6 <5 4.4 1.7

ELG40 CQ204
(12-04-2012)
Reflux  water| 260 55 4.5 224
ELG50 CQ203
(12-04-2012)

Reaction water 12 <5 2.9 1.0
ELG40 CQ204
(25-04-2012)
Reflux water| 474 30 0.3 0.8
ELG50 CQ203
(25-04-2012)

Generally, the repeatability is poor (which maydxplained by the way the samples
are taken). During the test programme a methoddesasloped using CHconcentra-
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tions measured by the GC as indicator for carbadmétion/Fischer-Tropsch reaction
and the offline water measurements were stopped.

The Sulfolane concentration of the waste water ftbm Syngas Total Feed Wash
Column (sampling point ELF21CQ201) was measured3atmg/l (18 and 19
December 2012).

3.3.2 Solvent CO , concentration (loading)

During the test programme, several samples wemntélom the solvent in order to
measure the COconcentration in the DEPEG (so-called loading),tl@s online
measurement was either not available or unreliéiiblecase of semi-lean and rich
loading, where flashing in the sampling system pnéed reliable measurements) or to
verify the online measurement (in case of the leading, which was derived via the
H,0:CG; response factor ratio).

Two attempts were made to set up a methodologyetasare the lean loading. In the
method developed by Intertek Polychemlab, firsebun' flow was submitted to the
bottom of the cylinder containing the DEPEG-&@0 mixture. The stripped GO
was led into three sequential bottles with potamssnydroxide. After the last bottle a
bottle with calcium chloride was placed. If any C®at was not trapped by the three
KOH bottles white deposits from the Cagformed would become visible. The potas-
sium hydroxide solutions were analyzed with hel@ dbtal carbon analyzer to calcu-
late the CQ@ concentration. Unfortunately, the measured comagahs were signifi-
cantly lower than the expected equilibrium concatigns, so it was decide to stop the
experiments.

ECN developed a two-step approach:

1. Perform saturation/stripping experiments in orgedétermine the maximum
amount of CQ (g/ml) that is dissolved in lean DEPEG (i.e. tenapare and
pressure in the8Flash Vessel). Stripping is performed by nitrogen.

2. Recover CQby means of Total Inorganic Carbon analysis. afitiattempts
were made to trap the G@eleased from the DEPEG in the desorption step
into a washing bottle filled with 200ml 0.1 M NaOM. appeared that the
trapping liquid did not capture all G@nd a significant amount bypassed the
liquid resulting in a poor recovery. Therefore trepping of the C@released
from the DEPEG was performed on an “Ascarite” salidorber column, that
is NaOH absorbed on a solid material. It was vedlifihat the COslip using
this column was negligible

* Nitrogen was tested as well, but performance veasatisfactory
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With this approach, the theoretical loading (edpiilim data) of C@Qin DEPEG is
experimentally confirmed. The capture of Od@sorbed from the DEPEG on an Asca-
rite column, followed by TIC analyses resulted ih0® + 2% recovery of CO

A next step would be to verify the approach usirgspurized samples as taken in the
pilot plant. The main concern during pressure iaea to prevent solvent carry-over
to the Ascarite column. Due to time constraintss #xact experimental lay-out, how-
ever, has not been tested at ECN. It also neebs teerified whether the method is
suitable to measure rich loading.
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4 Pilot plant operation

After introducing the mode of operation in 4.1, @arerview of plant statistics will be
presented in 4.2 together with a time line of esdrppening along the plant opera-
tion. An overview of plant modifications in term$ lwardware, control approach and
instrumentation is presented in 4.3. The resultplaht inspections and corrosion
measurements after plant shutdown is discussediifodlowed by the lessons learned
in the area of health, safety and environment (HSE)

4.1 Mode of operation

The plant was operated from the local control rdmyndedicated operating crew,
originally consisting of 5 operators and 1 O&M cdioiator. In the first period the
plant was operated 24/7 and continuously supervisedhe plant was generally fully
automated, the operating crew was relieved fromlémpnting simple control and
sequential actions and focus on more demandingtfiniag of the plant parameters as
well as on executing test runs. After the initiah¢tional testing period it was con-
firmed that the plant operates stable and doesatptire continuous control actions
from the operators for maintaining stable operatilime testing process requires how-
ever crew-member presence in order to monitor tadity of experiments. Especially
important were transition moments from one set{ptinanother requiring an edu-
cated judgement on whether a steady state waseaeadine time to reach a new
steady-state after some parameter change couldatéée hours, which allowed for
setting the experiment as the last action befaeentpht shift and collect results in the
morning. In addition, the syngas composition catiidnge during the test runs due to
change in load and fuel (coal type, biomass caogiri

After the initial period it was decided to chandge operating regime to fully auto-

matic with manned supervision during the work-dagly. Some small adjustments to
the supervisory control systems were implementedhortening start-up times and to
prevent excessive thermal stress on the catalysthge of an automatic trip. The
changes resulted in reducing the operating teath dperators and 1 O&M coordi-

nator. During night shifts and weekends the plaas Wwanded over to the WAC shift
for emergency supervision only. Additionally a rémaontrol access was realised to
allow the O&M coordinator to act upon undesiredragienal incidents happening in

those periods.

Some external factors also had impact on the dperaf the plant. In the beginning
of 2011 it was decided to shut down the Willem-Aleder IGCC Power Plant for
summer months as a reaction to the changing medketitions. During May through
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August the plant was undergoing scheduled maintmabue to the unavailability of

syngas, the pilot plant operation was also susgknde

4.2 Operational statistics

Table 4-1 and Figure 4-1 give an overview of thenpbperational statistics.

Table 4-1: Operational statistics

Total operating time: 5886 Hours
Total Syngas consumption: 6235 Ton
Total CQ production: 4478 Ton
Total electricity consumption: 9184 MWh
Number of starts: 39

Number of trips/shut downs: 16

Number of test runs: 61

Number of Lost Time Incidents in the lifetime og&tproject: | 0

—# $ # % -3 $ # %

Figure 4-1: Pilot plant operating hours
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The first CQ molecules were captured on 28 January 2011. Thawiag months
brought increasing trend of operating hours leadingtable operation in April 2011.
During this period the main issues with plant digbivere resolved and the problems
with the sampling and analyser system were invatgdy During the maintanance shut
down in May-August 2011 a number of improvementsl atorrections were
implemented (see Figure 4-2). The main focus was imstalling additional
instrumentation identified as desirable by the R&Bm but omitted during the initial
design. After resuming the operation in Septeml¥ri2a new test campaign was
initiated. Although the analyzers were availableré were still problems which will
be discussed later. One of the causes identifiedrelated to the sample supply line
tracing. New sampling tubes were ordered and ilestddter in this operating period.
In May 2012 the plant was again taken out of opmmatdue to the planned
maintanance stop of the WAC plant during the saermog. The time was used to
implement some more hardware changes and adjustrteenihe DCS control loops.
The plant was started for the last test campain@eptember 2012 and operation
stopped March 20 2013.
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5/2011 - 9/2011

12/2011 - 4/2012

8/2012 - 3/2013
Plant operation issues:

. - 42 «  Earth fault ELF20AC010 stage 3
5/2010 - 1/2011 Maintanance shut-down: Plant operation issues: « Sample taken from ELG30BHO010
Plant operation issues: * Replacing level transmiters * Maintenance analyzers Siemens/ Imtech «  Maintenance Analyzers Imtech/Siemens
* Proces Modules Mechanical Completion * Repare Oil leakage ELJ10ANO10 * Pre-sample cabinets valves overhauled «  ELJ10ANO10 commissioned Geveke
e Punch List Items / Final Documents * Recalibrate ELF20CL002 ABB e ESD Freelance power supply broken «  ELJ10ANO10 tripped on vibrations
e Commissioning * Placing N2 reducers Analyzers o Earth fault ELF20AC010 stage 3 o New rotors installed in the ELF50CQ201 analyzer
* Ready For Start-up (RFSU) * Sealleakage ELG40AP010 » ECN reactors shipped to ECN «  Exchange (re)distributer, feed pipe ELH10BD010
+ Start-up/ Initial Operation * dewatering line ELG60AN010 by Spie * Cooling water leakage, due to frost «  Sample taken from shift reactors
+ Total Plant Shut Down * Install ELF40AAQ50 control valve * Replacement pre-sample tubes * Exchange packing ELH10BD010
e Malfunction 3 barriers ELG60ANO10 * Replace ELG60AA301 by Sundyne e Membrane QEN10AA356 N2 to ELG60 broken o GRVS compressor broken
*  Modification ELF20AC010 dip pipe e Maintenance analyzers Imtech e ELH10 analyzer validated with 100% water « Replace old (re)distributor ELH10BD010
AN 2011/1/26 * Maintenance analyzers Siemens
( w First syngas intake A
’ N\
i 1 { | | | i ; \
! \ \ I [ \ P ! ! \ P \ !
712010 10/2010 1/2p11 4/2011 712011 10/2011 1/2p12 4/2012 712012 10/2012 1/2013
May 2010 Mar 2013
1/2011 - 5/2011 9/2011 - 12/2011 5/2012 - 8/2012
Plant operation issues: Plant operation issues: Maintanance shut-down:
* Modification ELF40AC010 e Thyristor fault ELF40AC010 » ELGA40AAOQ09 valve adjusted by Samson
* Safety valves recalibrated * Assemble new measurement equipment « reactionwater control loop adjusted
+ ELG40AC010 syngas leakage * New control valve ELF40 system * Maintenance Analyzers Siemens
* Modification Balance line ELF20-ELF40 * Maintenance snalyzers Itmech/Siemens * Programming DCS
e ELJ10ANO10 commissioning * Barriers ELG60ANO10 broken « Maintenance Analyzers Imtech
« DEPEG pollution analyzer e Test emergency stop pilot
* 1/0O module exchanged by ABB, * Imtech investigate temperature tracing tubes
+ Barriers ELG60ANO10 exchanged, * 5 new measurements ELH section
+ Oil leakage ELG60ANO10 * demi water line ELH section
* Incorrect software ELG60ANO10 * RelocationECN cabinet Spie
* Piston springs ELJ10ANO10 replaced * ELGB0ANO10 barriers replaced
* Check valves are not working +  New compressor control loop
* Maintenance analyzers, Imtech, Siemens * Siemens maintenance work Analyers
* Hydraulics test passed * Trip CO2 pilot in Night Shift no supervision
e Trip internal thermocouple ELF40AC010 * Frequency convertor ELF40ACO10 fails
e Leakage cooling water e Membrane broken ELG60ANO10
* Leakage O-rings in analyser hot cabinet * ELJ10ANO10 trip
¢ Check Demister ELH70AT010 for DEPEG pollution * Modification ELH10CQ202 analyzer
o Trip pilot HW fault ELF40AC010 + CB&l performance test executed
+ Condensation in hot streams ELF50CQ201 * Programming additional automation
o Hertel insulated the pre-sample cabinets
+ New compressor ELH20CQ204 placed
* Adjusted temperature HP tracing
+ ELF20ACO010 earth fault stage 1
* dP measurements reactor adapted
* Replace printing plate Siemens analyzer
Figure 4-2: Timeline
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4.3 Plant design and operational issues
4.3.1 Hardware

4.3.1.1 Syngas conditioning section (KKS sectionco  de: ELF)

The main troubles in operating the ELF section wemeountered in between two
vessels: ELF20 BB010 and ELF40 BB010. The initettep proved to be unstable in
operation due to variations in liquid levels andimas equipment design errors dis-
cussed below.

Equipment name} Syngas total feed humidifier
KKS code:| ELF20 AC010
Problem:| Outlet temperature of the syngas-water mixturessifficient
Plant trips due to electrical rod overheating.
Solution: | Install a dip pipe for creating a water level amaiersing
electrical rods in the liquid.
Disconnect a part of electrical rods.

Initially the heater ELF20 AC010 was designed tatteemixture of syngas and a fine
mist of liquid water in order to evaporate the detg However the liquid water
injection valve ELG40 AA050 did not function properresulting in uneven
vapour/liquid flow. The reason was that the reqlidéscharge pressure of ELG40
AP010 was not reached due to pump inefficiency.i#auhlly the orientation of the
baffles in the heater was mistakenly implementeatifontal plane instead of verti-
cal). As a result liquid water was flowing throutijie supply line to the heater accu-
mulating in the bottom and draining through theleiunhozzle. When trying to
vaporize the water by increasing the duty, the tamuil generated heat is evenly
distributed over the cross-sectional area of tleetet heater and not properly trans-
ferred to the liquid water. Consequently the geteerdneat will heat-up the (upper)
thermocouples of the electric heater to temperatat®mve the trip setting of 350 C.
Basically, the heating rods were designed for atuméof syngas and water with a
heat capacity higher than that of syngas alone.

In consultation with the equipment supplier a doluvas decided to change the prin-
ciple of operation to directly evaporating waterdsgating a liquid level and immers-
ing the electrical heating rods. Installing a dipep(see Figure 4-3) at the outlet nozzle
created a water level in the shell of the heatgpai of the heater’s electric rods were
immersed in the liquid and provided sufficient quitgnof energy to evaporate. The
remaining rods in the gas path were disconnectestd@ overheating.
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Figure 4-3: Dip pipe installed at the syngas total feed humidifier

The problems are due to the fact that the waterppumnjection valve and evaporator
were not engineered as a single package by a pewi@ndor. For the full-scale
plant, it is therefore recommended to engineerethiire package including control
(like for desuperheaters). An alternative approaohild be to implement the current
solution from the pilot plant (evaporate the wategwever the design of the gas-gas
heat exchangers as applied in the full-scale phalhtbe more complex for 2-phase
flows. A third option would be to abandon the amato of internal evaporation and
inject steam directly. In this way, the costs & tieat exchangers are avoided (capital
expenditures) at the expense of energy requirenjep&ational expenditures). So for
the full-scale plant it is recommended to studg thimore detalil.

Equipment name}: Syngas 1 Feed Reboiler
KKS code:| ELF40AC010
Problem:| The circulation function is disturbed by unexpectiéov
effects
Solution: | Modify the supply line

The functioning of the reboiler was tested withragen only and worked properly.
During initial operation with nitrogen and wateetplant tripped due to electrical rods
overheating although the desired temperature withsat reached. It was observed
that there was not enough liquid in the reboildteAinvestigation it was noticed that
the syngas supply line from ELF20 BB010 was coretetd the effluent line at the
bottom of the ELF40 BB010 vessel (see Figure 4-#a}ead of flowing to the ELF40
ACO010, the syngas was flowing to ELF40 BB010 (loyegssure drop), causing the
liquid circulation (thermo-siphon function) to biswirbed and even reversed. In effect
there was no sufficient supply of the liquid to tleboiler. The problem was resolved
by connecting the supply line ELF40 BR010 to th&mlnozzle of ELF40 AC010.
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Figure 4-4: Modifications of the ELF20-ELF40 syste m: a) modified supply
line to the Syngas 1 ' Feed Reboiler (ELF40AC010); b) So-called
“balance line”; c) Check valve ELF21 AA015

Equipment name} Balance line
KKS code:| Line between ELF20 BB010 and ELF40 BB010
Problem:| Pre-heating catalyst with dry nitrogen not possible
Solution: | Install additional balance line

During the start-up process the catalyst beds weepted with pure nitrogen. How-
ever since it passes two vessels ELF20 BB010 afe#t@&BB010 upstream, the nitro-
gen becomes saturated with water, which subsequemtidenses at the catalyst beds
in the CO shift reactors. The proposed solutiotoiseroute the nitrogen stream to
bypass the vessels and avoid saturating with wAtso-called “balancing line” was
installed (see Figure 4-4b).

Equipment name; Check valve
KKS code:| ELF21 AA015
Problem:| Minimum flow through the valve is not reached
Solution: | Remove the valve
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During initial plant operation it was found out thihe check valve ELF21 AA015 (see
Figure 4-4c) causes significant pressure drop asdlts in not reaching minimum
flow required. Therefore it was decided to remdwe\talve from the system. This is a
typical problem related to the scale of the pill@np, where proportions between the
required flow and flow resistance through due talsrdiameters are different that
those in a full-scale plant.

After implementing the above plant modificatione stability of the system improved
significantly, which can be seen in Figure 4-5.
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Figure 4-5:

Parameter stability before (above) and  after (below) implementing
plant modifications in the ELF20-ELF40 system
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4.3.1.2 CO shifting and condensate recovery section (KKS section code: ELG)

Equipment name; Parallel reactors
KKS code:| ELG11/12 BH010
Problem:| No reaction taking place
Solution: | Reduce heat losses

In order to allow for easy access to the catalgshes without opening the main
reactors, two small single-pellet-wide tubes loadeith various catalysts were
installed in parallel to first reactor. Initial apgion indicated however that the CO
shift reaction was never started in those parediattors. The reason was found in the
large heat loss along the gas supply line. Theedeaabinet containing the parallel
reactors was located far away from the main reactausing a long supply line,
which was not sufficiently traced. The diameteitlaf line was very small and there-
fore causing difficulties to apply electrical wigraround it. As a solution the cabinet
was relocated to reduce the supply line and theelier of the line was also increased.
Finally the electrical tracing applied was maintagnthe desired inlet temperature.

Equipment name 3 Shift Reactor
KKS code:| ELG30 BH010
Problem:| Inlet temperature not reached during start-up
Solution: | Insulate the cooler ELG30 AC010

During the initial start-up of the CO shift sectiavhich occurred in the winter period
the inlet temperature of thé&'3eactor was not reached and subsequently the @O sh
reaction was not started. The cause was the hestrlair cooler upstream the reactor
(ELG30 ACO010), where even with fully closed louvemne heat losses occurred. The
problem was solved with additional insulation apglaround the cooler. The problem
could have been easily avoided by installing a bgpime around the cooler.

4.3.1.3 CO, absorption section (KKS section code: ELH)

Equipment name}

Absorption section

KKS code:

ELH

Problem:

Control of water content in the solvent

Solution:

Direct Water injection

In order to control the water content of the sotyardehydration unit was included in
the original design. Potential liquid condensedthe CQ compression knockout
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drums downstream the*land 2° compression stage is routed to the dehydration
package. Here, entrained solvent is separated fin@rknockout drum water stream
and returned to thé%¥flash vessel. The water removed in the dehydrgiamkage is
then recycled to the water make-up drum. For séve@sons it was decided to
exclude this dehydration unit in a later stage (teeessity for this unit was debated as
it is not required in the Magnum plant and the giesif the dehydration unit was not
that straight-forward). Draining the content of tt@mpression knock-out drums or
sending the CO(with water) to the flare and varying the dutytbé& solvent heater
ELH30ACO010 were considered to be adequate stratégieontrol the water content.

In the first test campaign, 3 modes of operatiorevtested:
heater ELH30 ACO010 in operation and sending the (@th water) to the
flare, resulting in an equilibrium water content0o85 wt%.
heater ELH30 ACO010 out of operation and sendingGe (with water) to
the flare, resulting in an equilibrium water coriteh0.90 wt%.
heater ELH30 AC010 out of operation and recycling tontents of ELJ10
ATO050 back to ELH40 BB010, which resulted in watentents above 7 wt%
and still equilibrium was not achieved, resultingexcessive pressure drops in
the absorber.

Hence 2 stable points were achieved with watererusatthat are low in comparison to
the typical values applied in the Selexol proceEgaround 4-5 wi%. In order to
increase the plant flexibility it was decided toplement a water connection to the
lean solvent line allowing for adding a controlllaimount of water to the system.

4.3.1.4 CO, compression section (KKS section code: ELJ)

Equipment name; CO, compressor
KKS code:| ELJ10 AC010
Problem:| Deposits at the compressor parts downstream taecouler
Solution: | unknown

In December 2011, during maintenance activitiewas found that traces of some
unidentified substance (possibly DEPEG) deposite€6, compressor pistons in the
second stage downstream of the intercooler. Atterhgtthe equipment supplier to
identify and explain the cause of the problem wawe successful. If the traces are
indeed DEPEG the question remains why no traces feemd in the first compres-

sion stage. This issue needs to be investigatatbie detail for the design of the full-

scale plant.
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Figure 4-6: Deposition on the compressor components

4.3.2 Control system

4.3.2.1 Syngas conditioning section

System name ELF20-ELF40 system
Problem:| Unstable behaviour
Solution: | Adjusted control loop, valve replacement

As mentioned before the ELF20-ELF40 system wasabhstduring the initial start-up
of the plant. Proposed solution led to a numbenastiware modifications as already
described. There was also a need for control syat§ostments. It was found that the
reaction water injection valve (ELG40 AA050) waghily non-linear causing diffi-
culties in precise control leading to fluctuationghe water flow, which affected the
parameters in the shift section downstream. Theevalas replaced for a more suit-
able one and the control loop was reprogrammecb s reboiler control needed to
be reprogrammed.

The relevant control loops of the ELF and ELG sectre the following:
The ELF20 ACO010 heater duty is determined by th€3¥LCT002 tempera-
ture measurement. This control loop directly deteem the steam content of
the quench to reactor 2.
The water feed flow ELG40 CFO001 is determined by lgvels within the
ELF20 BB010.
The level of the ELF40 BB010 is controlled by trewe ELF40 AA050.
The syngas flow ELF20 CFOO1 results from the reattdeed flow (valve
position ELF50 AA050, flow measured by ELF50 CFO@hd the reactor 2
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quench flow (valve position ELF31 AA050, flow meast by ELF31
CF001).

The quench flow ELF31 CFO01 is determined by thenghed syngas
temperature ELG20 CT0O03.

The ELF40 ACO010 heater duty is determined by compgathe measured
reactor 1 feed flow ELF50 CFO01 with its calculatedue. The calculation of
this value is schematically represented in Figui® Zhe calculated ELF50
CFO001 SP is the difference between the feed fldveymmgas and water on the
one hand and the quench flow, water drain and ee&cbypass flow on the
other hand. All flows are measured, except forwiager feed flow, which is
calculated based on the syngas feed flow ELF20 CR@@d the ratio setpoint.
The ratio setpoint is the mass ratio of water owyngas entering
ELF20BB010. Within this control structure, correctiparameters can be set
for fine-tuning of the heater duty.

Setpoint _|ELF50AA050 ELF20CF001 | 1096 241 24
Ratio | 1.2 ELG40CF001 | 1315 | + =

1

Reboiler 42 %
Vermogen

—_
ELF50CFO001

ELF31CF001 1034
ELF32CF001 1
ELF51CF001 49

Verschuiving SP regelaar 0.94

Figure 4-7: Control structure of ELF40 AC010

ELF31
A4050

— CFO0l ELF30
CFO01

ELF32 ELF30

— CFo01 AAD50

EL&40 777,
CFO01 ELF20

ELF20
CFoal

ELG40
44050

Figure 4-8: ELF20-ELF40 system

The above-mentioned changes resulted in the imgdrstability as seen in the trends
in Figure 4-9.

Page 40 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

Figure 4-9: Improvement in level stability of ELF20  -ELF40 system; the initial
state with visible instabilities in the signal tren ds (above) and the
state after the modifications, showing clear improv ements in
signal stability (below).

System name|; ELF section
Problem:| Temperature excursions iff ieactor upon trip

Solution: | Ensure that syngas is shut-off when reboiler (arewsupply)
trips.

A trip of the pilot occurred on March 3, 2011, réislg in a temperature excursion of
reactor 1 to values well above 600°C, while operatif reactor 2 and reactor 3 was
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not compromised. This occurred at a time on strebatout 450 hr. The resulting bed
temperatures in time and the evolution of the ateahperature profiles in time are
represented in Figure 4-10 and Figure 4-11, resmdgt The trip consisted in a
failure of the ELF40 heater, while the syngas fiéed was not stopped directly. This
caused the steam content of the reactor 1 feednbpdrarily drop, causing a large
increase in the adiabatic temperature rise withénreactor.

Figure 4-10:  The reactor 1 bed temperatures in time  during the trip

Figure 4-11: The reactor 1 axial temperature profil  es for different times during
the trip
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In Figure 4-11 it is observed that the high temperis already reached for the front
part of the bed. As this temperature increase lgabeough the reactor it broadens
and probably the peak temperature decreases duioggh the bed. For the front part
of the bed, therefore the peak temperature wasehkighut travelled fastest (catalyst
was exposed to >600°C for a few minutes), while dbenstream part experienced
the lowest peak temperature but for a longer peftatalyst was exposed to >600°C
for 15 minutes).

To avoid such temperature excursions, it is esslettdi ensure that when the water
supply is stopped (e.g. by tripping the reboilér syngas flow is shut-off immedi-

ately. Fortunately, it can be concluded from tHatiee activity calculations that the

reactor 1 catalyst activity did not suffer noticgafsom the observed large tempera-
ture excursion. Possibly, the exposure time waBcgeritly short not to have caused
excessive sintering or reduction of the catalyst.

4.3.2.2 CO shifting and condensate recovery section

System name; Syngas compressor

Problem:| DEPEG found upstream of the absorber, no stabléaioof
the absorber pressure
Solution: | Adjust control loop of ELG60AN010

By inspection of the mechanical filter upstreanthaf CQ absorber it was found that

some DEPEG was carried over with thertdh gas and trapped in the filter. Problem
investigation indicated that during the plant stast when there was no sufficient
pressure in the absorber, the syngas compresstnadie valve was opening too
quickly. The large quantity of syngas rapidly eimgrthe absorber was blowing the
solvent away.

A solution included an adjusted start-up procedmnghich the discharge valve of the
compressor ELG60 ANO01O is initially shut-off ane tanti-surge recycle valve is fully

opened in order to circulate the gas and ramp d¢ingpcessor up. After reaching the
operating point the discharge valve is being sloapened introducing the shifted

syngas to the absorber.
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Figure 4-12:  Syngas compressor ELG60 ANO010 control loop; initial set-up
(above) and the state after the modifications (belo  w)

The overall control loop of the ELG60 AN010 compm@swas complex and difficult
to manage (see Figure 4-12). It included a castelfor the discharge valve con-
trol. On one side the compressor discharge wagsaltatt based on the suction pres-
sure but additionally based on the pressure diffsrebetween discharge and suction
sides. Besides the regular control loop an antiesuoop is installed acting on the
recycle valve ELG60 AA051 based on flow measureriti®60 CFO01A located on
the suction line. It was decided to simplify théia control approach. Therefore the
compressor discharge valves became directly céedirbbased on the suction pressure.

Additionally the valve ELH80 AA050 setting the flotw the CQ absorber was con-
trolled manually. Due to long reaction time adjogtihe flow was very laborious and
time consuming. The research objectives requiredsttifted syngas flow to be con-
trolled in a stable manner. Therefore, the valvéi80 AA050 was automated allow-
ing for fine adjustments of the flow in a stablermer.
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4.3.2.3 CO, absorption section

System name|; Solvent loop
Problem:| Difficulties with the plant start-up
Solution: | Pressurize ELH20 and ELH30 vessels with syngas

During the plant start-up not enough £® absorbed and flashed to create the pres-
sure in the flash vessels required to enable sblsieculation. Initially this problem
was solved by pressurizing the first and the sedtash vessels with nitrogen using
flexible hoses. Later the absorption system wassgurésed directly by opening the
syngas supply valve enabling solvent circulation.

System name} Solvent loop
Problem:| Instable behaviour of ELH20 BB010
Solution: | Level control of ELH30 BB010

In the original design the level of the second (BDHBB010) and the third flash ves-
sels were controlled and the level of the firssllaessel (ELH20 BB010) was result-
ing. Consequently the level in ELH20 BB010 (andalse pressure) was fluctuating
strongly. The control approach was converted shelh the ELH20 BB010 level is
controlled instead of the ELH30 level. ELH20 BBOiK)a vertical vessel with the
level changing more with a comparable volume difiitiq As a consequence even the
smaller variation, previously fitting in the deadnridl of controller tolerance, is acted
upon by the control system and the respective vaghemings are adjusted accordingly
leading to less hectic operation.

4.3.3 Instrumentation

During the test programme, it was found out thaessd measurements (see below)
could only be monitored locally and not very predigot available through the PGIM
system), which complicated the (analysis) of theeexnental data. This was changed
in the first plant shutdown:
pressure transmitters in the Syngas Conditionirggi&e
0 ELF40 CP001 - Feed Splitting Vessel pressure EIBR010
0 ELF40 CP002 — Humidifier KO Drum pressure ELF40 BRBO
0 ELF50 CP0O0l1 — Inlet pressure parallel reactors geqo ELG10
BHO010 inlet pressure).
Pressure transmitters in the CO Shift Section: HLG#®003, ELG60 CF006,
ELG60 CPO007.
Pressure transmitters in the Condensate RecovertjoBe ELG40 CP003,
ELG60 CF006, ELG60 CP007.
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Pressure transmitters in the £@8bsorption section: ELH10 CP003, ELH40
CPOO1.
Internal thermocouples in electric heaters: ELFa®a AC010.

Some measurements were added on request of ttezateseam to enable more pre-
cise measurements/analysis among which:
Mass flow meter on the syngas inlet to the absqiszam ELG60 BR030)
Pressure measurement ELH10 CP0O03 in the @ldorber shifted syngas
supply line

It is recommended to assess the system degreesenfom in order to define suffi-
cient number of instrumentation, as well as theliregq accuracy of the instrumenta-
tion, based on the requirements of the system ra@beth steady-state and dynamic).

4.3.4 Analyzers

Throughout the test programme, the analyzer angblgagnconditioning system was a

permanent point of concern. A general lesson lehiei¢hat a clear verification and

calibration protocol needs to be developed in otdetefine the frequency of inspec-
tion, procedure and at what deviation the analgpecialists need to re-calibrate the
analyzer. Below, a summary of problems specificefach analyzer is given.

ELF50 CQ201 (Gas chromatograph for syngas streams)

After commissioning, it appeared that the watercemrtration in the streams with high
water content showed a large variation (more tloaridcbe explained by process pres-
sure and temperature fluctuations) and in somarsisethe water concentration was
also much lower in comparison to the heat and rbatance (resulting in too high

concentrations of CO, G@nd H). Investigation into the sampling conditioning sec
tion made clear that the specified temperature® wet achieved. First, the bottle-
necks were identified and resolved by changingguresand temperature (tracing &
insulation). At some moment, it was clear that specified temperatures in the low-
pressure tubes could not be reached and thesere@aeed. Although the water con-
centration appeared more stable, a detailed asadygilained below indicates conden-
sation, although reduced, still occurs. Althougle thpecified temperatures were
reached, cold spots are very difficult to avoideeafing the quality of the measure-
ments. Therefore, in any future application it éeammended to remove the water,
analyse the dry gas and calculate the wet gas csitiggofrom the mass balance.

In Figure 4-13 the concentration difference betwéelet and outlet based on
measuredwet compositions are compared ¢alculated wet compositions derived
from dry gas measurement. For the WGS reactioe, fililowing reaction

stoichiometry holds:
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- DF, =- DR, = D, =-DF,,
- DXCO,wet =- DXHZO,wet = DXCOZ,wet =- DXHz,wet

It is observed that the directly measured wet casitjpm gives a significant spread in
the concentration difference for both reactors,levttie values based on the dry gas
components are much more in agreement. Therefoeedty gas measurements are
used for analysis of the WGS performance.

measured

s DH20 meas

Figure 4-13: Reactor 1 CO, Hy0, - CO, and - H, for directly measured
values (top) and the calculated values based on the measured
dry gas components (bottom)

Apart form the sampling conditioning, several issweecurred with the analyzers
themselves. In the beginning of the test programmsignificant variation existed
among the sum of all components among the 10 strdaome added up close to
100% and some below 90%). Also reactor 2 outlet nedisalways identical to reactor
3 inlet (should give the same values as it is #mesgas), and certain peaks (CGOH
CH,) suddenly disappeared (measurement in PGIM irgticaero). Afters several
service visits by Siemens, during which regularntemiance was performed, leaking
injection valves were replaced and the analyzer rgasalibrated, results improved
(which is confirmed by the high accuracy of the anddalances). Nevertheless, some
streams still did not add up to 99-100%, which adicm to Siemens may be caused
by the difference between process gas and cabbratoncentrations (see Figure
4-14). For the analysis of the ¢@bsorber, it is essential to prevent contamination
the column by entrained DEPEG in the gas samples.
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Figure 4-14:  Process gas concentrations versus cali bration gas for ELF50
CQ201 analyzer.

ELF10 CQ202 (Gas chromatograph for solvent streams)

Unfortunately, the GC was unable to measure the &@ HO concentration in the
semi-lean (in between the packed beds) and rickofabr outlet) solvent. The flow
through the analyzer was unstable, which is mastyidue to flashing of the GO
upon a pressure reduction in the analyzer systdthodgh the specified temperatures
for the coolers were reached, this problem couldbeocavoided. Also reallocation of
the sample shutoff valves did not solve the problkemvas decided to accept this flaw,
as the rich solvent measurements were not esséortible model validation.

ELF20 CQ204 (Gas chromatograph for CQ streams)

Relatively few problems occurred with this GC asalg only 4 streams with com-
parable concentrations. Small interruptions in #a8/COS detector occurred, which
were resolved quickly.

4.4 Corrosion

Monitoring of corrosion rates will give more insigin the corrosiveness of the
process media and the solvents used. Generallynplete picture with respect to the
corrosiveness of a system is obtained by combittiegresults of (CB&l Lummus,
2008b):
- Corrosion probes. The pilot plant is equipped witlprobes, mainly in the
absorption section. The probe itself is made dhkss steel. The measuring
element on top of the probe is made of carbon stegérial. In the probe a
reference element is installed. By measuring thiéerénce in electrical
resistance between the two elements the corroatercan be determined.
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Direct (wall thickness) measurements (ultrasongtirtg). This is applied at
several locations (piping and reactors) in July @ONovember 2011,
September 2012 and March 2013.

Analysis of produced fluids

Analysis of the operating conditions

One of the main corrosion mechanisms that couldioitcthe pilot plant is wet CO
corrosion. In an aqueous phase containing, @@ CQ will react with unalloyed and
low-alloyed steels releasing hydrogen in the precHsthe environment contains no
free water, then there is no risk of £€drrosion. In gas piping, there may be a risk of
condensation of water if the temperature of the tinops below the water dew point.
Therefore, most piping is insulated and/or traéedthermore, it should be sloped and
without pockets to minimize corrosion. Most equipmiping and tubing susceptible
to wet CQ corrosion are made of stainless steel (SS304(193816(L)), which are
completely resistant against €€brrosion.

4.4.1 Syngas conditioning section

A probe is installed at the overhead of ELF10 BDO8¥ngas total feed wash
column), the results of which are given in Figuré5t In the operating time (6000
hours) the total material loss is 0.128 mm (of Wwhapproximately 50 pum is lost
during downtime), which is below the expected 00@%/yr as specified in the mate-
rial selection report (CB&l Lummus, 2008b). Thegenio sound explanation for this
since the operators preserved the line with nitmodie addition, ultrasonic measure-
ments were performed at the point where,@@s injected and some potential cold-
spots. No C@corrosion has been detected around the injectiant.pLittle corrosion
(approximately 0.2 mm) has been detected on pessidtl spot points/drains.

ELF20CQ501
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1-3-2013 l:
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Figure 4-15:  Results corrosion probes overhead of E  LF10 BDO010 (Syngas
total feed wash column)
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4.4.2 WGS section

The material of construction for the reactors BbZr-1Mo (ASTM A335 GR P22), as
this material is resistant to high temperature bgdn attack In several locations the
wall thickness was measured on the 27th of March32®or the I shift reactor
(ELG10 BH010), a difference in wall thickness dd Zam in a horizontal cross section
was noticed on locations North and South in theelowart of the reactor. This
measurement was only done once, so a trend cabenobserved. The original wall
thickness was 38.1 mm. A minimum wall thickness wassured in the lower part of
the reactor of 36.8 mm. A maximum wall thickness36f4 mm was measured in the
top section of the reactor. The deviation in waitkness is within the tolerance of the
pipe, however this deviation is quite unusual. Aosel wall thickness measurement
was done to exclude a measurement error. The salnesvfor the wall thickness
were found. To exclude corrosion as a failure madeendoscopic inspection was
performed at the location were also the differemcevall thickness was measured.
This inspection did not show any sign of corrogfsee Figure 4-16). The conclusion
is that the difference in wall thickness can belaxed by the tolerances that apply
for fabrication of this pipe. For thé“2shift reactor (ELG20 BH010) a similar devia-
tion in wall thickness was found and the same Hygsis applies as for thé' $hift
reactor.

weld pipe/ pipe-cap pipe at elevation +4500

® In the material selection report, 1Cr-%2Mo or 14€o is recommended (or 2%Cr-1Mo if
more economic) for Hpartial pressures up to 11 bar and operating testyres up to 520°C.
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inlet flange outlet flange

Figure 4-16:  Endoscopic inspection 1 * shift reactor (ELG10 BD010)

4.4.3 CO, absorption section

DEPEG will protect the surface of piping and equiminand wet C@corrosion will
be strongly reduced. Therefore carbon steel witim8corrosion allowance is selected
for wet DEPEG piping and equipment. If not a comtns DEPEG film is formed
(e.g. for equipment top sections and top outleingipr flashing conditions), stainless
steel is applied. Probes are installed at the @asttof ELH10 BD010 (absorber) and
ELH70 AT010 (H rich gas separator), bottom outlet of ELH10 BDOELH70
AT010 and ELH20 BB010 (iFlash Vessel). The results indicate that corrosites
at the bottom outlets are 2-Bn in 6000 hours operation. As can be seen fromr€igu
4-17, the overhead of ELH10 BD010 and ELH70 ATOhOves somewhat higher
corrosion rates (23-37m in 6000 hours operation), the majority of whidttarred
during the 2012 downtime (as the top absorber coatde preserved with nitrogen).
Note that this is below the expected corrosion odt8.3 mm/yr as specified in the
material selection report (CB&l Lummus, 2008b). eThltrasonic measurements of
carbon steel piping in the absorption section iatdicyo corrosion, with the exception
of ELH30 BR010 (measuring point is just downstrethin probe located in the outlet
of ELH20 BB010 (¥ Flash Vessel). The measurement shows a reductiomtonm
has taken place (but the probe did not show any signaterial loss). The reduction
in wall thickness might be explained by the faett ttinis measuring point was not fully
covered with DEPEG.
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Figure 4-17: Results corrosion probes overhead of E  LH10 BD010 (CO,
absorber) and ELH70 AT010 (H , rich gas separator)

In conclusion, the corrosion rate for carbon spegts in the C@absorption section of
the pilot plant is very low as long as the walc®vered with DEPEG. Carbon steel
with 3 mm corrosion allowance can be selected. Ghoeld be taken for a good con-
servation during shutdown.

4.5 Health, safety and environment (HSE)

In this section, some specific HSE risks and evesigged to the chemical components
used in the process will be highlighted. For theegal HSE approach during the pilot
plant engineering and design, the reader is reféoéhe HSE philosophy for the GO
Catch-up pilot plant (CB&! Lummus, 2008c).

Throughout the plant no large volumes of flammaids are present. Therefore the
fire hazards within this plant are low. However,detect CO (toxic and flammable),
CO, (asphyxiation) and H(flammable) in an early state of release, detsciall be
installed at locations the specific gas is the megonponent.
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The solvent used to capture ¢@5enosorb 1753 (or DEPEG) is a low-viscous,
colourless to yellowish liquid. It has a flash pofi 137°C. As the solvent is used at
40°C, the fire risk is low. Genosorb 1753 has dHigiling point/low vapour pressure
and therefore solvent losses to the environmenthgatreated gas are minimal. No
spills occurred during operation.

The catalyst applied in the WGS section is a coppamoted iron/chromium catalyst.
After the final plant shut down, the catalyst ne¢dsbe oxidized in a controlled
manner to avoid that the catalyst will heat up migininloading (as the oxidation is an
exothermic process). During oxidation, some amafnthe Cr(lll) present in the
catalyst will be transferred into Cr(VI), which iscognized as a human carcinogen.
This means that workers should wear proper prateaear in order to avoid getting
in contact with the catalyst pellets and to intatalyst dust.

The normal procedure prescribed by Haldor Tops#® fiirge the catalyst with steam
until the temperature is 200-250°C, after which airlow is gradually increased and
controlled such that the catalyst temperature dotexceed 300°C. For operational
reasons and the fact that catalyst sampling wampth(which could contain traces of
carbides that may be removed by steam), it wasddddio perform the oxidation in
nitrogen. When adding air, the observed exotherneactor 1 and 2 was much higher
than the recommended temperature rise of 50°C. @kteption of the top later, the
catalyst at the centre of the bed has been expgogetperatures (peaks) between 600
and 800°C. These high temperatures are causedebjath that nitrogen was used
instead of steam (the heat capacity of nitrogeiovger than steam) and that the air-
flow (which could not be measured) was too high.
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5 Mass balances and pilot plant perform-
ance

5.1 Reference state

This section presents the mass balances of thé¢ glaeference state. These condi-
tions are close the original design point; smaliakons are explained by plant
operation considerations. For the mass balanceehed 04.04.2012 15:00 — 22:00
has been selected. In Figure 5-1 the boundary tonsliat the inlet of the pilot plant
are shown (flow rate and composition). It can bensihat stationary operating condi-
tions have been reached for the entire time pefirdy the CQ and CH concentra-
tions show a slight drift which has been considensignificant for the overall mass
balance evaluation during this period. The CO cotragion and the syngas flow rate
show very low fluctuations in the range of only 2%ring the entire period. The
levels within the pilot plant vessels show onlyiditfluctuations below 5%. Therefore,
stationary operating conditions can be assumed.

Figure 5-1: Syngas flow and composition during observed time pied (04-04-
2012 15:00-22:00)

5.2 Scope and methodology

In addition to the overall mass balance, mass bakmf the syngas conditioning,
WGS shift and condensate recovery and @isorption section have been performed.
These mass balances per section are needed foraligation of the respective
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models. The purpose was to check the quality ®fr#w measurement data from the
plant and to see if it can be used for model vébda A deviation in the mass
balances at steady-state conditions would indittetgoresence of measurement errors.
A simplified process flow-sheet including the difat balance regions is shown in
Figure 5-2.

Overall balance region

‘

i Syngas conditioning i CO shiftand

| i condensate recovery
i

Raw syngas %L> .

Compressor loss

Regeneration CO, product

Absorption

Water purge

H-rich gas

Figure 5-2: Simplified process flow sheet with bala  nce regions

In a first step, the mass balances have been ¢edluaing the raw measurement data
which still contains random and probably systematieasurement errors. The
balances on the raw measurement data have beemmpedf using the mass flow and
concentration measurements from the PGIM systersdlacted time periods. In most
cases, the mass flow measurements in PGIM are givieg'h while they are actually
measured in m3/h. The kg/h value is then calculas#dg a fixed density (conversion
factors are given in (Kaptein, 2011)). In ordeus realistic mass flow measurement
data, the actual density calculated from measucgttentrations has to be used to
back-calculate the mass flow from volume flow meemsents. For the raw concen-
tration data, which are given in vol% or ppm, tlhensation correlation is not ful-
filled in most cases. Therefore the concentrati@asurement data has been normal-
ized to fulfil the summation correlation for thdaaation of density data.

After the evaluation of the mass balances basedasnmeasurement data, a data
reconciliation approach has been applied in ordedentify measurement errors and
improve the quality of the measurement data. Tleguiure aims at closing the mass

Page 55 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

and component balances around a selected balagmmn.rd-or the concentration
measurements, elementary molar balances have beep sidditionally as boundary
conditions as the process involves chemical reastithanging the composition of the
in- and outgoing streams. With the data recon@lprocedure, the raw measure-
ment data are adjusted in order to fulfil the siediequation system (balance equa-
tions). A detailed description of the data recdatidn procedure is given in (Faber,
2012b). It has to be mentioned that the data relathan procedure used in this
investigation does not contain any physical orrtieynamic correlations of the vari-
ables except mass and elementary balances aroeitdigmnce region and summation
equation for the individual concentration measunetsieTherefore the result of this
data reconciliation may not provide physically miegful results (e.g. water concen-
tration still may be larger than saturation concaian at given pressure and tem-
perature). The purpose of the applied proceduretwvasst if a simple data reconcilia-
tion procedure could improve the accuracy andlviiig of the raw measurement data
without having to use the full process model. Tfaee the limitations of this
approach have to be taken into account when anglytbie results. A rigorous data
reconciliation procedure using the entire procesdehhas been applied in the model
validation procedure (see 7.3.1.2).

5.3 Mass balances

First the overall mass balance of the entire gilaht has been evaluated (see Figure
5-2 blue balance region). The in-going streamglageraw syngas (stream 1) and the
make-up water (stream 9). The out-going streamsharée}-rich gas after the absorber
(stream 12), the CQproduct (stream 13), water purge at various looatistreams 2,

4 and 10) and a small off-gas from the recoveryiae¢stream 8).

Additionally, the mass balances have been evaluatedifferent sub-sections of the
plant. In the syngas conditioning section (red hedaregion), the ingoing streams are
the raw syngas after the washing column (streamn8)the recycled reaction water
from the recovery section (stream 7). The outgaitngams are the syngas bypass to
2" and 3 reactor as well as the syngas to tesHift reactor (combined in stream 5)
and the wastewater (stream 4).

In the CO shift and condensate recovery sectiogefgbalance region), the in-going
streams are the syngas to the shift reactors fstBaand the make-up water (stream
9). The out-going streams are the shifted syng#set@€Q absorption unit (stream 11)
which is not density-corrected as this measurerseatcoriolis mass flow measure-
ment, the reaction water (stream 7), the wastewstieeam 10) and the washing water
(stream 6).

In the absorption section (purple balance regi¢im@, only in-going stream is the
shifted syngas (stream 11). The out-going streamshe H-rich gas (stream 12) and
the CQ product (stream 13).
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Additionally, for all balance regions the changedold-up measurements during the
entire time period have been accounted for. It khdwe noted that the flow sheet
given in Figure 5-2 is very simplified and does mepresent all process streams
involved. Some streams have been merged and ihf@mmeess streams are omitted.
For a description of the entire process flow slseet2.3.

Table 5-1: Results mass balances for different bala  nce regions
Balance region Mass flow in| Mass flow out | Relative dif-
[kg/h] [kg/h] ference [%0]
Overall 1722.67 1724.64 0.11
Syngas conditioning 2192.95 2238.03 2.06
Dry (non-normalized 1113.61 1037.38 6.85
Wet (non-normalized 1079.33 1200.40 11.22
Dry (normalized) 1103.92 1117.51 1.2
Wet (normalized 1087.36 1120.10 3.0
CO shift and condensate 2812.23 2701.28 3.95
recovery
CO, Absorption 1595.78 1660.07 4.03
Water balance 5.53 18.56 235

From Table 5-1 it can be seen that the overall nmadance as well as the mass
balances for the individual plant sections closg veell. For the overall mass balance
the relative deviation between input and outputnly 0.11%, which is significantly
below the measurement accuracy of the individuaisueement devices. Also for the
sub-sections the mass balances close well.

During the pilot plant test program, it has beeseasbed that the water concentration
measurements were error-prone and therefore the badance has been investigated
for the dry syngas and the water separately foresbatance regions. In Table 5-1 the
results of this investigation is shown for the smgonditioning section and the €O
absorption section. In the syngas conditioningisectthe raw dry mass balance is
clearly more accurate than the wet balance. Thatlens can already be significantly
reduced when using normalized concentration dat ftiifils the summation equa-
tion.

The large deviation in the water balance for theogition section (235%) can be
explained by the fact that the water mass flowthi section are very small and there-
fore measurement errors for the water concentrdiias a large effect on relative
errors. Especially the water concentration measenerof the CQ product stream
after the &' flash vessel (stream 13) seems to be too high.eMery as the absolute
water concentration in this stream is very low (33%d this value has no significant
impact on the overall process efficiency and theleh@alidation this was considered
not to be a major issue.
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5.4 Pilot plant performance

The main performance parameters of the plant a&efiiciencies for converting CO
into CQ, in the shift section and the G@bsorption efficiency in the absorption sec-
tion as these determine the overall carbon cagffficency of the plant.

Different approaches can be used to calculate de@hversion efficiency. Some of
these approaches are model-based (e.g. adiabatetature rise) and some of them
can be applied to the raw measurement data. Howeseause the wet gas analysis of
the syngas composition in the shift section wasreldble as explained in 4.3.4, the
dry gas analysis is used to calculate the CO caioreefficiency according the equa-
tion below.

n out
XCO,dry - XCO,dry

- 5-1
in out
XCO,dry ><1 + XCO,dry)

The CQ absorption efficiency can be calculated in two svay

Using the C@ molar flow of the shifted syngas (input) and th@,@roduct
(output):

(mCOZ,in - n"'Coz,out)
rT.'COZ,in

1-

Using the CQ@ molar flow of the shifted syngas (input) and thgridh gas
(output):

(mCOZ,in - mCOZ,out)
mcoz,in

The overall plant carbon capture efficiency canchiulated based on the CO and
CO, molar flows of the raw syngas (input) and the,@educt (output):

((mcoz,in + rT.'C:O,in )_ (mcoz,out + mCO,out ))
(mcoz,in + mCO,in)

1-
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5.4.1 CO conversion efficiency

In Table 5-2 the performance of the WGS sectiomiating to the CB&I and Haldor
Topsge calculations are compared to the actudl géot operation in reference state.
Besides the CO conversions per reactor (Xco), thgrpssive conversions per reactor
( Xco, Ri) and the cumulative progressive conversipnXco) are calculated. The
progressive conversion is related to the total amhofl CO fed to the pilot. The pro-
gressive conversion per reactor is the contributivabsolute terms of the specific
reactor to the cumulative progressive conversion.

In the Haldor Topsge calculations, all reactorsamsumed to reach thermodynamic
equilibrium, while the CB&I calculations assume @°Q approach to equilibrium
(ATE) for each reactor. Both calculations reach2ed9% overall conversion for the
entire WGS section. Similar overall CO conversians measured in the pilot, i.e.
92.7% and 92.6% for the two reference state omeraitipoints. However, the test runs
indicate that the reactor 3 catalyst activity isufficient (see 6.2.3), so a lower C
conversion would be expected. Comparing the pifmration with the simulations
leads to the conclusion that in the pilot operattom better than expected overall per-
formance is due to a higher split flow of the symgaing towards reactor 1. In addi-
tion, the steam content of the pilot is slightlygler. The insufficient reactor 3 activity
is thus compensated mainly by the improved redctuperation (van Dijk, 2012c).

Table 5-2: CO conversion efficiency
Reactor 1 Reactor 2 Reactor 3
in out in out in out
CBé&l T °C 340 488 340 486 340 366
ATE °C 20 20 20
H, Yowet 7.7 2251 20.03] 34.23] 34.23| 36.78
N, Yowet 1.48 1.48 2.42 2.42 2.42 2.42
Cco Yowet 16.02 1.27 18.81 4.61 4.61 2.06
CGo, Yowet 0.63 15.38 8.38 2258 2258 2513
Ar Y%wet 0.29 0.29 0.47 0.47 0.47 0.47
H,O Yowet 73.83 59.08/ 49.88| 35.68| 35.68| 33.13
S/CO= mol.moH 4.61 2.65 16.07
Flow= kmol.h-1|  68.53 137.43 137.43
Xco % 92.1% 75.5% 55.3%
Xco, Ri | % 28.1% 54.3% 9.7%
Xco % 28.1% 82.4% 92.1%
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Haldor T °C 34(Q 488 340 490 340 365
Topsge ATE °C 0 0 0
H, Y%wet 7.74 22.64| 20.09| 34.65/ 34.65 37.01
N, Y%wet 1.48 1.48 242 2.42 242 242
Cco %wet 15.9¢4 1.09| 18.76 4.19 4.19 1.83
Co, %wet 0.62 15.52 8.44| 23.00{ 23.00 25.36
Ar Y%wet 0.29 0.29 0.47 0.47 0.47 0.47
H,O Y%wet 73.84 58.98| 49.82| 35.26| 35.26] 32.90
S/CO= mol.mol- 4.62 2.66 8.42
Flow= kmol.h-1|  61.90 124.33 124.33
Xco % 93.2% 77.7% 56.3%
Xco, Ri | % 28.3% 55.7% 9.0%
Xco % 28.3% 84.0% 93.0%
Buggenum| T °C 334 486 338 470 336 346
Ref point | ATE °C
10 H Y%wet 7.81 23.11| 20.45| 33.54] 3354 34.80
N, Y%wet 1.87 1.87 2.82 2.82 2.82 2.82
Cco Y%wet 16.42 1.12f 16.20 311 3.11 1.84
CGo, Y%wet 0.70 16.00 9.70| 22.78| 22.78| 24.05
Ar Y%wet 0.25 0.25 0.38 0.38 0.38 0.38
H,O %wet 7294 57.64| 5046 37.37| 37.37| 36.10
S/CO= mol.mol- 4.44 3.12 12.03
Flow= kmol.h-1|  59.24 104.76 104.76
Xco % 93.2% 80.8% 40.7%
Xco, Ri | % 34.9% 52.7% 5.1%
Xco % 34.9% 87.6% 92.7%
Buggenum T °C 334 484 340 467 334 345
Ref point | ATE °C
11 H Y%wet 7.86 23.10 20.43| 33.29] 33.29] 3450
N, Y%wet 1.90 1.90 2.85 2.85 2.85 2.85
Cco Y%wet 16.34 1.11f 15.82 2.96 2.96 1.75
CGo, Y%wet 0.78 16.02 9.83| 22.68| 22.68| 23.89
Ar Y%wet 0.22 0.22 0.33 0.33 0.33 0.33
H,O %wet 72.89 57.65| 50.74| 37.89] 37.89] 36.68
S/CO= mol.mol- 4.44 3.21 12.78
Flow= kmol.h-1|  61.31 108.39 108.39
Xco % 93.2% 81.3% 40.8%
Xco, Ri | % 35.2% 52.4% 4.9%
Xco % 35.2% 87.6% 92.6%
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5.4.2 CO, absorption efficiency

Table 5-3 shows the G@bsorption efficiency during reference state dated using
raw measurement data. Using the reconciled valoiethé flow rates and GGron-
centrations the CQabsorption efficiencies are 88.91 and 86.45% basethe CQ
stream and Hrich stream, respectively. It was concluded that €Q measurement
in the H-rich stream is generally more reliable as it isasmwed with the same
analyser as the shifted syngas and therefore nooigstent data can be expected.

Table 5-3: CO , absorption efficiency
Shifted syngas| CO, product | H,-rich gas (out)
(in) (out)
Flow rate [kg/h] 1595.78 1200.1 455.11
CO, concentration [vol% wet] 0.3604 0.8927 0.0795
CO; flow [kmol/h] 29.35 26.52 4.10
CO, absorption efficiency [%] 90.35 86.05

According the heat and mass balances from CB&| Lusithe CQ absorption
efficiency is 90.8%. However, the results are inpamble as the design from
CB&I Lummus was based on a Mellapak 350 Y struatyracking at the bottom
and a Mellapak 750 Y packing at the top.

5.4.3 Carbon capture efficiency

Table 5-4 shows the carbon capture efficiency dureference state calculated using
raw measurement data. There is almost no differeviten calculating the overall
capture efficiency using reconciled values (77.848®) a check, the carbon capture
efficiency can be estimated by the product of tkkeg@nversion efficiency (93%) and
the CQ absorption efficiency (86%), which renders a carloapture efficiency of
80%. This method overestimates the overall cartagtuce efficiency (generally less
than 1% absolute), because the,@@t is already present in the raw syngas and also
the CO slip with the COproduct and kirich stream are not considered.

Table 5-4: Carbon capture efficiency
Stream Syngas from WAC (in) G@roduct (out)
Flow rate [kg/h] 1102.34 1200.07
CO concentration [vol% wet] 0.6552 0
CO, concentration [vol% wet]| 0.014 0.8927
carbon / CQ@flow [kmol/h] 33.95 26.52
Carbon capture efficiency [%] 78.12
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6 Pilot plant test programme

The test programme is subdivided into test camaagvering a period in which a
number of test runs are performed.

e TC-I: trial period to understand the operating vawdand limits of the pilot
plant, define reference state. No composition nreasents were available as
the analyzer commissioning and calibration wasymotfinished (Jan 2011 —
April 2011)

e TC-II: execution of main parametric tests of skiction and absorption sec-
tion with random packing in absorber (September 1261 April 2012,
September 2012 - November 2012)

e TC-lll: repetition of several parametric tests wiglructured packing in
absorber (November 2012 — February 2013)

Appendix A.1 gives an overview of all relevant teshs performed, the results of
which are discussed in the remaining part of thiapter. The results of the dynamic
test runs TR-020 to TR-030, TR-033 and TR-034 arediscussed here as most of
these test runs describe transients for the vadidaif sub-component. The results of
the most relevant dynamic test runs are discusssedtion 7.

6.1 Syngas conditioning and water-gas shift section
6.1.1 Test run TR-CII-001: Shift reactors inlet tem peratures

The purpose of this test run is to investigatesfa¢gionary operation of the pilot plant
for different values of the inlet temperature fdr taree reactors (ELG10 BHO10,

ELG20 BH010, ELG30 BH010). The variation of theatea inlet temperature whilst

keeping the other feed variables constant willuiefice the CO conversion. A lower
inlet temperature will yield a higher CO conversiohereby also the adiabatic tem-
perature rise will be higher. By lowering the reacinlet temperature the reaction
front and hence the location where equilibriumeigahed within the reactor will move
towards the end of the catalytic bed. Dependinghencatalyst activity a lower inlet

temperature limit exists at which a further tempam decrease would result in not
reaching equilibrium within the reactor. The inihwe of the reactor inlet temperature
on the CO conversion is summarized in Table 6-1.
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Table 6-1: CO conversion of the individual reactors and of the entire shift-
ing section for the different set points
Reference

Unit state SP3-1 SP4 SP5 SP6 SP7
Inlet temperature °C
Reactor 1 335.2 325.6| 320.6| 315.8| 344.8| 354.9
Reactor 2 334.3 334.4| 334.4| 334.4| 343.8| 353.8
Reactor 3 333.9 333.5| 333.5| 332.2| 343.6] 354.5
Outlet temperature °C
Reactor 1 493.5 488.3| 486.5| 482.6| 506.8| 517.8
Reactor 2 464.3 466.8| 467.1| 464.2| 474.2| 480.9
Reactor 3 347.2 344.8| 345.4| 343.0| 358.9| 372.3
Adiabatic
temperature rise K
Reactor 1 158.3 162.7| 165.8| 166.8| 162.0/ 162.9
Reactor 2 129.9 132.4| 132.7| 129.8| 130.4| 127.1
Reactor 3 155.2 152.8| 153.4| 151.0| 166.9| 180.3
CO conversion %
Reactor 1 91.9 92.10| 92.13| 92.42| 90.92| 90.57
Reactor 2 80.3 79.98| 79.61| 80.12| 78.80| 78.44
Reactor 3 45.6 37.32| 38.92| 36.03| 47.84| 50.90
Overall 93.1] 92.08| 92.08| 92.10| 93.03| 93.40

Reactor 1

Temperature [C]
s
g

Axial therm

Figure 6-1:

20

ocouple number

——523 (IRTIN =375 °()
~8-571 (TR1IN =320"C)
505 (IRLIN = 315°C)
——576 (TR1IN =345°C) -
—#—57 (TRLIN = 355 °C)

25 30

points for TR-CII-001

Axial temperature profiles for reactor
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The decrease of the inlet temperature of reactasdlts in a clear movement of the
reaction front towards the end of the catalyst bed. SP7 (R1 inlet 355°C) equilib-
rium is already reached within the first third bktcatalyst bed while for operation
SP5 (R1 inlet 315°C) it is achieved in the lastahirhe CO conversion of reactor 1
increases from 90.6% (SP7) to 92.4% (SP5). Thectetia the overall conversion
efficiency cannot be judged with this test run las tonversion efficiency of each
reactor varies significantly.

Also for reactor 2 a decrease in CO conversiorbgeoved when increasing the inlet
temperature. For reactor 3 this effect is rever3éea. activity of the reactor 3 catalyst
is lower than expected (which will be further dissed in TR-CII-016) and equilib-
rium is not reached within the bed for SP 5. Thenefincreasing reactor 3 inlet tem-
perature will boost the reaction rate and equilitoriis almost reached at the end of the
bed (SP 7).

An optimal operation of the shift reactors in terofshigh CO conversion and low
heating requirement could be achieved by adapltiagéactor inlet temperatures such
that equilibrium is just reached within the lastdhof the catalyst bed. Therefore, the
reactor inlet temperature of reactor 1 should bested to 315 °C (possibly even 5-10
K lower). For reactor 2 the reaction front at refeze condition is well within the
catalyst bed and hence the inlet temperature ofoe@ might also be decreased.

6.1.2 Testrun TR-CII-002: Syngas composition

The purpose of this test run is to investigatesfa¢gionary operation of the pilot plant
for different syngas compositions. The syngas caitijpm is, for example, influenced
by the gasifier fuel (coal or/and biomass, type@él/biomass) and gasifier load. In
Table 6-2 the wet inlet composition into the firsactor is shown for the individual set
points. SP3 represents normal operation i.e. Gatilat 100% coal. SP 1 and 2 repre-
sent normal variations in gasifier operation. S@dresentgasifier part load and co-
gasification of high biomass contents, which resinta higher C@content.

Table 6-2: Syngas inlet composition and CO conversi  on of executed set
points of TR-CII-002 for reactor 1

TR-CI1-002 SP4 SP3 SP1 SP2/A
CO [mol %] 16.54 16.73 17.53 16.91
CO, [mol %] 1.96 1.37 0.97 0.61
H, [mol %] 9.58 9.21 7.94 9.72
H,0 mol %] 69.44 69.64 70.24 70.42
N, [mol %] 2.21 2.74 2.94 2.08
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The impact of syngas composition on the CO conearand the adiabatic tempera-
ture rise is presented in Table 6-3. The influen€ehe variation in the syngas

composition is best evaluated considering the peidiace of reactor 1. Although an

increase in reaction products concentration shoeddlt in a decrease of the CO con-
version (and vice versa), this is not always obsgrGenerally, for the expected range
in syngas composition the influence on the CO csioe is minor.

Table 6-3: CO conversion of the individual reactors and of the entire shift-
ing section for the different syngas compositions

Unit | SP4 SP3 SP1 SP2/A
Inlet temperature °C
Reactor 1 335.4 335.5| 335.7| 335.1
Reactor 2 334.5 334.2| 334.6| 334.2
Reactor 3 333.Y 333.7| 333.8] 333.7
Outlet temperature | °C
Reactor 1 486.4 488.8| 495.6| 489.5
Reactor 2 454.83 457.9| 468.2| 4615
Reactor 3 342.83 343.0| 344.8| 344.4
Adiabatic T rise K
Reactor 1 151.0 153.4| 159.9| 154.4
Reactor 2 119.8 123.7| 133.6| 127.3
Reactor 3 150.83 151.0f 152.8| 152.4
CO conversion %
Reactor 1 91.72 91.90| 91.84| 92.03
Reactor 2 81.08 80.79| 80.34| 80.80
Reactor 3 35.48 36.69| 38.36| 37.63
Overall 92.36 92.36| 92.20| 92.45

6.1.3 Test run TR-CII-003: Syngas mass flow

The purpose of this test run is to investigatestia¢gionary operation of the pilot plant
for part load and high load operation whereby theu$ will be on the hydrodynamic
conditions due to load change. For the comparg$aoneasured and expected pressure
losses, suitable pressure drop correlations shbelddeveloped (also needed for
dynamic test runs). In addition, the minimum andkimaim capacity of the plant is
determined during this test run.

In the pilot plant pressure measurements are raitadle at the inlet and outlet of
each component but rather at some locations witilérprocess where measurements
are in particular required for performance evatmatiTherefore, pressure losses over
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component groups including piping have been detethiin the shifting section.
Table 6-4 indicates which components are influampdthe respective measured pres-
sure loss and which flow regime is present. Theutated pressure drops, based on
the individual plant pressure measurements are suiped in Table 6-5. A set point
with reference state syngas mass flow (TR-CII-OBB&) has been added as com-

parison.
Table 6-4: Pressure drops determined for the evalua tion of TR-CII-003 and
the components which contribute to the individual p ressure
losses.
Flow
Pressure drop Included components regime
dP ELF20 ELF10 BD010| ELF20AC01Q0 ELF20BB0L0 2wl
dP ELF40 ELF40 AC010| ELF40 BB010 2ph flow
dP ELF50 ELF50 AC010 1ph flow
dP ELG10 ELG10 BHO10 1ph flow
dP ELG20 ELG20 BHO10 1ph flow
dP ELG30 ELG30 BHO010 1ph flow
dP ELG40 ELG40 AC010| ELG40 BDO0A1( 2ph flow
dP ELG50 ELG50 AC010| ELG50 BBO01¢ 2ph flow
Table 6-5: Calculated pressure losses of TR-CII-003
TR-CII-001
/SP3-1 SP2 SP4| SP3/A SP2/A SP4
Syngas mass flow [kg/h] 1100 850| 1240| 1000 850| 1240
dP ELF20 [bar] 0.111 0.102| 0.123| 0.219| 0.168| 0.310
dP ELF40 [bar] 0.375% 0.403| 0.403| 0.219| 0.206| 0.230
dP ELF50 [bar] 1.364 2.243| 1.034| 1.906| 2.463| 0.822
dP ELGA40 [bar] 0.783 0.719| 0.714| 0.568| 0.419| 0.882
dP ELG50 [bar] 0.278 -0.025| 0.161| 0.141| 0.114| 0.190

The syngas inlet pressure is usually around 21 Tae.back pressure of the shifting
section is controlled via the valve ELG61 AA050 amdkept constant at approxi-
mately 16.5 bar. With these rather fixed pressetgngs and the opening limitations
of the syngas control valve (ELF50 AA050) the ranf@ossible syngas mass flows
is determined (850 — 1240 kg/h).

In Figure 6-2a-d, the dependency of the pressuesdof the individual plant sections

on the syngas mass flow is shown.
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The reactor pressure losses (Figure 6-2a) candaglylcorrelated to the mass flow.
With increasing flow the pressure drop increasew®at in a linear manner. A simple
pressure drop correlation for turbulent and incaapible flow can be used to first fit
the friction coefficient based on the measured daid then to predict the pressure
changes for different operations.

iy
m
1
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Figure 6-2a: Reactor 1, 2 and 3 pressure drop of Figure 6-2b: ELF20 and ELF40 pressure drop of
TR-CII-003 set points plotted against the TR-CII-003 set points plotted against the
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Figure 6-2c: ELG40 and ELG50 pressure drop of Figure 6-2d: ELF50AC010 pressure drop of TR-
TR-CII-003 set points plotted against the CII-003 set points plotted against the respective

respective mass flow mass flow
Figure 6-2: Influence of syngas mass flow on pressu re drops during TR-CII-
003

For the pressure loss over the ELF20 and ELF4Qosettie relation to the mass flow
is more difficult to interpret (Figure 6-2b). Itesas that the pressure losses are differ-
ent for the two separately executed test runs TR3T3 and TR-CII-003A (the latter
is a repetition). Evaluating the test runs indepeigt a linear trend between pressure
loss and mass flow can be observed. A common asabsults in an unclear correla-
tion. In both component groups vapour-liquid floefsunknown regime (well mixed,
presence of droplets, phase separation) are presehpossibly other factors like
liquid levels have influence on the pressure drioihvese sections. Therefore, it can be
concluded that due to the 2-phase flows presettidrELF20 and ELF40 section no
simple pressure drop correlation can be develdpeakder to predict the performance
of the shifting section highly accurate pressumdfmtion are not required and there-
fore the assumption of constant pressure drop BiER20 and ELF40 will serve the
modelling purpose.
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For the pressure loss over ELG40 BD010 and ELG5018Ba similar unclear corre-
lation is observed (Figure 6-2c). It is suggesteddsume an average constant pressure
drop for both components.

For the superheater ELF50 AC010 the pressure lissssa clear correlation to the
respective mass flow (Figure 6-2d). With increasingss flow the pressure drop
decreases in a rather linear manner. Typically \eersed correlation would be
expected. The specific design of this componenthinggive the explanation for the
observed pressure correlation.

6.1.4 Testrun TR-CII-004: Steam to carbon ratio

The purpose of this test run is to investigatestia¢gionary operation of the pilot plant
for different values of the #/CO ratio for the reactors. Operation at l0wOHCO
ratio, which implies that less steam is requiredbéoconditioned and recycled in the
shifting section, is energetically more efficientdathereby decreases the energy
penalty of CQ capture. However, operation at lowesQACO ratios would lead to
higher reactor outlet temperatures which will resulcatalyst sintering and deactiva-
tion. The operation at lower,B/CO ratio also comes at a cost of decreased CO con
version which leads to a reduction in £€pture rate. In addition, such operation can
also lead to iron carbide formation within the tgdg which is investigated in more
detail in TR-CII-017.

The influence of the H¥D/CO ratio on the CO conversion efficiency and ad&batic
temperature rise is summarized in Table 6-6. SP&phesents reference state.

Table 6-6: Performance data of individual reactors and entire shifting sec-
tion for the different steam/CO ratios.

TR-CII-004A

Unit SP2/A | SP3/A| SP1/A
Inlet temperature °C
Reactor 1 335.9 335.7| 335.3
Reactor 2 334.8 334.7| 334.4
Reactor 3 334.2 333.9| 333.8
Outlet temperature | °C
Reactor 1 483.8 496.3| 507.7
Reactor 2 467.2 471.0| 472.8
Reactor 3 344.4 346.2| 348.8
Adiabatic T rise K
Reactor 1 147.8 160.6| 172.4
Reactor 2 132.3 136.2| 138.4
Reactor 3 152.4 154.2| 156.8
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CO conversion %

Reactor 1 93.48 91.76| 89.70
Reactor 2 82.05 79.75| 77.51
Reactor 3 39.69 40.01| 41.44
Overall 93.02 92.16| 91.49
Steam/CO ratio mol/mol

Reactor 1 457 4.00 3.51
Reactor 2 3.33 3.01 2.75
Reactor 3 13.98 10.90 8.79
Steam/syngas ratio

overall kg/kg 1.3 1.22 1.13
Steam/syngas ratio

overall mol/mol 155 1.43 1.33

The increase of the overalb®/CO ratio to 1.31 kg/kg (SP2/A) leads to an insecaf
overall efficiency by 0.86% points. This comes abat of 6% higher steam content in
the system. The decrease of the overa@A@O ratio to 1.13 kg/kg (SP1/A) leads to a
drop in CO conversion efficiency of 0.7% point@aatduction of the steam content by
8%. For this set point the adiabatic temperatwge increased especially for reactor 1
where the outlet temperature is approaching itstgdimit (material design tempera-
ture is 550°C, but normal operation temperatureskept below 520°C). In order to
further reduce the overall steam requirements oedctbO/CO ratio has been kept
constant and then the reduction only affects reaand 3, which outlet temperatures
are still far from their limitations.

It can be observed that with decreasin@®@HO ratio of reactor 3 its conversion effi-
ciency increases (contrary to observation for wgattand 2). This is explained by the
fact that equilibrium is not reached in reactortharmal operation and hence the
increase in CO content (less CO is shifted in th&tneam reactor 1 and 2) boosts the
reaction rate. Therefore, the overall CO conversieduction for the lowest
steam/syngas ratio might be even lower assumingr@ai reactor 3 catalyst activity
(equilibrium reached within the bed).

6.1.5 TR-CII-005: Part load operation

The purpose of this test was to evaluate the pilant performance under part-load
conditions (gasifier as well as the €€apture unit) i.e. reduced flow and changing
composition. However, the period of steady-stateraijon during gasifier part load
operation during the night was too short to obtifficient measurement. Only one
hour of stable part-load operation could be esthbti, which is not sufficient (steady-
state operation should last at least 2 to 3 ho@sisidering the success of the other
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steady-state test runs (TR-CII-002 and 003) theahwdlidation can be performed
without a specific data set for gasifier part lagubration and a repetition of this test
run was not considered necessary.

6.2 Shift reactor tests

6.2.1 Test run report TR-CII-006: Verify axial and radial reactor temperatures
with nitrogen

In order to verify the temperature measurementthefWGS reactors and whether
heat losses occur, the axial and radial tempergiafde are investigated using nitro-
gen. Since nitrogen is an inert, a flat axial terapee profile is expected. This verifi-
cation has been done before the pilot plant isaipdron syngas for the second test
campaign. A detailed description and evaluationthe test run can be found in
(Kaptein, 2012).

From the results of the test run it was observeat, for reactor ELG10 BD010, the
standard deviation of the average axial catalyit temperatures lies between 0.3 and
0.6°C. For reactor ELG20 BDO010, the standard deviatf the average axial catalytic
bed temperatures lies between 0.4 and 0.6°C. BotaeELG30 BD010, the standard
deviation of the average axial catalytic bed terapees lies between 0.5 and 0.7°C,
which was considered acceptable.

6.2.2 Testrun TR-CII-007: 3rd Shift reactor inlet  temperature

The purpose of this test run is to study the dyoamehaviour of the3WGS reactor
during a rapid variation in the inlet temperatufée 3° WGS reactor was chosen
because a perturbation will not affect the operatibthe ' and 2° WGS reactors.
Upon a fast change of the reactor inlet temperatheethermal buffering of the cata-
lyst will result in a small inverse response of thelet temperature: upon a sudden
decrease of inlet temperature, the outlet temperatill first increase slightly before
decreasing towards its new steady state value.l@lpithe increase in inlet tem-
perature will result in an initial small drop in ttet temperature before it starts to
increase. An explanation of this effect is desdile(van Dijk and Boon, 2011). The
expected response is shown in Figure 6-3. The ratmiof the change depends on
the speed of the perturbation at the inlet, thetiis, the thermodynamic equilibrium
and the thermal inertia of the reactor.
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Figure 6-3: Expected response of the reactor outlet temperature when per-
forming a step down and a step up in the reactor in let tempera-

ture

Reference state operation at reactor 3 inlet teatper of 340°C indicated that the
activity of the catalyst bed is less than expeciedaning that the axial temperature
profile stretched throughout the entire length lbé treactor without reaching its
equilibrium. In order to do a meaningful transierperiment, the reaction front had to
be positioned within the catalyst bed. Therefdre,reaction rate was boosted by:

i) increasing the feed CO content via bypassing daten? reactor feed to
the 3% reactor (ELF32 CF001)
ii) increasing the "8 reactor inlet temperature by operating the airleoo

ELG30 ACO010 with zero fan speed and closed louvers.

Accordingly, the bed inlet temperature rose by Tidn 335°C to 350°C, while the
reactor feed CO content increased from about 3d%6%. Both effects caused the
reaction front to be positioned within the 3rd teacatalyst bed, as seen in Figure

6-4.
440 +— Reference conditions
o 420 +—settings TR-CII-07
E 400 ¢o-4¢+*"““
= 380 e
il »
£ 360 o
E2 2
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Figure 6-4: 3" reactor axial temperature profiles for operation i n the refer-

ence state and during the increased activity of tes  t run TR-CII-007
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Starting at steady-state operation, the experirthamt consisted of rapidly decreasing
the reactor inlet temperature by means of manuggning the louvers of the air
cooler ELG30 AC010 while maintaining a zero fanexpeAfter again reaching steady
state, the reverse experiment is performed by nignciasing the louvers of the air

cooler ELG30 ACO010 in order to provoke a rapid @age of the inlet temperature. A
detailed description and evaluation of the testgam be found in (van Dijk, 2012d).

The PGIM plot of the measured temperatures andtiiet composition is given in

Figure 6-5 for the period of the transient expentneovering the sudden reactor inlet
temperature drop at 8:00 h and the sudden incieasenperature at 12:00 h. When
opening the louvers, the reactor inlet temperatinops by 50°C with an initial ramp

of 1.7K/min and an overall ramp of 0.9K/min. Aftepening the louvers, the inlet
temperature starts to fluctuate more than operatitinclosed louvers due to the natu-
ral draft created by the opened louvers. The itdetperature eventually drops to
<300°C, extinguishing the WGS reaction and resglima flat axial temperature pro-
file throughout the reactor. This is the startiitgation for the 2 transient where the

inlet temperature is increased by manually closireglouvers at 12:00 h. The result-
ing transient describes the start-up of the reawtthout any inverse transient

responses. The initial steady state operationagagached.

Figure 6-5: PGIM plot of the measured temperatures  and outlet composition
of the 3™ reactor during the transient operation. Upper band of
lines represent the axial reactor temperatures. The blue line
below is the feed gas temperature and the other lin  es represent
the syngas composition of the reactor outlet (strea m G).
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The maximum temperature of the inverse temperaesponse is observed at about
12 minutes after the inlet perturbation is halfwtasough. This timescale corresponds
well with the thermal time constant of the reactshjch is estimated at 16 minutes.
Simulations indicate that for such a transient expent, the top of the inverse

response is observed at about 4/5th of the thetimal constant, depending on the
ramp-rate and shape of the perturbation. In oth@sy on first glance, the transient
response has the expected timescale.

6.2.3 Test run TR-CII-016: Catalyst stability and s electivity

In contrast to the other test runs concerning tl&S/gection, the catalyst stability has
to be evaluated over the entire operating perioth@freactors. The axial temperature
profiles of the reactors, together with the in- andlet conditions on throughput and
composition, provide information on the catalydidty at a certain moment in time.

At normal operating conditions, the decrease of RR€r catalyst pellet activity in
time is mainly due to two parallel effects, bottated to sintering:

1. decrease of the active surface area

2. change of the physical properties of the catalyteminining the inter-

pellet transport properties.

The sintering rate increases with increasing teatpes and steam content of the feed.
Additionally, catalyst activity can change due toigoning and carbiding, both
affecting the number of active sites. Poisoningdse specific and depends on the
syngas impurities while carbiding is a more genphnomenon and mainly depends
on syngas composition with respect to the steanCahadontents.

At normal operating conditions, the activity forfresh catalyst decreases by 50%
during the first 1000 h operation, after which tikecrease in activity is slower.

Normal catalyst lifetime is in the order of 3 yealtsis expected that operation for

3000-5000 h gives sufficient information on catilggability to estimate catalyst

requirements for 3 years operation.

Considering the 3 reactors in the pilot plant, tea& has the harshest operation con-
ditions (high outlet temperature and high steamesdnof the feed of typically 72%)
and its rate of deactivation is therefore expedtedbe highest. Reactor 2 has only
slightly milder operating conditions and its caitlyped is also expected to display a
significant deactivation rate. Reactor 3 on theepthand has mild operating condi-
tions compared to the two upstream reactors aradysatdeactivation rate is expected
to be lowest for this reactor.
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By operating the pilot plant at reference condsioagularly in time, comparing the
axial temperature profiles would directly reveatatgst deactivation. Attempt to do
this graphical comparison appeared not fruitfutsiidentical operational conditions
concerning throughput, WAC syngas composition, reébu settings and reactor inlet
temperature were rarely met. Therefore, the cdtalgsvity must result from model-
ling. For this purpose, the catalyst vendor HalBiopsge has been involved to support
the evaluation of the data acquired from the gilant with their in-house models in
addition to the model developed by Delft UniversifyTechnology and ECN within
the project (Hernadez, 2011 and van Dijk, 2012d)e Teactor model developed
within the project is based on intrinsic kineticsnbined with a pellet diffusion model
and heat and mass transfer from the bulk gas ghabse pellet surface. The proprie-
tary kinetic model applied by Haldor Topsge usesped pellet kinetics, linking the
catalyst pellet activity directly with bulk gas-gga composition, temperature and
pressure.

It is assumed that during pellet deactivation, ititensic rate of the active site does
not change, merely the number of active sites hadatcessibility of these sites. The
effect of deactivation on the intrinsic reactiorterés described by a time dependant
activity factor, which is assumed to have an exptinedecay in time.

A dead zone was assumed with respect to the heighite fresh catalyst bed to
account for pellet settling and shrinkage, in whtble catalyst activity within the
models was set to zero. Besides the catalyst ggtihie length of this dead zone was
estimated for every selected steady state oveetitiee operation time of the pilot
plant, including test campaigns | and Il. A det@itiescription of the data acquisition
procedures for both test campaigns is presentédmDijk, 2012c).

From the simulations performed by Haldor Topsge B8 (which are not presented
in this report due to confidentiality), the mairsebvations from the analysis are:

- The behaviour of the catalyst in reactor 1 andtoear is much better than
expected. Haldor Topsge indicates that operatiothisf catalyst in plants
using similar high CO syngas and associated higinating temperature (at a
European refinery and at a refinery in Brazil) thgs more sintering of the
catalyst and thus a stronger decrease of catatysiitya than observed in
Buggenum.

- The decrease in reactor 1 activity is much less #xpected and the catalyst
appears to perform rather stable.

- The reactor 2 catalyst does not appear to deaetatasll and its operation is
rather stable in time.

- The reactor 3 catalyst behaves much worse thagigetted. The operating
conditions for this reactor are mildest (lowest penature, lowest steam
content, highest steam/CO ratio). Earlier simufaiof reactor 3 with settings
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that boosted the reaction (higher inlet CO congemt temperature compared
to reference operation, see 6.2.2), also indicatkmver catalyst activity. The
present simulations illustrate that the reactoatalgst does not perform as it
should, but are considered much less accurate cechda reactor 1 and
reactor 2 simulations due to the flat temperatwailp within the reactor
(reactor 3 does not reach the thermodynamic equilib at reference
operation).

On September 13, 2012, catalyst samples were fasnreactor 3 in the pilot. This
sample was analysed by Haldor Topsge on elemamgbasition, phase composition
(XRD) and activity tests. The major findings arensnarized below:

- The elemental composition analysis did not revealgresence of any unusual
components, indicating that catalyst poisoning oanexplain the lower
activity. The components that have increased ctsmitemmpared to conven-
tional operation in natural gas originating syngAbk:and S. The Al most
likely results from the alumina balls that are op bf the bed, while sulphur
is present because the syngas in the pilot plamiasts in the order of 10-
20 ppm HS+COS.

The X-ray diffraction analysis revealed the pregen€ a small amount of
metallic iron, which is unusual for a catalyst atmal operation.

Haldor Topsge obtained similar conclusions anafysaactor 3 samples taken after
shutdown of the pilot early 2013. No unusual congmis were identified with chemi-
cal analysis, but small amounts of metallic iroreviglentified by XRD. Although the
activity appeared to have increased somewhatsttligar below the expected activity
for normal operation. Metallic-Fe cannot be transied into the active magnetite
phase at normal operating conditions. At the Hallopsge laboratories, a controlled
reoxidation followed by activation via reductiorddiot result in recuperation of the
activity: the measured activity did not change aretallic Iron was still identified by
subsequent XRD.

Due to catalyst deactivation, the feed temperatsirlow for a fresh catalyst and
increases in time, leading to better than desigeraipn at first and ending with
operation at design near the end of catalyst tifeti Since catalyst deactivation
appears mainly triggered by high pressure, highpesature steam, the deactivation
rate at a lowered feed temperature for a fresHysatis likely to be lower. Moreover,
lower initial feed temperatures also allow for lovieed steam contents. This espe-
cially concerns reactor 1 operation, since itsdasgrplus of steam (steam/CO=4.1 for
reference state operation) serves to control thebatic temperature rise. Operation at
a lower steam content is again likely to decrehsedactor 1 deactivation rate.
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It should be noted that the Buggenum pilot is ofgetat roughly 20 bar, while the
full-scale capture plant is envisioned to be opetatt circa 40 bar. The higher steam
pressure will enhance catalyst deactivation byntlaérsintering, especially for reac-
tor 1. This effect, however, cannot be taken irtcoant quantitatively, but it must be
noted that this increases the uncertainty of tlediptions. Note that an increased pres-
sure does not result in a significant increaseeinreaction rate. The net reaction rate
is a trade-off between intrinsic reaction rate aellet diffusion. Since the reaction is
mainly operated in the diffusion controlled regirtiee increased intrinsic reaction rate
is damped by the decreased diffusion rate withinpllet. Accordingly, the effect of
increased pressure is progressively dampened lahpgessures. This is illustrated in
Figure 6-6, where the axial temperature profileglifferent operating pressure are
simulated for reactor 1 reference state operatiogether with the position of the
reaction front within the bed (at0.9) at increasing pressure. The effect of a iaten
increased catalyst deactivation rate at higherspres“overrules” the increased cata-
lyst activity; meaning that a higher operating ptes is likely to lead to an increased
deactivation rate.
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Figure 6-6: Simulated axial temperature profiles fo r reactor 1 reference
conditions (relative activity factor=0.67) at incre asing reactor
pressure (top) and the resulting position of the re action front (at

=0.9) within the bed as a function of operating pre ssure
(bottom)
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Figure 6-7: Methane content of the feed and effluen t for reactors 1, 2 and 3
as a function of time. Blue markers: feed, Red mark ers: effluent

Catalyst selectivity

CH, is an important by-product for any WGS catalysit FeCr-based catalysts, the
catalyst CH production is an indication of the catalyst séléigt The CH, content
for a selected number of steady state operatioviatis shown in Figure 6-7. Note
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the relatively large spread in Glfheasurement is directly related to the spreathef t
CH, content of the syngas entering the pilot plargresented by the top graph (ana-
lyser EVB60 CQO001). The CtHtontent of the reactors is significantly lowerrtthe
WAC CH, content due to dilution with steam. During theirenbperating period, the
CH, content of the syngas is low at <50 ppm. The @tdduction by the catalyst does
not increase in time, except maybe for reactort&re the Clicontent of the effluent
appears to increase from 40 ppm to 60 ppm.

6.2.4 Test run TR-CII-017: Catalyst coking

The purpose of this test run is to study the effdcteduced steam content on the
catalyst resistance to iron carbide formation. @pen at a reduced steam/CO ratio
would allow reducing the steam requirement for Wi&S section and thus the €0
capture penalty, but can lead to reduction of thegmetite phase, B®,, to FeC,
which is active in hydrocarbon formation, noticgaBH,. This so-called carbiding of
the catalyst is reversible if the extent of carbidemation is not too severe. Severe
carbiding can lead to permanent loss of catalystigcand/or selectivity and even to
physical damage of the catalyst pellets.

Carbiding of the catalyst is a function of operatibconditions and, more importantly,
of the catalyst age. The tendency for carbide ftionaincreases at catalyst age,
increasing total pressure, reduced steam contehinaneased CO content of the feed.
Since the main hydrocarbon formed is £this indicator can be monitored to investi-
gate the catalyst tendency for carbiding. Setting@eased steam/CO feed ratio leads
to an increase of the GHontent at the reactor outlet. Progressive canbidif the
catalyst is represented by a continuously incrga€ik, content once the steam/CO
ratio is set. Excessive carbiding results in a snddcrease of the GHormation rate.
As the CH content of the syngas varies with the gasified)agther the difference
between reactor inlet and outlet concentrationmromaexed concentration should be
used as indicator (van Dijk, 2012b).

The majority of the industrial experience with H1$Sfor CO conversion in NG-
derived syngas for e.g..tdnd ammonia production. The syngas coming fromeans
reformer has a feed CO content in the order of @&dry, much lower than coal gasi-
fication syngas which is >45%dry and typically 60%6th case of the Shell dry gasi-
fyer such as applied in Buggenum. Natural gas ddrsyngas generally has a high
CH, content (%-level), making on-line monitoring tamspatalyst carbiding pointless.
Coal derived syngas, on the other hand, has a ldywcGntent and on-line monitoring
to detect the onset of catalyst carbiding beconeesilble. To our knowledge, this
strategy has not been pursued before because ddyttmait of the WGS section in
gasification applications: reactors in series. Bieeaof the high CO content of the
gasification syngas, the*¥eactor then required large amounts of steammi the
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reactor outlet temperature. The downstream reaaigamatically have a high surplus
of steam to drive the CO conversion reaction. hreotvords, all reactors are operated
far from the carbiding limit of the catalyst ancetl is no need to monitor the ¢H
make by the catalyst. The Buggenum and Magnum tagbthe WGS section is in
that respect rather special, since the reactoednstfeed content is not entirely
dictated by the reactor 1 steam requirements. BReactwvill still be operated with
steam feed contents that are dictated by the mamimlowable outlet temperature,
but reactor 2 allows operation close to the carigjdimit of the catalyst.

During the test run a series of set points with sts@am/CO ratios has been performed,
which are tabulated in Table 6-7 (van Dijk, 2012b).

Table 6-7: Executed set points of TR-0017

Date and dura; Reactor 2 S/ICO Overall ELF20 ELF40

tion S/syngas | temperature| temperature
Hr mol/mol kg/kg ka/kg °C °C

ELG40CX001| ELF30CT002| ELF40CT002
Ref. 22-04-12 6 3.09.03 | 1.9%0.02 1.23 172.403 195.Q0.1
SP1 | 26-03-12 101] 2.5817| 1.660.11 1.04 163.20.2 195.204
SP 2 | 02-04-12 94 2.2808 | 1.440.05 0.98 160.80.4 195.Q05
SP5 | 23-04-13 59 2.060.06 | 1.320.03 0.89 151. %04 194.803
26-11-12 12 2.06:0.02 | 1.320.01 0.92 151.60.2 195.40.1
SP6 | 26-11-12 11 1.7ko0.03 | 1.1Q0.02 0.79 140.40.2 195.201
04-12-12 76 1.75%0.02 | 1.130.02 0.80 140.5%0.1 194.%o.2
18-12-12 21 1.75003 | 1.120.02 0.79 138.503 194.40.4
SP7 | 19-12-12 10 | 1.620.01| 1.04o0.01 0.77 136.50.2 194.Q0.2
20-12-12 10 1.580.03| 1.0ko0.02 0.76 132. %023 193.906
SP8 | 07-03-13 117] 1.4%03| 0.930.02 0.74 126.50.2 195.%0.4
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Figure 6-8: Measured CH 4 contents of the reactor 2 inlet and outlet during
TR-CII-017

In Figure 6-8 the ¥ reactor CH content of the feed and effluent are plotted as a
function of the feed molar steam/CO ratio. Operatit all set points ranging from
steam/CO=2.5 to 1.45 indicates that the catalysts dmve an increased ¢produc-
tion activity at reduced steam/CO ratio, but tlmg productivity does not increase in
time for the duration of the tests. Even at 116hration at steam/C0O=1.45, the CH
content of the outlet syngas is constant, althahghabsolute amount of GHh the
reactor 2 outlet is lower than expected, which rigbpbly due to an offset of the
analyser. This would signify that the catalyst t® ¢urrent state is resistive towards
reduced steam content of the feed and that prageesarbiding of the catalyst does
not occur. Haldor Topsge stated that carbiding foésh catalyst at a steam/CO ratio
in the range of 1.8-2.0 could take up to 1 weelomdration. For a catalyst that has
experienced carbiding and for a catalyst in entifefstate, carbiding occurs much
faster. The TR-CII-017 set points have been execatea catalyst that has already
experienced its initial fast deactivation and waserated for 3000 h. The most
demanding SP 8 operation at a steam/CO ratio & Wds performed for a 116 h
period on a catalyst that has been operated alfeady750 h. Hence the catalyst is
more resistant for progressive carbiding than wes indicated by the vendor.

A second indication that excessive carbiding did accur during testing is that
decrease of the catalyst activity factor in timeeglowot correlate to the TR-017
operation. The overall drop in catalyst activityedanot appear to correlate with the
lowered steam/CO ratio operation: the demandingadio@ corresponding to SP 6
and SP 7 does not appear to appear to lead touaeetatatalyst activity. The same
conclusion was drawn when comparing the axial teatpee profiles before and after
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the execution of each set point, see Figure 6-9.eMheturning to reference
conditions, catalyst activity and Glthake was similar to operation prior to the lower
steam/CO excursion.

A third indication that excessive carbiding did wotur during testing is the absence
of C, and G hydrocarbons in the reactor 2 effluent during Sép@ration. In the
absence of excessive carbiding, the production 0@l G hydrocarbons by the
catalyst is very low and these hydrocarbons ateally absent in gasification syngas.
An increase in these hydrocarbons might be a mensitsve indicator for catalyst
carbiding. During the catalyst screening at the H&ld¢ratories (van Dijk et al., 2011)
it was observed that no,;<C; hydrocarbons were produced at similar conditidts.
350°C, an aged catalyst (24 hr at 500°C and 2 actplivys till 500°C) was exposure
to lower steam contents of 1.4, 1.0, 0.6 and 0.8 I runs respectively. The pellets
did not produce any £C; hydrocarbons at steam/CO=1.4 and 1.0. Only at
steam/C0O=0.6 and 0.4, the catalyst produced 75amh250 ppm s and 75 ppm
and 125 ppm €H,, respectively.

A fourth indication that excessive carbiding didt m@cur during testing is that the
strength of the catalyst pellets from the top &f tbactor 2 bed was not compromised.
After the test campaign, the catalyst was unloadhetpellet strength was analysed by
Haldor Topsge. The reactor 2 pellets displayedreabstrength, indicating that pellet
weakening by excessive carbiding did not occur.

Reactor 2
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Figure 6-9: Axial temperature profiles for reactor 2 during reference condi-
tions before and after SP 6 operation

To illustrate the effect of lowering the steam/Cflia on the overall CO conversion,
the SP 5 performance of the WGS section is platieal CO vs. temperature plot in
Figure 6-10. Since reactor 1 operation is not chdngs performance is represented
by a single line. For the SP 5 operation, the steantent of the reactor 2 feed is low-
ered, resulting in a higher equilibrium CO cont@tashed red line) compared to refer-
ence state operation (solid red line). The reatlmed CO content increases due to
the lower steam content of the quench, causinghamease in the adiabatic tempera-
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ture rise. Similar changes for reactor 3 are olexbrReactor 3 still does not reach
equilibrium but displays a larger temperature dempared to operation at the refer-
ence conditions.

= (O eq, reactor 1

LN ~ = = COeq, r;amnr 2 far SP5
E 15 -\“:\\"\\,\ —#—Reactor 1
% \\i\‘\‘ ) h -~ —a— Reactor 2 reference conditions
% 10 \i\ o~ ~ — &= Reactor 2 lowered S/CO

o

Temperature [*C]

Figure 6-10: Measured CO content as a function of t emperature for the refer-
ence state compared to SP 5 operation together with the equilib-
rium CO lines for the different reactors and operat  ing conditions.

The WGS section performance for SP 5 and 8, reptiegea modest and extreme
scenario, compared to reference state is liste@ialole 6-8. For SP 5 operation, a
decrease in total steam consumption by 26% isseshlin SP 5 operation at the
expense of only a small drop in CO conversion B#@points. This means that a
small decrease in GQcapture ratio saves a significant amount of steidueeby
decreasing the efficiency penalty for C€apture. For SP 8 operation, the steam feed
decreases by 35% resulting in a 9.2%-points drdpGnconversion. Here it has to be
taken into account that SP 8 has been performdd amtincreased feed temperature
for reactor 3 in order to reach equilibrium. Theref the absolute values cannot be
compared directly.
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Table 6-8: Measured feed flows, overall CO conversi on and overall
steam/CO ratio for SP 5 and SP 8 operation

SP 5 operation SP 8 operation
Reference R2 Reference R2

state S/CO=2.06 state S/CO=1.45
Syngas feed kmol/h 50.1 50.3 48.6 46.0
Reaction water feed  kmol/h 70.8 52.9 71.3 44.1
CO content syngas| %dry 59.8 60.5 61.9 63.4
Overall ka/kg 1.20 0.89 1.23 0.80
steam/syngas
Overall steam/CO mol/mol 2.36 1.74 2.37 151
Overall X0 % 92.9 89.3 93.8 84.6

Lowering the steam/CO feed ratio also causes thetion rate to increase because of
the higher reaction order for CO than fgyQH(van Dijk and Booneveld, 2011). This is
also observed experimentally in Figure 6-11 whéee daxial temperature profile for
the reference operation is compared to the prdfiling SP 6 operation. Note that the
during SP 6 operation, the total reactor 2 feed fifecreased from 114 to 95 kmol/h.
The axial temperature profile during SP 6 operaisomuch steeper than during refer-
ence operation, evidencing a much higher reactid@ compared to reference state
operation. This implicates that at lowered steamf@, the inlet temperature can be
lowered and/or the catalyst volume can be smaller.

Figure 6-11:  Axial temperature profile during refer ~ ence state operation and SP
6 operation

Quantification and optimisation of the efficiencernalty by decreasing the steam
content should be based on a system evaluatios. siistem evaluation should con-
sider lowered steam contents of both the reactas the reactor 2 feeds. Reactor 1
steam content is determined by the allowable ati@mbemperature rise. Reactor 2
steam content is determined by the minimum requiveprevent progressive catalyst
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carbiding, and thus to ensure catalyst lifetimea8t savings for both reactor 1 and
reactor 2 are possible. For reactor 1, the highlysit activity allows to decrease the
feed temperature and thus the steam content witbaupromising the maximum
reactor outlet temperature. For reactor 2, the oreagents in this report indicate that
catalyst resistance against progressive carbidiggod at lowered steam contents and
decreasing the steam content of the quench isbleaSimilar to reactor 1, reactor 2
temperature can also be lowered.

For start-of-life conditions, the catalyst is aetiand resistant against excessive car-
biding. This would allow operation at significanttgduced steam content for both
reactor 1 and reactor 2 operation, in combinatidth ws low as possible inlet tem-
peratures for all three reactors. For reactor d steam/CO ratio is always sufficiently
high to prevent excessive carbiding, even for algst at end-of-life activity. Since
catalyst deactivation by thermal sintering increaggh increasing steam content of
the feed, lowering reactor 1 steam content mighgrave catalyst lifetime, provided
that the reactor outlet temperature does not iseréy simultaneously decreasing the
inlet temperature. The rate of catalyst deactivafmr reactor 1 was indeed found to
be higher as for the reactor 2 catalyst. For enlifeofconditions, the required steam
content for reactor 2 might have to be increaseurégent progressive carbiding.

For the Magnum design the design pressure is 35nshead of 20 bar for the
Buggenum pilot operation. Besides the effect oinaneasing pressure on activity and
stability (see 6.2.3), the catalyst tendency fabiching increases at increasing pres-
sure. Haldor Topsge calculations indicate thatesqure increase from 20 to 40 bar
would lead to an increase of the steam/CO ratappfoximately 8% relative.

Although the tests presented in this report shamsing resistance towards progres-
sive carbiding, catalyst lifetime over several tbands of hours for this significantly
dryer operation remains uncertain. Therefore, na-honitoring of the ClHcontent is
crucial: at the moment an exponential increasehef@H, content is observed, the
steam content should be increased to stabiliz€Hyecontent. As the CHcontent of
the entering syngas has the same order of magnitaaethe CH production by the
catalyst at reduced steam/CO ratio operation, @aurate indirect measurement of
catalyst carbiding is possible in entrained flowCIG systems. Using this characteris-
tic, the steam content of the quench flow can berotied by means of the measured
CH, content in the reactor 2 effluent over the catdlfetime.

A strategy to learn about the operating limits tas tdryer operation could be the
following. For the ¥ batch of catalyst, the catalyst is operated at@ehsed steam
content, while continuously monitoring catalysthiding via the CH content. When
carbiding occurs, the steam content should be asex® such that the hydrocarbon
production is stable again. This is done througltbetremaining catalyst lifetime. For
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the 2" batch, operation starts at the lowered steam ngribeit the steam content is
increased some time before carbiding was obsemethé f' time for the I batch.
This operation is then maintained until the Gidntent indicates carbiding, necessi-
tating increasing the steam content again. For3théatch, operation starts at the
lowered steam content and the steam is increastbe @re-set time in a similar way
as for the 2 batch. A second increase in steam content is ¢enuted some time
before carbiding was observed for thétiine in the 2 batch. This operation is then
maintained until the CHcontent indicates carbiding, necessitating inéngashe
steam content again.

Applying this procedure allows building up a stmatdor the required steam content
throughout the catalyst lifetime, such that thealyat is always operated outside the
carbiding regime. The steam consumption is thusmigihg throughout the catalyst
lifetime. The downside of this strategy, especifdiiythe first few batches, is that the
catalyst is operated close to the carbiding redonsignificant periods of time. It can
thus occur that the catalyst is exposed to excessiwbiding, limiting the catalyst
lifetime for that batch. Moreover, it could leadunplanned downtime of the plant if
the catalyst is too badly damaged. This strategulshtherefore be subject to an eco-
nomic evaluation (steam savings versus catalyss @sl downtime).

6.3 CO, Absorption section
6.3.1 Testrun TR-CII-009: Water mass flow absorpti on section

In order to investigate the influence of the watentent in DEPEG on the absorption
performance and the hydrodynamic conditions ofaibsorption plant, the water con-
tent in the solvent has been varied by changingnibke-up water flow rate. Three
different set points have been established witrextibw rates of 0.5 kg/h, 1.5 kg/h

and 4.0 kg/h. A detailed description and evaluattdhTR-009 can be found in

(Valenz, 2012a).

The overall process is adapting very slowly andrathanging the water flow rate it
takes up to 14 days to reach new steady statetammgldue to the large DEPEG hold-
up in the entire system (20 tons). The slow adapiothe process to the new condi-
tions can be seen for set point 2 in Figure 6-12.
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Figure 6-12:  Water content dependency on time durin g the 2 " set point.

One important purpose of this test run is to vaéida the binary interaction coeffi-
cient between water — DEPEG in the PC-SAFT equatiostate (see 7.3.2 for PC-
SAFT equation of state). For model validation itirigortant that the concentration
differs significantly between the set points. A®wh in Figure 6-13, the water con-
tent changed by a factor four during the perforreetipoint, which should be suffi-
cient to allow for successful model validation.
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Figure 6-13: Dependency of water content in DEPEG o n the water mass flow
rate

In Figure 6-14, the dependency of the GBsorption efficiency on the water content
is shown. The C@absorption efficiency is slightly decreasing wiitle increase of the
water content as expected. It can be concludedathdbng as the water content is
about 1 + 0.5 wt%, steady-state can be assumethardfluence on the process vari-
ables is negligible. Therefore all further testsuwan be performed for a single water
content in DEPEG (1 £ 0.5 wt%).
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Figure 6-14: Dependency of CO , absorption efficiency on the water content in
DEPEG

6.3.2 Testrun TR-CII-010: Solvent heater power inp ut

The purpose of this test run was to validate theperature dependency of the binary
interaction coefficient between water — DEPEG. €fane the solvent heater power
input has been changed in order to vary the teryreraf the solvent from the™1
flash vessel (ELH30 CT001). This leads to new égiiim conditions with a changed
water content in DEPEG. As in TR-CII-009 this ivery slow process that takes a
long time before the new steady-state set poiestablished. Only one set point could
be performed as described in (Valenz, 2012b) whkeetemperature of ELH30
CTO001 was set to 48°C at a water flow rate of akg/

In Figure 6-15, the water content in DEPEG is shawring the executed set point for
TR-010. The water content decreased from 4.70 stéble water content of set point
3 of TR-CII-009) to 2.14 wt% (steady state valuédhim 16 days. The difference is
more than a factor 2, which should be sufficienaltow for successful model valida-
tion.
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Figure 6-15:  Water content in DEPEG dependency ont ime for a change in the
ELH30 CTO001 temperature to 48T

It is interesting to point out that the g@bsorption efficiency for the performed set
point (86.6%) is higher than the one in the refeeestate (85.8%) even though higher
water content should cause lower £Dsorption efficiency. It is caused by the higher
temperature of the DEPEG if“2and & flash vessel and therefore more £i©®
desorbed and lean solvent contains significantly {8Q than in the reference state.

6.3.3 Testruns TR-CII-011 and TR-CIII-011: Solvent mass flow

This test run was performed in order to investighteinfluence of the solvent flow
rate on the absorber performance. The resultseilised together with the data from
TR-012 (see 6.3.4) to validate the mass transfefficeents in the absorber model (see
7.3.2.4 for results). TR-CII-011 has been perforrfegdthe random packing Raschig
Super-Ring 0.6 and TR-CIII-011 for the structuredking Raschig Super-Pak 250Y.
In the first series of tests during TR-CllI-011etplant had been re-configured for the
high solvent flow rate test (see 6.3.8) and equippith a different distributor for high
solvent flow rates. Therefore the results from tieist TR-CIII-011a were not fully
comparable with the tests performed in TR-CII-0h#l ¢he test has been repeated as
TR-CIII-011b with the distributor for reference abtions as used in TR-CII-011. In
addition, the reference conditions for the syndaw frate have changed during TR-
CIll (1400 kg/h instead of 1600 kg/h). Thereforeecset point has been performed
additionally at 1570 kg/h shifted syngas flow rabel 10 kg/s solvent flow rate.

The tests and the results are described in detéifalenz, 2012c; Valenz, 2013a and
Valenz, 2013b). A summary of the performed tessramd the most important settings
for the individual set points is shown in Table .6Fdr TR-CII-011 (SP4) and TR-
CllI-011a (SP5) the reference conditions are alserg(taken from previous test
runs).
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Table 6-9: Performed test runs and set points for solvent flow rate tests

Test run Set point Solvent flow Shifted syngas Distribléjtor

rate [kg/s] flow rate [kg/h] type

1 13 1612 A

TR-CII-011 2 11 1677 A

3 10 1590 A

4’ 15 1603 A

1 13 1409 B

2 11 1400 B

TR-CIlI-011a 3 10 1405 B

4 10 1571 B

5° 15 1394 B

1 13 1406 A

2 11 1393 A

TR-CIII-011b 3 10 1420 A

4 11 1576 A

5 13 1534 A

6 15 1406 A

The most important variables to validate the maassfer coefficient in the liquid
phase are the G@oncentrations in between the packed bed anceihitiiRich gas. In
Figure 6-16 the measured g€oncentrations in-between the packed beds arlteat t
outlet of the absorber are shown for TR-CII-011YSPSP4) and TR-CIII-011a (SP1
—SP3 and SP5). As shown in Figure 6-16, the @ihcentrations changed by a factor
2 or more during the performed set points, whicbusth be sufficient to allow for
successful model validation.

The CQ absorption efficiency as a function of the solveratss flow rate is shown in
Figure 6-17. The CPabsorption efficiency is decreasing with the dasesof the
solvent mass flow rate which is according expeatati Note that the absolute values
shown in Figure 6-16 and Figure 6-17 cannot be @vetpdirectly due to the different
distributor and changed shifted syngas flow rates.

® For definition see 6.3.8
" Reference state for TCIl performed in previous tes
8 Reference state for TCIIl performed in previoust ten
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Figure 6-16: Dependency of CO , concentration in between packed beds and
in the H , rich gas stream on the solvent mass flow rate for TR-CII-
011 (left) and TR-CIII-011a (right)

0.90

1.00 ‘ ‘ : [ [ [

# using H2 Rich gas 0.88 T i i

0.95 11 9 9 # using H2 Rich gas %
— M using 3rd Flash vessel 0.86 +—— M using 3rd Flash vessel
20.90 = T
5 ] 2 0.84
'© 0.85 § 0.82
5 v S
5 0.80 ; 0.80
£0.75 g o8 p
Q ] 2 *

0.76
] 0.70 * 3
o) © 0744
O 0.65
0.72 H
0.60 0.70
9 10 11 12 13 14 15 16 9 10 11 12 13 14 15 16
DEPEG flow rate [kg/s] DEPEG flow rate [kg/s]

Figure 6-17: Dependency of CO , absorption efficiency on the solvent mass
flow rate for TR-CII-011 (left) and TR-CIII-011a/b (right)

A comparison of the set point that has been peedrat the same shifted syngas flow
rate for TR-CII-011 (SP3) and TR-CIII-011a (SP4)8atkg/s showed that the calcu-
lated absorption efficiency for the Raschig SupergR0.6 at 70.1% was higher than
the absorption efficiency for the Raschig Super-Pa®&Y packing at 67.8%. However
these tests still include the influence of the atight distributor that influences the
flow pattern within the column and therefore itdifficult to directly compare these
values.

To allow for a better comparison of the two typépacking, TR-CIII-011b has been
performed with the distributor type A. Three seing® have been performed at the
new reference conditions (1400 kg/h shifted synig@s rate). Two additional set
points (SP4 and SP5 see Table 6-9) have been medoat the “old” reference condi-
tions to provide data that could be compared wighresults from TR-CI1-011.
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Due to the simultaneously running test run in th@ $\section the absorber inlet con-
centrations of CO was about three times higher esatpto the reference conditions
for the entire TR-CIII-011b (consequently the absorinlet concentrations of GO
and H were lower). CO concentration was about 6 % imstda2% and C®and H
concentrations were about 2 % absolute lower inpasison with reference state
measured at 23-11-2012. In addition, the pressuthé 3 flash vessel was higher
than in previous reference conditions (1.35 baesw of 1.20 bar).

In order to be able to at least quantitatively carepTR-CIII-011b (SP4 and SP5)
with the results from TR-CII-011 (SP1 and SP2) thiBuence of the mentioned
differences (higher CO inlet concentrations andhéigpressure3flash vessel), TR-

CllI-011b is compared with the results from TR-@M1la. The main differences in
the boundary conditions are:

The liquid distributor (Type A for TR-CIII-011b and@ype B for TR-CIlI-
011a). If any influence is to be expected, thenTigee A distributor used in
TR-CIII-011b should allow for a better performanas it suitable for the
tested solvent flow rates.

Higher pressure in"3flash vessel during TR-CIII-011b. This causes bigh
CGO, concentration in the lean solvent and consequeh#dydecrease of the
driving force for mass transfer which should deseethe absorption effi-
ciency.

Lower concentration of C{at the inlet into the absorber. This also deciease
the driving force for mass transfer and reducestsorption efficiency.

As seen in Figure 6-18, the absorption efficienoy TR-CIII-011b (repetition) is

lower than in TR-CIII-011a for 13 and 15 kg/s solvélow rate. In this operating
region, only the influence of the increased pressorthe 3 flash vessel and the
increased C@concentration in the shifted syngas can be sed&othsdistributors are

designed to operate in that region although minfierénces still could occur. For
lower solvent flow rates the influence of the dmmitor type B, which is not designed
for these low flow rates, increases with decreaimg rate. In conclusion for solvent
flow rates higher than 13 kg/s the data are nongéwligibly) influenced by the used
internals. At lower flow rates the effect of theuid distribution is significant and
therefore for the model validation the data of TR-G11b should be used.
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6.3.4 Testruns TR-CII-012 and TR-CIII-012: Shifted syngas flow rate

This test run was performed in order to investighteinfluence of the shifted syngas
flow rate on the absorber performance. The resuilide used together with the data
from TR-011 (see 6.3.3) to validate the mass tenebefficients in the absorber

model (see 7.3.2.4 for results). TR-012 has beefoqpeed for the random packing
(TR-CII-012) as well as for the structured packifigR-CllI-012). The tested set

points are shown in Table 6-10. A detailed desicnipand evaluation of the test runs

can be found in (Valenz, 2012d and Valenz, 2013c).

Table 6-10: Performed test runs and set points for shifted syngas flow rate
tests
. Shifted syngas Solvent | Distributor
Test run Set point flow rate type’
flow rate [kg/h]
[kg/s]

1 1376 15 A

TR-CII-012 2 786 15 A
3 1754 15 A

1 1573 15 B

TR-CIII-012 2 1246 15 B
3 819 15 B

® For definition see 6.3.8
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The dependency of the concentration profile ondthiéied syngas mass flow rate is
shown in Figure 6-19 for both packings. It can kersthat the concentrations in-
between the packed beds changes around 2 timeatghd absorber outlet around
50% for both test runs, which should be sufficienallow for successful model vali-

dation.
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Figure 6-19: Dependency of CO , concentration in between packed beds and
in the H , rich gas stream on the shifted syngas mass flow ra  te for
TR-CII-012 (left) and TR-CI1-012 (right)

A comparison of the absorption efficiency can bensen Figure 6-20. From this
evaluation it seems that, against expectationsyeghdom packing has better absorp-
tion efficiency than the structured packing. Thekiag performance and comparison
is discussed in more detail in 7.3.2.4.
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Figure 6-20: CO , absorption efficiency at different shifted syngas flow rates
for TR-CII-012 and TR-CIII-012
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6.3.5 Testruns TR-CII-013 and TR-CIII-013: Solvent temperature

In this test run series, the influence of the soitemperature (ELH50 CTO03) on the
absorption efficiency was investigated for bothetymf packings. The lean solvent
temperature was varied and in TR-CII-013, the teatpee of the shifted syngas
(ELG60 CT003) was changed accordingly. For bothrigss, the solvent temperature
ELH30 CT001 (temperature betweethdnd 2° flash vessel controlled by the heater
ELH30 AC010) was also changed in order to mainttaénwater content in the solvent
on the level up to 1.5 wt%. The tested temperatfoeshe individual set points are
shown in Table 6-11. A detailed description of thst runs and the evaluation can be
found in (Valenz, 2013d and Valenz, 2013e).

Table 6-11: Setting of solvent and shifted syngas temperature

Test run Set ELH50 ELG60 ELH30 Water con-
point CTO03 [°C] | CTO03[°C] | CTO0L1[°C] | tent [vol%)]

1 35 35 40 1.1

TR-CII- 2 30 30 40 1.2

013 3 25 25 35 1.5

4" 40 40 43 -

1 30 30 34 1.1

TR-CIII- 2 25 30 38 1.3

013 3 175 30 22.5 1.5

4+ 40 40 44 1.0

In Figure 6-21, the COabsorption efficiency is shown for the differentvent tem-
peratures. The CQOabsorption efficiency is increasing with decregsgolvent and
shifted syngas temperature as expected. For TR{3)-the change between refer-
ence state and set point 1 is not significant wisctaused by a different temperature
in the 3 flash vessel (44°C reference state and 40°C $Rdher temperature causes
leaner solvent and therefore better ,GBsorption efficiency which compensates for
the effect of the lower lean solvent and shiftedgas temperature. A similar situation
is applicable for the” and ¥ set point where the temperature in tifeflash vessel
was 40°C and 35°C, respectively. The effect of Isalwent and shifted syngas tem-
perature can best be evaluated by comparing S®E SRr2, where thé“¥lash vessel
temperature is equal. For TR-CIII-013, the changtsvben set point 2 and set point 3
does not follow the expectation (it behaves reyergeich is again caused by a
different temperature in thé"3lash vessel (38°C SP2 and 22.5°C SP3).

10 Reference state for TC-Il from previous test rIR{CII-09)
1 Reference state for TC-1Il from previous test (GR-CII-011)

Page 94 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

Figure 6-21: CO , absorption efficiency at different solvent tempera tures for
TR-CII-013 (left) and TR-CIII-013 (right)

6.3.6 Testruns TR-CIl-014 and TR-CIII-014: Absorbe r pressure

The purpose of this test run was to investigateirifisence of the absorber pressure
on the CQ absorption efficiency. Two additional absorbersgrees at 21 bar(a) and
23 bar(a) have been tested in addition to the erter pressure of 22 bar(a) for the
random packing (TR-CII-014) and the structured pagKTR-CIII-014). However the
tests have been performed at different shifted agrftpw rates (1600 kg/h for TR-
ClI-014 and 1400 kg/h for TR-CII-014) due to theaobed reference conditions for
the different packings and therefore a direct caispa is not possible. As can be
seen from the figures below for both packings th&ogption efficiency increases with
increasing absorber pressure, which was to be &egheltie to the higher partial pres-
sure in the gas phase.
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Figure 6-22: Dependency of CO , concentration in between packed beds and
in the H , rich gas stream on the absorber pressure for TR-CI  1-014
(left) and TR-CII1-014 (right)
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Figure 6-23:  CO , absorption efficiency at different absorber pressu res for TR-
Cll-014 (left) and TR-CIII-014 (right)

6.3.7 Testrun TR-CII-015: 1 * flash vessel pressure

The purpose of this test run was to investigateirifieence of the pressure in th& 1
flash vessel on the phase equilibrium and the pase concentrations. More specifi-
cally, the binary interaction coefficients betwegases (CQ H,, CO and N) and
DEPEG in PC-SAFT equation of state will be qual&ly validated based on real
operational data. Two additional pressures at &rfalpand 8.5 bar(a) have been tested
in addition to the reference pressure of 7.5 baKa)etailed description and evalua-
tion of the test run can be found in (Valenz, 2012f

In Figure 6-24, the influence of the pressure @ Thflash vessel on the main compo-
nents CQ and H in the gas phase is shown. It can be seen th&@heoncentration

is reduced significantly with increasing flash pa®, as less GQOs evaporated from
the DEPEG solution. As a result, the ebncentration increases, as at all of these
pressure levels, almost alb i$ released from the liquid phase. The,@0ncentration
changed by 16% and the, ldoncentration changed by 33%, which should be-suff
cient to allow for successful model validation.

The mass flow for CO andHncreases only by 20% and 15% when reducing the
flash pressure by 2 bar indicating that also ahdrigpressure levels the bulk of these
components is released and a reduction of theyreeskoes not influence the release
of these components very much. On the other hameC® mass flow doubles when
reducing the pressure from 8.5 bara to 6.5 bara.

The pressure in the'flash vessel does not influence the overall, @@sorption effi-
ciency of the plant as this is determined by thesgure in the3flash vessel. Indeed
the calculated absorption efficiencies are veryilamior all three set points (85.7%
(reference state), 86.1% (set point 1) and 86.2%p@int 2)).
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Figure 6-24:  Dependency of CO ,and H, concentration in outlet stream from 1 %
flash vessel on the 1 * flash vessel pressure

Table 6-12: Component mass flows from 1 ' flash vessel for different

pressures
Set point CO [kg/h] CO; [kg/h] | Hy [kg/h]
1 (8.5 bara) 3.23 189.87 2.60
2 (reference 7.5 bara)4.04 130.45 2.37
3 (6.5 bara) 4.85 259.63 2.73

6.3.8 Test run TR-CIII-031: High solvent flow rate

As explained in 2.1.3 the utilisation of structupstkings in the COabsorber is fore-
seen in the large-scale application with high Liggmating conditions and especially
high liquid flow rates to enhance the capacitydapturing CQ. These operating con-
ditions where the packed absorption column is dpdrat such specific L/G values
(high liquid flow rate and low gas flow rate) hasver been tested before from a
hydraulic and separation efficiency point of vielin test the column hydraulics and
the separation efficiency under these conditiohs, ligh solvent flow rate test run
TR-CIII-031 will be performed. The main purposetio test run is:

- Test high L/G operating conditions with solventiloate up to max. 108 m3/h
corresponding to 240 m3fh (the solvent flow rate foreseen in the CB&I
Lummus design of the G@bsorber for Magnum).

- Test hydraulic limits of the absorber column.

- Test separation efficiency at high solvent flonega{probably re-estimate C
and Cv values).

- Comparison of different packings (structured anutican).
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Within TR-CIII-031, a series of pre-test have bexecuted in order to identify the
hydraulic limitations of the pilot plant when it oes to high solvent flow rates and
define the optimal settings for the high solvewtfirate test which will be used to
identify the separation efficiency of the absorptimit at high solvent flow rates with
two different types of packings.

The tested packings/distributors are:

- Packing type A: Raschig Super Rings 0.6 (randorkipgy

- Packing type B: Raschig Super Pack 250Y (structpeating)
- Distributor type A (for low solvent flow rates 335n3/h

- Distributor type B (for high solvent flow rates 843 m3/h)

The test runs planned during TR-31 are shown inelé13 and the pressure settings
applied during the individual test runs are showTable 6-1#. Unfortunately test
runs 3 and 4 could not be executed (which also & run 2 obsolete) due to time
restrictions and therefore only the plant limitasand pressure drop correlation could
be evaluated for the random packing. Thereforddbes in this report will be on the
comparison of the hydrodynamic conditions for the tested packings and on the
evaluation of the separation efficiency of the cineed packing for high solvent flow
rates. A detailed description and evaluation cafobed in (Faber, 2012c).

Table 6-13: Test runs performed during TR-031

Test Date
Purpose
runs Start End

Check relation between the solvent
1 flow rate and pressure drop Type A packing
and Type A distributor

06-9-2012| 06-9-2012
13:30 15:00

Identify limitations for solvent flow
2 rate with Type A packing and Type A
distributor

14-9-2012| 14-9-2012
09:00 13:20

Identify limitations for solvent flow
3 rate with Type A packing and Type B - -
distributor

Identify absorption efficiency at high solvent
4 flow rates with Type A packing and Type B - -
distributor

12 pressure settings had to be adjusted for thegutylent flow rates to avoid certain
operational bottlenecks (pump capacities, valveciigs) that prevented higher liquid flow
rates
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e oy | 2ot | zearaz
Ype b packing and 1yp 201208:20  15:30
distributor
Identify ab ti ffici t high solvent
6 | fowrates it Type & packing and Type § 011 | 04122012
ype & packing and IyPe 8 5412 10.00  08:00
distributor
Table 6-14: Parameter setting for the individualt  est runs within TR-031
Parameter Unit TR 1 TR 2 TR5 TR 6
Shifted syngas flow rate  kg/h 1425 1425 1400.01 312®
Absorber pressure bara 20.2 21.4-224 19.2+220.212
Achieved/tested liquid
chievearested lquid | 1 ois) | 17 -25.5| 17-255| 16-30  15-30
flow rate
Pressure*iflash vessel barg 6.50 65-75% 55-7.6 5.50
Pressure flash vessel| barg 2.90 2.90 2.90 2.9Q
Pressure 3flash vessel barg 1.76 1.2-1.7 1.2-1.7 171
Packing type Type A Type A Type B Type B
Distributor type Type A Type A Type B Type B

6.3.8.1 Column hydraulics at high solvent flow rate s

Pressure drop — Flow rate correlation for random géng Type A

In the first test run, the relation between theveot flow rate and the measured pres-
sure drop in the two packing sections of the coluvas investigated in order to check
if a clear and expected relation can be identiffed can be used to assess the hydro-
dynamic conditions within the column. This is esplg important for high solvent
flow rates in order to avoid going into the floogiregion of the column. Therefore,
over a wide range of liquid flow rates and at cansgas flow rate, the pressure drop
has been measured.

In Figure 6-25 the measured correlation betweersdiheent flow rate and the pressure
drop over the upper (ELH10 CP001) and lower (ELKCEDO02) packing sections are
shown. It would be expected that the lower pacldegtion shows a higher pressure
drop, as the height of the packing sections isstimae and the lower pressure drop
measurement even includes the chimney tray foidigollection. Additionally the
gas flow rate in the lower section is considerdbgher than in the upper section and
therefore also a higher pressure drop would beategdor this section. Nevertheless,
it can be seen that the upper section shows ahpaghssure drop. The higher pressure
drop in the upper section could be explained byrool internals (feed pipe, distribu-
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tor) that influence the pressure drop in the vatlimn section. Both pressure drops
show an exponential correlation to the solvent ftate where the pressure drop in the
lower section increases faster than in the uppetiose At around 19.5 kg/s a step-
wise increase in the pressure drop of the uppéiosecan be seen. This might indi-
cate a flooding of the liquid distributor.

At around 23.5 kg/s both pressure drops show alriestsame value. Above 23.5
kg/s, the pressure drop in the upper section diaitecrease much faster, whereas the
increase in the lower pressure drop reduces tostlthe same slope as the upper sec-
tion showed below 23.5 kg/s. Just below 23.5 kgg@ng increase in the lower pres-
sure drop can be identified. One explanation fat tiehaviour could be that at 23.5
kg/s the lower section floods and some of the ¢ticgdlvent is entrained into the upper
section where it increases the pressure drop.

Generally it can be concluded that a clear and argerelation between the solvent
flow rate pressure drop could be identified and thdlooding of the column can be
identified based on the measured pressure drop.
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Figure 6-25:  Correlation between pressure drop over packing sections and

solvent flow rate for test run TR-31_1 (packing/dis tributor type A)

Pressure drop — Flow rate correlation for structutepacking Type B

Test run 5 was used to investigate the hydraufidtditions of the plant with the
structured packing and the new distributor and hieck for possible bottlenecks.
Thereby, the pressures in the absorption columntiead' and ¥ flash vessel have
been varied. In Table 6-14 the range of the teptedsures in the individual flash
tanks and the absorption column are shown. Theebtgbolvent flow rate that could
be reached was 30 kg/s at the following pressutegs:

ELH10CPO0O01: 20.2 Bara

ELH20CPO0O01: 5.6 Bara

ELH30CPO0O01: 2.9 Bara

ELH40CPO0O01: 1.7 Bara

Page 100 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

In addition the correlation between solvent flovierand pressure drop was again
investigated for the packing type B with the distitors type B. In Figure 6-26, the
correlation between the solvent flow rate and thesgure drop measured during test
run 5 is shown. It can be seen that the pressunpsdshow a much smoother
behaviour compared to the previous test with tisgridutor/packing type A configu-
ration. No sign of flooding of the packing or thistdbutor can be identified. In addi-
tion, the absolute values of the pressure dropscansiderably lower than before.
Also the slope of the pressure drop curve is camnalily lower than during the
experiments with the distributor/packing type A figuration. An almost linear
correlation can be seen, indicating, that the plandperating still away from the
loading region. The slight reduction in the absslvalues around 27 kg/s can be
explained by a reduction of the absorber pressunend this region.

a S

Pressure drop [mbar]
Now

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Solvent flow rate [kg/s]

+ ELH10CP001 = ELH10CP002

Figure 6-26:  Correlation between pressure drop ove r packing sections and
solvent flow rate for test run TR-31_5 (packing/dis tributor type B)

6.3.8.2 CO, absorption efficiency at high solvent flow rates

In test run 6, the absorption efficiency of theapson column with the structured
packing at high liquid loads was determined ushegdettings identified in test run 5.
Therefore, longer steady-state operation periodsnacessary in order to allow the
plant to establish also steady-state conditiongterconcentrations. The parameters
established are shown in Table 6-14. In additise®points have been performed at
reference conditions for a solvent flow rate ofkis and 19 kg/s to allow for a direct
comparison of the adjusted plant conditions wifenence state conditions.

The most important variables to validate the memssfer coefficient in the gas phase
are the C® concentrations in between the packed bed andenHthRich gas. In
Figure 6-27, the correlation between solvent flaterand C@ concentration at the
absorber outlet and in-between the packed bedbawrs It can be seen that, as

Page 101 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

expected, the concentration is reduced with inangasolvent flow rate. Towards
higher solvent flow rates, the slope levels oufjdating that the process gets becomes
limited by mass transfer and no more &@n be absorbed at these conditions.

CO2 concentration [vol%]

Solvent flow rate [kg/s]

‘ + CO2 concentration absorber outlet [vol%] = CO2 concentration between absorber beds [vol%]\

Figure 6-27:  Correlation between CO , concentration in the absorber and sol-
vent flow rate based on results from TR-31_6.

In Figure 6-28, the absorption efficiency is shdanthe different set points.

Removal efficiency [%]
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+ 3rd flash ®m H2 rich gas

Figure 6-28:  Correlation between CO , absorption efficiency and solvent flow
rate based on the results from TR-31_6

The reason for the higher absorption efficiencysietrpoints 5 (right circle) and 6 (left
circle) is the higher pressure in the absorber thedlower pressure in thé?3lash
vessel at reference conditions compared with ttisge for SP1-SP4.
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6.3.9 Solvent composition

After the test programme was finished, a samplieesh solvent (which has not been
exposed to process gas) and spent solvent (expogedcess gas for > 5000 hours)
was taken for analysis by Clariant. In comparisothe fresh sample the spent sample
has:
A slightly lowered pH-value and increased acid ealidue to the small
amount of C@and increased formic acid)

A higher water content (which also causes the higiseosity)

A slight shift in homologues

In summary, the spent solvent is still in good ébads, which is confirmed by the
fact that the solvent performance (as indicatedth®y capture efficiency) was not
deteriorating in time and the solvent physical @ppece did not change in time.
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7 Process modelling

This section describes the models developed fopilbe plant. The models cover all

pilot plant sections. Depending on the requirecllef detail (e.g. overall plant per-

formance evaluation or detailed plant componentyai®d and the purpose of the
models (steady-state or dynamic process evaluatranpus software tools have been
used in this project (Aspen Plus®, Matlab, Dymolafidlica). The model develop-

ment approach has been defined in the modellingemggan (Kaptein, 2010 and

Faber, 2012a) in order to ensure that the developadkls serve the purpose of the
project and that a consistent modelling approachtharmodynamic data is taken by
the individual research groups that have been ¥weblin the model development.

Following the outline in the modelling master plére individual steps that have to be
taken during model development have been definegpl 2011).

After a description of the modelling objectivessaction 7.1, the individual models
and their validation are described, as well astdtook for up-scaling.

7.1 Modelling objectives

For a better understanding of the C€apture process and explanation of observed
behaviour during plant operation a series of preaesdels have been developed
within the Catch-up project. By validating the pijdant models against real opera-
tional data, more reliable and accurate modelsiegige to the large-scale capture
plant can be obtained. For this purpose, the pilatt models are to be extended and
extrapolated to the full-scale operational ranggeteon theoretical scale-up rules and
physical insights. The developed process model®saultiple objectives:

- Verify overall pilot plant performance

- Evaluate the performance of a specific technologsghmonent (e.g. assess
catalyst activity, mass transfer coefficients ia #bsorber, etc.)

- Identify measurement errors in the data obtainewh fihe pilot plant

- Simulate different operation scenarios in ordepeédorm energy optimisation
with respect to input process variables.

- Evaluate the dynamic response of the system inrotdeimprove the
controllability and modifying/improving the contreystem.

- Develop methods for (automated) process and cooptohisation
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Note that the development of a full-scale captuaatpmodel and energy optimisation
is ongoing work and is therefore not describedis teport.

7.2 WGS reactor model

A reactor model has been developed in Matlab vighdbjective to predict the tem-
perature profile of the WGS (Hernandez, 2011). Thactor is modelled as a
heterogeneous adiabatic plug-flow WGS reactor, ingan

i) Heterogeneous: Transports of heat and mass to inich ¥he catalyst pel-
lets are taken into account.

ii) Adiabatic: Heat loss of the reactor is neglectedl rétial temperature pro-
file exists.

iii) Plug-flow: No axial dispersion of heat or masssidered.

The physical parameters required for the pore-siifiu model, being the average pore
diameter, the porosity and the tortuosity, werengjliad by separate measurements on
pellets of a spend catalyst.

The model uses intrinsic reaction kinetics in therf of a power-law rate equation.
The parameters of this rate equation, being thalysdtactivity factor, the apparent
activation energy and the reaction orders for #actants and the products, were
guantified by regression analysis of experimentaasurements (van Dijk and
Booneveld, 2011).

A data set of 20 settings for reactor 1 and reatoas been selected for the regres-
sion, representing variations in inlet temperatthi|pughput and syngas composition.
The entire set spans a period of 1869 h operatitwdel validation resulted in
parameter estimates for the catalyst activity faeted length of dead zone for reac-
tor 1 and reactor 2. For each reactor, single esiiims of these parameters allowed to
accurately describe the whole data set. This mikats
i) All trends with temperature, throughput and syngasposition are pre-
dicted.
ii) The activity over the 1869 h period is constantamigg that catalyst
deactivation over this operational time is insigrant.
iii) The length of the dead zone over the 1869 h pési@bnstant, meaning
that following initial settling and shrinkage, foer settling, shrinkage and
possibly also fouling are insignificant.

The model can be used to simulate the reactor npesfoce. Up scaling to model the
reactor behaviour for the Magnum layout only regsiiadaptation of the dimensions
of the reactor. No other model parameters needsadgnt.
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7.3 Steady-state models of the pilot plant

The steady-state models serves as a tool for v@idaf the on-design plant perform-
ance which then can be verified by comparison iéhdesign calculations performed
by CB&I Lummus and on-design operational data otedifrom the pilot plant. The
developed steady-state models have been validgathsh experimental data sets
obtained from the pilot plant during th& and ¥ test campaign. Extensive, rigorous
data reconciliation and parameter estimation tephes have been used in order to
improve the quality of the data and the accuragpefprocess models.

Furthermore, the steady-state models have beetopedeto predict the performance
of the plant and its subcomponents for off-desipearation. This will allow to analyse
the influence of process parameters, lik©HKCO ratio, shift temperature, flash pres-
sure, solvent circulation rate on the plant pertomoe. Off-design performance pre-
dictions can further be used to judge if a giveerapon is safe and no process or
material limitations are violated. Finally, the adg-state pilot plant model serves as a
reference tool for a) the development of the falile CQ capture model and b) for
the initialization and validation of the dynamigtare models.

The pilot plant model has been divided into twatises: a) the syngas conditioning,
WGS and condensate recovery section (referred tW@&S section) and b) the
absorption section. In the overall system modelinkdéevzidual models of the two sec-
tions have been combined making use of the Aspes iteérarchy blocks that provide
hierarchical structures to complex simulations @sgPlus Help). This way the
models of the syngas conditioning and WGS secti@habsorption and regeneration
section remain as individual models which can gdmsl exchanged or updated.

7.3.1 Steady-state model of the WGS section

A simulation model for the syngas conditioning, W&&l condensate recovery sec-
tion has been set up in Aspen Plus V7.3. The flbees of the model is shown in

Figure 7-1. A detailed description of the steadtesimodel including boundary condi-

tions for modelling and design data can be foun@rapp, 2013a).
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Figure 7-1: Flow sheet of the WGS section in the As  pen Plus model.

For validation of the syngas conditioning and W&S8tien, the data derived in the
following tests have been used:

1) TR-001: reactor inlet temperature variations
2) TR-002 and TROO2A: syngas inlet composition veaoiadi
3) TR-003: syngas mass flow variations

4) TR-004A and TR-017: pO/CO variations

From the above mentioned test runs 20 individutl dats were selected for model
validation based on criteria discussed in the geadata analysis.

7.3.1.1 Data analysis and handling

From the raw experimental data of the test rurss$ fite periods of steady-state opera-
tion were determined via visual inspection of th@mprocess variables. A minimum
period length of 3 hours was considered to ensgrdfecient number of recorded data
points, which applies especially for the discretenposition measurements (normal
GC analysis mode 1 measurement every 15 minutesdi location). Outliers in
composition measurements were removed from thelystsgate period on a heuristic
basis. For further data analysis the mean andelhtive standard deviation of all vari-
ables were determined for each identified steadtegteriod and compared to other
data sets.

Coriolis and vortex flow meters are used for mdes/ fmeasurements in the pilot
plant. The Coriolis meters measure mass flow rateigh are directly recorded in
PGIM. The vortex meters measure volumetric flonesatvhich are converted into
mass flow rates using stream dependent densityecsion factors and then recorded
in PGIM. The data analysis is based on mass flaesrand therefore Coriolis meas-
urements can be used straightforward whereas regomitex measurements need to
be corrected according to the actual density witichnges during operation based
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variations in pressure, temperature and compositidghe measured stream. The den-
sity calculations were performed with the PC-SABFdry available in FluidProp. In
order to prepare the raw measurement data fronpltre to be used as a basis for
model validation the procedure described in A.2lFeen applied.

7.3.1.2 Data reconciliation and parameter estimatio n

Despite the pre-treatment of the raw measuremetat @t has been applied (see
A.2), the measurement data still contains randamrgr outliers or constant offsets
that could not be identified by visual inspectidrttee data. As these data are used to
tune the models with parameter estimation techsiguerder to obtain more reliable
parameter estimates, these measurement errorddéeecidentified and corrected as
good as possible. Therefore a simultaneous datacéi@tion and parameter estima-
tion strategy is used which results in an iderdtiian (and correction) of measurement
errors and reliable parameter estimates.

Commonly, multiple sets of independent data, wheabmeasurements change with
each data set, are used in order to obtain reldri@meter estimates (for present case:
multiple data sets from independent test runsxase the model parameters do not
change throughout the measurements sets, repregantioperational period whereby
the process performance is not influenced by fguldegradation or deactivation, and
assuming all measurements are subject to errardnthividual data sets are coupled
through the parameter estimates. This simultandatsreconciliation and parameters
estimation (DRPE) problem is described as an efmvariables measured problem
(EVM). The formulation of the EVM problem is shownA.3.

The formulation of the objective function is crudar the results of the data recon-
ciliation and strongly depends on the distributarthe measurement errors. If a nor-
mal Gaussian distribution exists, a standard Weifhieast-Squares (WLS) formula-
tion gives unbiased results. However in the pres@faon-Gaussian distribution and
in the presence of larger measurement outlierspast formulation of the objective

function should be used in order to limit the iefhce of the outliers on the results of
the data reconciliation. For the data reconcilratmesented in this report the con-
taminated Normal estimator was used (see equatidh A

The process model contains 3 main parameters, ghoach to equilibrium of the
water-gas shift reactors, 30 independent variafgsit variables), which are deter-
mining the state of the process, and a large nurmbeependent variables (out-put
variables) whereby 32 of them are used to deterth@e@erformance of the system.

In order to assess the possibilities to reducectimeplexity of the optimization prob-
lem, a sensitivity analysis was conducted in otdadentify both the set of independ-
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ent variables, which cause significant uncertaimythe system performance, and
variables which have minor or no effect on the omte.

As a result, 20 independent variables were idedtifvhose uncertainty have minor
impact on the performance and as a consequenceptitaization problem can be
reduced. For these variables the measured valeesleen directly as input which is
equivalent to the assumption that these variabkeem@or-free.

Further, a preliminary analysis was performed iheoiinvestigate if the reactor model
parameters are time- dependent and therefore eifféor each data set. The estimates
for reactor 1 and reactor 2 parameter were constdihta value of 0 Kelvin through-
out all data sets. This observation has been epafirduring the detailed reactor
model validation (van Dijk 2012a). Therefore, bptirameters are removed from the
optimization problem and assumed constant withlaevaf 0 Kelvin. During the test
period equilibrium in reactor 3 was not always test and the performance varied
during the test period. Therefore reactor 3 modehmeters differ for each data set.
To summarize, the number of independent variabdesbe reduced from 30 to 10
variables, reactor 1 and 2 model parameters caotmdered constant with a value of
0 Kelvin for the considered measurement periodraadtor 3 model parameter is data
set dependent.

Therefore, the optimization problem is successftéiguced to a DRPE, which can be
performed for each data set individually, as no ramm parameters couple the indi-
vidual data sets. The objective function is fornedain terms of the contaminated
Normal distribution and was implemented in Matldilhe non-linear equality and
inequality process constraints are representechéyptocess model, which is linked
via a COM interface to the programming environmdrite DIRECT algorithm has
been used for solving the non-linear optimizatioobem. A detailed description of
this procedure is described in (Trapp, 2013a).

7.3.1.3 Results of model validation

Mass flows

To improve the accuracy of the process model aadjtiality of the raw measurement
data, the data reconciliation and parameter estmairocedure (DRPE) has been
applied to the data gathered during the individast runs for the shift section using
the process model. The results of the simultanBd&RiBE in terms of the standardized
residuals, which are defined as deviations betwaeasured and reconciled values
(residuals) divided by the corresponding standawdations of the main mass flows
within the shifting section, are depicted in Figiir@ and Figure 7-3. Relatively large
errors are observed mainly in the syngas and imtesch mass flow measurements.
From Figure 7-3, which displays the absolute rediglof the mass flows, it can be
concluded that the measured syngas values arer@tstally too high by approxi-

mately 35 kg/h. For the majority of the measurellies of the quench flow and the
reactor 1 inlet flow the deviations are very sm¥lues for the make-up water and
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shifted syngas (SYNOUT_M) are measured slightly high and the reaction water
mass flow is systematically too low by approximat2b kg/h. In general, except for a
few outliers, mainly present in the quench flowe thass flow residuals are randomly
distributed.

Considering the possibility that the indicated esrare not the result of measurement
errors but of inaccuracies related to the procesdetn in particular to the thermo-
dynamic model used for the prediction of the theshysical properties, the average
accuracy of the model predictions (calculated ddpetvariables) with respect to the
raw measurements is summarized in Table 7-1. Toeracy for all mass flows in the
shifting section is below 3.2%, which can be coesid as a good agreement between
the raw measurements and the model predictions.

To summarize, considering the systematic errorthén syngas and reaction water
mass flow measurements, it can be concluded teaetmeasurement instruments are
not calibrated correctly.
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Figure 7-2: Standardized residuals of mass flow mea  surements within the

shifting section for 20 data sets as a result of si multaneous
DRPE using the contaminated Normal estimator.
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Figure 7-3: Residuals of all measured mass flows wi  thin the shifting section

for 20 data sets as a result of simultaneous DRPE u  sing the con-
taminated Normal estimator.

Table 7-1: Average accuracy of model predictions w  ith respect to raw
measurements

Mass flow measurement Average accuracy [%0]

Reaction water 1.92

Syngas 3.11

Quench 1.19

Reactor 1 inlet 0.09

Shifted syngas 0.58

Make-up water 1.63

Temperatures

The standardized and absolute residuals of thedeahye measurements are depicted
in Figure 7-4 and Figure 7-5. For reactor 1 outehperature, the model predicts on
average 0.6 K lower temperatures than the measuisnihese results can in general
terms be considered as a good agreement betweeectireled measurements and the
process simulation results. The WGS reactor modkdlation indicated a systematic

over prediction by 4.1+0.7 K of reactor 1 outlemperature for the case that heat
losses are not considered, hence the actual tetaperaould be a few degrees lower
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(van Dijk 2012a). The system model documented metades heat losses of 2000 W
for each reactor and therefore both estimatesateei same order of magnitude.

Reactor 2 outlet temperature is systematically testenated by the process model in
the range of 2 to 5.5 K and therefore detected gross error (deviations larger than
3.34 ). In the WGS reactor model validation report ademprediction by 1.0+0.9 K
is documented (van Dijk 2012a), which will be stighower as reactor heat losses
were not considered. In conclusion, both analyses gomparable results for the
adiabatic temperature rise of reactor 2.
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Figure 7-4: Standardized residual in temperature me  asurements within the

shifting section for 20 data sets as a result of si multaneous
DRPE using the contaminated Normal estimator.
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The standardized residuals of the composition nreagents at the inlet and outlet of
the reactors are represented in Figure 7-6 to €igutl and of the syngas inlet in
Figure 7-12. In general, it can be observed thatrtajority of the residuals range
between £2. Larger errors and outliers are mainly observedngasurements of
reactor outlet compositions (Figure 7-7, Figure @l Figure 7-11). For reactor 2
larger deviations might also be related to the nkesk mismatch in adiabatic tem-
perature rise. The highest systematic bias in tefnssandardized residual is observed
in the CO measurements of reactor 1 outlet whichesponds to an average absolute
residual of 0.21%-points. Reactor performance satihs carried out by Haldor
Topsge indicate a similar absolute systematic eémrdhe dry CO exit concentration

for reactor 1 by 0.4%-points (van Dijk, 2012b].
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Figure 7-12:  Standardized residual in syngas inlet composition measurements

for 20 data sets as a result of simultaneous DRPE u
taminated Normal estimator.

sing the con-

In conclusion, the model predictions for mass flotesnperatures and compositions
show good agreement with the measured values a¥ddd@he reconciled estimates
(independent and dependent variable values) arenaat deviations of £3.34(gross

error cut point). Hence the steady-state modelbmamnised for accurate performance
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predictions throughout the entire operational ramgeddition, the model can also be
used for the development of models of the largéescapture unit. In this case, some
of the components that are specific to the pilanpimust be replaced with those that
would be utilized in an actual GQ@apture plant (for example electrical heaters and
coolers). In the shifting section no parametersriede adjusted.

7.3.2 Steady-state model of the absorption section

A simulation model for the absorption and regenenasection has been set up in
Aspen Plus V7.3. A flow sheet of the model is shownrigure 7-13. The following
components have been considered in the model: pspuck fluid DEPE&, CO,
CO,, Hy N, and HO. The perturbed chain statistical associatingdfliieory (PC-
SAFT) equation-of-state is used for the calculatadnthermodynamic properties,
because of its success in predicting VLE of comileixis and especially fluid mix-
tures for a broad range of conditions. Equationstafe based on molecular models,
like PC-SAFT, have several advantages. Due to higipally-sound framework, a
SAFT-based EOS is robust, consistent and extrapelé&Bross and Sadowski, 2001).
The values of the parameters for the PC-SAFT eguaif state were fitted on the
experimental data provided by the vendor of thevesdl Genosorb 1753 and are
reported in (de Servi, 2013a).

The pilot plant model setup and the descriptiomlbfised parameters and model set-
tings are described in detail in (Valenz, 2013dje Tost crucial part of the process
model is the absorber model with the descriptiothefmass transfer between the gas-
phase and the liquid-phase. Both equilibrium and-based approaches to describe
the mass transfer have been investigated.

In the equilibrium model, equilibrium is assumedvzEen the components in the two
phases for each theoretical stage. To accountrgrlimitation to this assumption,
Murphree efficiencies can be used for individuahponents.

The rate-based approach provides the possibilitgctmunt for phenomena limiting
the mass transfer on both sides of the interfacieh and is more suitable for systems
where the mass transfer is limited due to the rirassfer resistance towards the inter-
facial area. On the other side it is usually corapabhally more demanding as it
requires the calculation of certain component aadsport properties (like densities,
diffusion coefficients, viscosities, surface temsgic.) and also a high number of dis-
cretisation points along the column axis. In thiglyg the Billet-Schultes mass transfer
model has been used with 60 discretisation polotgahe column height.

13 Genosorb 1753 is a blend composed of polyethylgiyeol dimethylethers (different
homologues). Therefore the solvent is modelled pseudo pure substance with an equivalent
molecular weight of 302 kg/kmol.
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Figure 7-13:  Flow sheet diagram for the absorption and regeneration section
in the Aspen Plus model

7.3.2.1 Test runs used for model validation

To validate the process model of the absorptionragéneration section, the results
from the following test runs have been used:

Testrun 9 — change of the water content in theesb
— The purpose is to validate the thermodynamic ek regard to the
VLE of water — DEPEG

Test run 10 — change of the solvent temperaturedsn 1st and 2nd flash vessel
— The purpose is to validate the temperature degerydof the thermo-
dynamic model with regard to the VLE of water — [H&P

Test run 11 — change of the solvent mass flow rate
— The purpose is to validate together with datenfiicest run 12 the mass
transfer coefficients

Test run 12 — change of the shifted syngas messrfite
— The purpose is to validate together with datenfiicest run 11 the mass
transfer coefficients
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Test run 13 — change of the solvent and shiftegay temperature

— The purpose is to validate the model at diffetemperatures. The
operating absorption data will be used for qualitavvalidation of the
absorption model. As Selexol plants are typicalperated at lower
temperature than 40°C, it is required to know tbeueacy of predict-
ability of the model at lower operating temperasur&he operating
flash data will be used for qualitative validatiof the temperature
dependency of the binary interaction coefficiergpneen gases (GO
H,, CO and M) — DEPEG and water — DEPEG in PCP-SAFT equation
of state.

Test run 14 — change of the absorber pressure
— The purpose is to validate the influence of VUEtle absorption mass
transfer rate

Test run 15 — change of th&flash vessel pressure

— The purpose is to validate the model accuracyl®oflash vessel
variation

Test run 31 — high solvent flow rate

— The purpose is to validate mass transfer depeydanthe high solvent
flow

7.3.2.2 Data handling and processing

From the graphs of the process variables the pefieteady state was visually deter-
mined and the outliers were excluded. Then theWdlg steps, in order to determine
the mass balance and £é&bsorption efficiency, were performed with theadat

1) The values of each variable were averaged ovestéaely state period.

2) Calculation of the relative standard deviationdach process variable.

3) The composition of each stream (molar concentratinorpercentage) was
normalized to 100%.

4) Calculation of the average molar weight.

5) True mass flow rate was calculated from the meadsomne.

6) Calculation of the overall and component mass lzala®viation.

7) The CQ absorption efficiency was evaluated.

Ad 2): The relative standard deviation (RSD) waswdated according to the follow-
ing equation:
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WhereN is number of values at steady state pengds measured value angl is
mean value of measured values.

Ad 6): The overall and component balance deviatias calculated as a difference
between the inlet (61 — shifted syngas) and thé&eb@®3 — H-rich gas; 81 — CO
product) streams.

balance deviation=mg, - my, - my, 7-2

componentbalance deviation=ng,X; s, - NgzX; g3 = Ngy X gy 7-3

Where m is mass flow raten is molar flow rate and; is the molar fraction of the
component (CO, CQ, H,, H,0, N,).

7.3.2.3 Parameter estimation method

Similar to the procedure used for the model vaiihain the syngas conditioning and
shifting section (see 7.3.1.2) model parameter® Hmeen adjusted using the devel-
oped process model together with the measuremeatfidan the selected test runs.
However, no data reconciliation has been appliedhe absorption model due to the
fact that less process streams are involved aridchthehemical reactions occur which
enabled the utilization of component balances &xkloverall mass balances.

Parameters

For the description of the absorption process uliegate based approach it is crucial
to correctly predict the absorption transfer rdtee absorption mass transfer rate is
calculated as the product of the volumetric maassfier coefficient (la, k/a), con-
centration driving force and column cross sectiime column cross section is given.
The concentration driving force is the differenatvieen the phase concentration and
the concentration at the interface. The liquid gasl concentrations at the interface are
in equilibrium and they are calculated from pressamd temperature at the interface.
The bulk concentration in the lean solvent is dakad on the basis of the temperature
and pressure in the third flash vessel. The voltimehass transfer coefficient
depends on the liquid and gas flow rate, physicapgrties of the phases and type of
packing. In Aspen Plus such dependency is desciilgethe mass transfer correla-
tions. The Billet and Schultes correlation was el as it is the only one which con-
tains the adjustable parameters which can be gmomiAnother advantage is that it is
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the same mass transfer correlation for both stutipds of packing. However, the
correlation was developed and parametersa@d G were validated based on the
distillation and absorption experiments under défe hydraulic conditions than those
in the CQ capture pilot plant. The ratiq fu; is very high in Buggenum pilot plant
(around 0.2) in comparison with common values fistilthtion/absorption (0.01, see
(Rejl et al. 2010)), which may cause a significdeniation in optimized parameters.

The simplified correlation is given in the equatlzeiow:

kea=C xf ¥ A( phys propertig: 7.4
ka=GC, x x{ A( phys properti¢:

C. and G are the liquid respectively vapour mass transtaffcient parameters,
which are characteristic for the shape and straadfithe selected packing. These are
also the parameters that have been used for mittieg.f u? and u? describe the
dependency of the liquid and vapour mass transfefficients (k and k) on the
liquid (u.) and vapour () flow rate. The ternu/ originates from the dependency of
interfacial mass transfer area (a) on the liquoavftate. The influence of_on k, and

of uy on K is considered negligible. Aand A, summarize the dependency @alkand
kyva on the physical properties. The Billet and Sawuitorrelation is described in
(Billet and Schultes, 1993).

Objective function

Two different objective functions for the paramstdetermination both in a standard
least squares formulation have been used in thearpder estimation procedure. The
objective function fis the sum of the squared absolute deviation etvesperimen-
tal and calculated molar fractions in between thekpd beds (stream H) and in H
Rich gas stream (stream | — outlet from the absprioe seven sets of data. This
objective function was used in order to correctgsatibe the concentration profile
along the column. As it is shown in the result® (863.2.4) the objective functionis
not describing very well the G@bsorption efficiency. Therefore the objectivedun
tion f, was used which contains only the sum of the sguatesolute deviation
between experimental and calculated molar fractioh$ Rich gas stream (stream | —
outlet from the absorber) for seven sets of data.

7
— 2 2
fl - [(Xcoz,l,expm - Xcoz,l,calc,m) + (Xcoz,H,expm - Xcoz,H,caIc,m) ] 7-5
m=1
! 2
1:2 = [(Xcoz,l,expm - Xcoz,l,calc,m) ] 7-6
m=1
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Optimization structure

The reference state data, three set points ddtsibfun 11 and test run 12 were used
for the optimization of packing characteristic damss G and G,. As the optimization
tools in Aspen Plus are limited the optimizationsweerformed using mathematical
software Matlab. A code was developed which fed Aspen Plus model with the
experimental data and first estimation of &d G parameters. Then the simulation
was started. The output variables are the Cahcentrations in between the packed
bed and in the outlet of absorber. Those concémtiatwere compared with the
experimental one and the objective function wasutated. Then the Cand G
parameters were changed and the simulation wastezbentil the minimum of the
objective function was found.

7.3.2.4 Packing evaluation

The results of the optimisation of the model parameG and G for the two pack-
ings used in the pilot plant — random packing Res&uper-Ring 0.6 (RSR) and
structured packing Raschig Super-Pak 250 (RSP)e-shown and a sensitivity
analysis of the parameters on the experimental idgtarformed from which conclu-
sions about the measurement quality can be deduetedoth packing two optimiza-
tion runs were performed, using the objective fioms f, and §. By using objective
function f all the outlet concentrations were underestimaiethe model and conse-
quently the C@ absorption efficiency was overestimated in alliropted cases. This
is not a satisfactory basis for up-scaling stubesed on the process model and there-
fore the optimization was performed with the oljeefunction §. The results from
the optimization with the objective functiop $how a significantly better fit for the
outlet concentrations and G@bsorption efficiency.

The default values in Aspen Plus are=C1.38 and ¢ = 0.40 for RSR and C= 1.35
and G, = 0.44 for RSP. Those values are similar to tHaesfor other packings pub-
lished in Billet and Schultes (1999) and similarthe values used in Winsorp, the
proprietary model used by Raschig GmbH (for RSRg packing parameters (@nd
Cy) are usually obtained from the absorption expemiseising air and water as a
carrier and under different hydraulic conditiongyii#ficantly lower ratio between
liquid and gas velocities) in comparison with thedifaulic conditions in the pilot
plant. Those values substantially over predictritzess transfer rate in the €Oatch-
up pilot plant as it is shown in Figure 7-14 foe theference state and RSR (see
discussion on packing comparison on page 126 aiyl The green points show the
measurements at the inlet and outlet gas stream®s fihe absorber and the
concentration between the packed beds. Pink dotespmnd to the profile calculated
with original G and G values and blue points show the concentrationilpraking
optimized ¢ and G values.
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Figure 7-14:  CO , concentration profile along the column for origina | and opti-

mized values of C | and C\ for the reference state for RSR.

Raschig Super Ring 0.6

The optimized values of the parameters by usingabive function f are G = 0.2193
and G, = 0.0245. The quality of the fit was evaluatednirthe comparison of the
experimental and calculated €€bncentrations (see Figure 7-15) and the valubeof
objective function. The minimum value of the objeetfunction is 0.00511 which
correspond to value of mean standard deviation.0191. It says the outlet and
middle bed molar fractions are on average fittethwain accuracy of 1.9% absolute.
The standard deviation calculated only from thdebutoncentrations (stream 1) is
0.0151. From Figure 7-15 it can be observed thatdbncentrations between the
packed beds are over predicted (except set poirisd23 of TR-CII-011) and the
outlet concentrations are under predicted by thdaidt shows a good optimization
result because some concentrations are over aed aties are under predicted. This
means that the Aspen Plus model over predicts eabsorption efficiency as can
be seen in Figure 7-16 (see also discussion onimgackmparison on page 126 and
127). The CQ@ absorption efficiency is predicted with mean stadddeviation of
0.026.
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Figure 7-15: Comparison of the Figure 7-16: Comparison of the
experimental and calculated CO , experimental and calculated CO ,
concentration in the absorber outlet absorption efficiency in the
(stream 1) and between the packed absorber by using objective
beds (stream H) for RSR by using function f1

objective function fl. The higher
concentration for the particular set
point corresponds to the stream H.

Raschig Super-Pak 250

The optimized parameters by using objective fumcfipare ¢ = 0.161 and ¢ =
0.103. The minimum value of the objective functier0.00578 which correspond to
value of mean standard deviation of 0.0203. Thiebahd middle bed molar fractions
are on average fitted with an accuracy of 2.0% labsovhich is almost the same
standard deviation as for RSR. The standard dewiatalculated only from the outlet
concentrations (stream 1) is 0.0242. From Figuder 7t can be observed that the con-
centrations between the packed beds are over peddand the outlet concentrations
are under predicted by the model even more sigmflg than for RSR. It shows a
good optimization result because some concentstawe over and other ones are
under predicted. This means that the Aspen Plushwer predicts the CQabsorp-
tion efficiency as can be seen in Figure 7-18 (al® discussion on packing
comparison on page 126 and 127). The, @Bsorption efficiency is predicted with
mean standard deviation of 0.044 which is almost times worse than in case of
RSR.
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Figure 7-17: Comparison of the Figure 7-18: Comparison of the
experimental and calculated CO , experimental and calculated CO ,
concentration in the absorber outlet absorption  efficiency in  the
(stream 1) and between the packed absorber by using objective func-
beds (stream H) for RSP by using tion f1.

objective function fl. The higher
concentration for the particular set
point corresponds to the stream H.

The optimized values of the parameters by usingalve function f2 are C= 0.1179
and G, = 0.06242. The minimum value of the objective fioT is 0.00052 which
correspond to value of mean standard deviation@385. The outlet molar fractions
are on average fitted with an accuracy of 0.86%labs which is comparable to the
standard deviation of RSR. The standard deviatimioutated from the outlet and
middle bed concentrations is 0.0317. This means ttiea outlet concentrations are
almost three times better fitted than in case dizig the objective function,f On
the other hand the middle bed concentrations aedigied significantly worse and
therefore the concentration profile along the calumnot described as good as in the
case of utilizing the objective function Same as for RSR, both the outlet concentra-
tions (see Figure 7-19) and g@bsorption efficiency (see Figure 7-20) are eguall
distributed around the diagonal (see Figure 7-18% TQ absorption efficiency is
predicted with same mean standard deviation of@4#H in case of RSR and it is
almost three times better fit than in case ofzititj the objective function.f For the
further evaluation parameterg €0.1179 and = 0.06242 will be used.

Page 124 (163)



Vattenfall Research and Development AB U 13:71 (Open  [S1])

035 1.00
GO2 molar fraction in streams | arjd H co2
RSP 250
0.30 0.95

absorptjon efficiency
RSP 250

025 = 0.90

0.85 4 A

A

hd 0.80 —

015 a A Reference state || A Reference state
TR-CIIF011 SP1 TR-CIIF011 SP1
L] - B TR-CII-011 SP2

010 TR-CIFOL1 SP2 0.75 L

B TR-CIFOL1SP3 |7 n H TR-CII011 SP3
TR-CIIF012 SP1 TR-CIIF012 SP1

Calculated
Calculated

4 ® TR-CIF012 SP2 0.70 ® TR-CIFO12SP2 | |
005 ® TR-CIO12SPS || : ® TRCIH12SP3
— Diagonale
000 . . ‘ ! 0.65

0.00 0.05 0.10 0.15 020 0.25 0.30 035 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

— Diagonale

Experimental Experimental
Figure 7-19: Comparison of the Figure 7-20: Comparison of the
experimental and calculated CO » experimental and calculated CO ,
concentration in the absorber outlet absorption efficiency

(stream 1) and between the packed
beds (stream H) for RSP by using
objective function f2. The higher
concentration for the particular set
point corresponds to the stream H.

Sensitivity analysis

A sensitivity analysis of Cand G, parameters to the experimental concentrations was
performed on the RSP packing using the objectinetfan £. All seven experimental
CO, concentrations at the outlet of the absorber wlerzeased by 1% and 10% rela-
tive. The change of 10% relative is up two timeghler than the repeatability of the
measurement declared by the vendor of the gas seraly0.5 mol% absolute). The
obtained values of the parameters are=®.1185 and ¢ = 0.07975 for 1% relative
change and C= 0.1323 and ¢= 0.08231 for 10% relative change. The originan
are G = 0.1179 and ¢= 0.06242. The relative change of the parameteis ©.5%
respectively 10.5% and the relative change of @uaupeter ¢ is 21% respectively
24%. Significantly higher change in,@arameter is caused by the distribution of the
resistance against the mass transfer. The resesianmainly concentrated into the
liquid phase and it reaches around 90% under tbealnlic conditions at the bottom of
the column and around 70% under the hydraulic ¢mmdi at the top of the column.
Thus, large changes of the gas mass transfer cieetf, represented by the parameter
Cv, have only a small effect on the outlet concemnat In contrast, The Cvalue
seems to be as accurate as the accuracy of thenrmewsnt. The strongly nonlinear
behaviour in € and G parameters changes (approximately the same chian@g
parameter for the 10 times different change irp, €@hcentration) is caused by the fact
that the 10% relative change in the @ncentrations change the distribution of the
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resistance against the mass transfer. Hence theraagc of the concentration
measurements is sufficient in order to get religblevalue. The ¢ value is much
more sensitive and not so reliable but it is deteech by the system behaviour and it
cannot be changed. Further investigation showedtitieadata can be well described
by a single fitting parameter_@vhich is then determined statistically more rdkab

Packing comparison

The optimization results show that the parameters@bout 25% higher for Raschig
Super-Ring 0.6 than for Raschig Super-Pak 250.h&srésistance against the mass
transfer is concentrated in the liquid phase, Rgs8uper-Ring 0.6 seems to be a
more suitable packing for the physical absorptiérC@®, for the specific hydraulic
conditions tested in the pilot plant.

Using rate-based modelling with Billet and Schultesrelations, the measured con-
centrations could not be reproduced with standaadsnransfer parameters @nd
Cyv. Equilibrium was already reached half-way along ¢blumn. In order to reproduce
the measured outlet concentration and also theeodration measured in-between the
packed bed, Cand G had to be reduced by a factor of approximately 10.

To check whether there is an error in the Aspeautations, a comparing simulation
has been made with Winsorp, using the same bouraargitions and equilibrium
data. From this comparison it can be concluded tttmimplementation of the mass
transfer correlations in Aspen is correct. Aimdst same kand k, values and effec-
tive mass transfer area have been calculated isfirand Aspen.

From these investigations several questions arise:
1. Is the pilot plant under-performing and if yes wisathe cause of the reduced
performance?
2. Are the hydrodynamic conditions in the plant (vieny gas flow rate and very
high liquid flow rate) outside the region where alsmass transfer correla-
tions can be applied?

In discussion with Raschig, several potential cadse underperformance were high-

lighted. One possibility can be the occurrenceoahiing in the absorber, which could

be result in higher pressure drops and fluctuatiortke pressure drop. The measured
values of dynamic pressure drop were indeed flticiggbetween 2.0 and 2.5 mbar/m

in both sections) and are up to 20 times highan tha once provided by vendor. On

the other hand, no liquid was detected in the catHines (although foam may have
the chance to “settle down” in the void at the tdghe absorber). Unfortunately, no

anti-foam was tested during pilot plant operatidherefore, a test was performed in
the laboratory by injecting nitrogen from the battanto a frit filled with the used
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solvent (bubbling app. 1 I/minNhrough a 40 mm frit) in order to verify the oceur
rence foaming. Foaming was seen which could explerpressure drop characteris-
tics though it is hard to categorize it as heawnral or slight foaming. After adding
a little anti-foam, the foaming vanished (compagatd reference bubbling nitrogen
through methanol).

A second possibility can be gas back-mixing aggéeevelocity is very low and liquid
can entrain the gas. To judge on the back-mixingcRig uses the “Phasenverhéltnis”
factor (ratio of effective velocities_{u,) which should not exceed 5 (general rule of
thumb applied by Raschig). In the pilot plant, thastor is 2.2 for the bottom hydrau-
lic conditions and 3.2 for the top hydraulic corais. This is a general rule of thumb
though so back-mixing cannot be ruled out.

For the design of the large-scale plant it maydmmmended to apply a higher gas
velocity to avoid the risk of back-mixing and adsiree anti-foam to ensure that the
mass transfer is optimal. Because the structurekiipgis more sensitive to foaming,
the expected performance increase by adding aatifis higher for the structured
packing. The mass transfer performance should imepsimilarly for both packings
by increasing the gas velocity because the backagixs packing independent.
Assuming approximately two times higher gas velofot the large-scale plant design
versus the pilot plant, the hydraulic limit (loadipoint) of the random packing
Raschig Super-Ring 0.6 is reached. Hence it ismnewmended to use structured pack-
ing Raschig Super-Pak 250 for the large-scale plant

7.3.2.5 Verification of validated model

The verification of the model is based on the renngi test run data and their com-
parison with calculated ones using the validatediehd~or the calculations the opti-
mized packing characteristic parametersa@d G, obtained by utilizing the objective
function , were used.

Solvent temperature

The CQ absorption efficiency using optimized model partereis slightly under
predicted for both packings (see Figure 7-21 amgifei 7-22). The maximum differ-
ence between experimental and calculated &3orption efficiency is 1.9% absolute
and the other ones are below 1.6% absolute whials@sin the range of the accuracy
of the validated model. The trend that with a dasiey temperature (solvent and
shifted syngas) the GQibsorption efficiency is increasing is fitted petfy and the
difference between experimental and calculated @atdmost constant. The results
also indicate that not only temperature dependehtee physical properties and their
influence on the mass transfer but also the VLEveeh CQ — DEPEG is described
correctly at least relatively.
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Figure 7-21: Comparison of the Figure 7-22: Comparison of the
experimental and calculated CO , experimental and calculated CO ,
absorption efficiency in the absorber absorption  efficiency in  the
for RSR. absorber for RSP.

Absorber pressure

The optimized C@absorption efficiency is slightly under predictedthe reference
state for both packings (see Figure 7-23 and Figu2d). The maximum difference
between experimental and calculated,GDsorption efficiency is 2.4% absolute for
set point 1 of TR-CIII-014. The rest of the diffeces is in the range of the accuracy
of the validated model at reference conditions. ffaed that with an increasing pres-
sure the C@absorption efficiency is increasing can be repoeduaccurately but the
difference between experimental and calculated idatat constant (as the diagonal is
significantly closer to the points at higher absorbressure). It leads to the conclusion
that at higher absorption pressure the model Vighsy over predict the C@absorp-
tion efficiency but the trend will be correctly deibed.

The reason why the model over predicts the @&sorption efficiency at higher pres-
sure (relative to low pressures) may be the quafitye fit of the gas — liquid equilib-
rium data (de Servi, 2013a). The PC-SAFT EoS ptedigher equilibrium concen-
tration of CQ in the liquid phase at higher pressures in comsparivith the experi-
mental data which means that more,@@an be absorbed. This deviation in the equi-
librium model is most likely the cause for the alveel deviation in the absorber
model for pressure changes. For the high presgaeton in the full scale plant, it is
recommended to refit the experimental equilibriusad@ta of the binary mixture
DEPEG - CQ in the relevant pressure range in order to pretietCQ absorption
efficiency with the same accuracy as for the charfiggher process variables.
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Figure 7-23: Comparison of the Figure 7-24: Comparison of the
experimental and calculated CO , experimental and calculated CO ,
absorption efficiency in the absorber absorption  efficiency in  the
for RSR. absorber for RSP.

Water content

The water content in the lean solvent is strongiger predicted (see Figure 7-25).
Fortunately, as was shown experimentally in TR-@89 water in the system has a
negligible effect on the mass transfer in the afesor
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Figure 7-25:  Comparison of the experimental and cal  culated water content in
DEPEG for RSR.

Pressure T flash vessel

Figure 7-26 shows that the relative difference leefwexperimental and calculated
gas flow from % flash vessel stays constant at different pressilitestrend that with
an increasing pressure the gas flow from thélalsh vessel is decreasing is fitted per-
fectly. The absolute difference between experimeatal calculated data is most
probably caused by the error in €&bsorption efficiency which is due to the accuracy
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of the optimization. The total mass of the othesega(except Cis only 2.7 % of the
total mass of the outlet gas stream from thélash vessel.

The concentrations at the outlet of tHEflash vessel are very sensitive on the compo-
sition of the rich solvent (stream 72). The undémegtion of the CQ absorption effi-
ciency implies that the actual rich loading (whistmot measured) is higher than the
simulated values. In order to evaluate the accuoatlge flash vessel calculations and
the VLE data between DEPEG -, ldnd DEPEG - CO the rich solvent composition
should be identical to the actual value. For thigppse the following simulation was
performed: The absorber was excluded from the médelsheet. Stream 72 was
created by mixing the liquid outlet stream froffi fBash vessel together with experi-
mentally determined absorbed amount of all comptnghis is referred to as experi-
mental value). The results of the outlet gas flaves are shown in Figure 7-27. The
trend is again fitted perfectly. The differencevien experimental and calculated
data is almost constant which means that the V0LBend@ency on the pressure is
correctly implemented in the model.

The comparison of the calculated and experimentahélar fraction in the gas outlet
from 1* flash vessel for RSR is shown in Figure 7-28. ffead that with an increas-
ing pressure the Hconcentration is increasing is fitted perfectlyheTdifference
between experimental and calculated data is almasstant which means that the
VLE dependency between DEPEG , bh the pressure is correctly implemented in
the Aspen Plus model. The absolute differenceasrad 4 mol% which is significant.
However, the hydrogen mass flow is negligible imparison to the overall flow from
the flash vessel. Hence the experimental data @rsufficiently accurate in order to
evaluate PC-SAFT EoS quality of DEPEG~ H
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Figure 7-26:  Comparison of the experimental and cal culated gas flow rate
from 1 flash vessel for RSR.
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Figure 7-28: Comparison of the experi-
mental and calculated H , concentra-
tion [mol/mol] in the gas outlet from
1* flash vessel for RSR.

Figure 7-27: Comparison of the experi-
mental and calculated gas flow [kg/h]
from 1° flash vessel for RSR.

High solvent mass flows

The CQ absorption efficiency using optimized model pareereis slightly over pre-
dicted (see Figure 7-29). The maximum differencevben experimental and calcu-
lated CQ absorption efficiency is 0.72% absolute which menthan two times better
than the accuracy of the validated model (+1.6%plabs). The trend that with an
increasing solvent flow rate the @@bsorption efficiency is increasing is fitted per-
fectly. The difference between experimental andudated data is almost constant
which means that the mass transfer dependency erhith solvent flow rate is
described correctly in the model.
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Figure 7-29:  Comparison of the experimental and cal culated CO , absorption
efficiency in the absorber for RSP 250.
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7.3.2.6 Model limitations

The validated model can be used for both packinigs the same accuracy in all
tested cases (GQ@bsorption efficiency +1.6% absolute). The treindSO, absorption
efficiencies with the change of the process vagesilfinass flows, concentrations, tem-
peratures, pressures) are always predicted corréldte model can be used in the
range of conditions applied in the pilot plant wh@rmostly underestimates the €O
absorption efficiency which results in a safe pcédn.

The model is validated for the liquid load in theusually broad range from 80 m3/h
to 225 m3/h which covers common absorption opeanat@nditions. On the other hand
the validated gas velocity range is quite narrawnf 0.025 m/s to 0.06 m/s) but still
applicable for high pressure operation conditiasrsvihich the low gas velocities are
typical. The validated solvent temperature rangengf17.5°C to 45°C) is quite broad
and there is no reason to be concerned about thapelation to chilled operation
(5°C to 10°C) as in the UOP design. The resultsnsbgerestimation of the CO
absorption efficiency for high pressures. OnceRReSAFT parameters of the binary
mixture DEPEG - C@will be refitted for higher pressure, the modell\accurately
predict the performance at operating pressure libyoa tested range of 21-23 bar
(for the full-scale plant the pressure is approxetya35s bar). The equation of state
(PC-SAFT fitted on Clariant VLE data) is not capahb accurately predict the water
content in DEPEG. This is not problematic for thedelling of the C®@ absorption
process, but may be a problem to accurately cadécttee stripper performance in the
integrated HS and CQ@removal unit.

7.4 Dynamic models of the pilot plant

In order to study the transient performance of ghecombustion COcapture unit
during load variations dynamic models of the ensiyggstem and models of the sub-
systems have been developed. The models are dedelolowing a state-of-the-art,
object-oriented, lumped-parameter modelling apgrpaasing the open-source
Modelica language (Fritzson, 2003), implementedaircommercial software tool
(Dymola). One of the advantages of the Modelicaglage is the availability of
various open-source and commercial libraries cogedifferent engineering fields,
such as electrical, mechanical or thermal. When@ga=sible, models have been
reused from available Modelica libraries. Basic poments, such as valves, pumps,
heat exchange and flow models, are taken from btegroPower library (Casella and
Leva, 2006). This library contains reusable comptséor the modelling of thermo-
hydraulic processes and power plants using medioaefa from the Modelica.Media
library. The fluids available in the Modelica.Mediarary are water described with
the IAPWS-IF97 steam tables and multi-componenegid@escribed with the ideal gas
model and NASA coefficients. Therefore, ThermoPoa@nponents are used when-
ever the fluid is water or behaves as ideal gas. thermophysical properties of the
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highly non-ideal mixtures involved in the capturegess are calculated with the PC-
SAFT Equation of State. This EoS has been impleatenibgether with fast and
robust algorithms, into an in-house property paekegjled FluidProp (Colonna et al.,
2004) which is interfaced with the dynamic modejliool.

The models are developed following a modular waypritler to master system com-
plexity. Therefore, the overall system is decomgaséo suitable sub-system models
which are connected through interfaces. The sutesysnodel are formed of basic
modules, which either describe simple process ueily., a pump or a valve), or
defined physical processes (e.g., accumulation agsmenergy and momentum)
(Casella and Colonna, 2012). The requirements lihge been defined in order to
ensure that the developed dynamic models are siitabthe objectives of this pro-
ject are defined in (Faber, 2012a). A detailed deSon of the dynamic modelling
approach can be found in (Trapp, 2013b).

7.4.1 Dynamic model of the WGS section

In this section the development of the dynamic comgmt models and the system
models covering the conditioning, WGS and condensa&tovery process are
described. The purpose of the models is to stuelyrtnsient performance during load
variations and to design control strategies aingihthe improvement of the dynamic
operation. Therefore, the modelling is focusedhlmdccurate description of the rele-
vant thermo-physical phenomena which have a sigrificontribution to the transient
behaviour. The main phenomena are storage of nmalsereergy, heat transfer and the
water-gas shift reaction. A detailed descriptionhaf developed models, including the
balancing equations and the mathematical implertientaf the equation system can
be found in (Trapp, 2013b).

Various transient test runs have been performethglyilot plant operation in order
to obtain data that can be used to validate theamjon behavior described by the
dynamic plant component models. The validationhef individual plant component
models for the syngas conditioning, WGS reactor r@edvery section is described in
(Trapp, 2013b). In this section, the results ofwhkdation of the entire system model
are shown (for flow sheet see Figure A 1).

7.4.1.1 Model validation

For the validation of the conditioning, shiftingdarecovery section of the G@apture
unit a realistic load change experiment was peréaknThe plant was ramped from
part-load to full-load in closed-loop operation,igicorresponds to a change in syn-
gas mass flow rate from 850 kg/h to 1100 kg/h. Experimental test aims at the
validation of the entire process and control sysfgrformance. Further, the load
change abilities of the pre-combustion captureggs@re evaluated.
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It is expected that the syngas mass flow contralidrslowly increase the syngas flow
from part-load to full-load while the other flowslapt smoothly. Disturbances are
expected in some of the temperatures along theepsodue to the load changes and
the inertia of thermal storage. The comparisonhef ineasurements and simulation
results for the main flow rates and temperaturesvésualized in Figure 7-30 and
Figure 7-31.

The first analysis of the measurements revealedtligavalues of the syngas control
valve opening were completely biased. At 850 kg dopening was measured with
almost 0 % which increased to 25 % at 1100 kg/hs Tannot be reproduced with
normal valve model. As a consequence of the biessgsurements the control action
is different, which explains the large overshoothie simulation results of reactor 1
mass flow which is the corresponding flow to the@gas control valve (see Figure
7-30 (a)). However, satisfactory agreement is aelidoetween the measurements and
the model predictions for the reactor 1, quench @mdjas mass flow. Regarding the
water mass flow, the trend is reproduced correttlywever, the initial flow decrease
and the slope of the increase are not predictedraisdy. For reasons of computa-
tional efficiency this water flow is not modelled a recycle but with a sink of con-
stant back pressure which causes these differefites.variations in the make-up
water flow in the recovery section are directlyatetl to the water flow. Model pre-
dictions show good agreement with the experimeHtswvever, the measurements
depict a rather poor signal-to-noise ratio. Théstlisyngas mass flow is visualized in
Figure 7-30 (f). The initial increase is predicssmewhat faster by the model with is
related to the overshoot in reactor 1 flow. At 14@¢h the measurements remain con-
stant which is most probably caused by an openintpe flare valve upstream the
mass flow measurement point. The quench and sugterhialet temperature as well
as the reactor outlet temperatures show satisfaetgreement between the measure-
ments and model predictions in terms of trend)isgttime and steady-state values.
The maximum overshoot of reactor 1 outlet tempeeasiunder predicted by roughly
5 K, whereas the model over predicts the overshbotactor 2 and 3 outlet tempera-
ture slightly by approximately 1 K.

To summarize, the steady-state values of the nraiceps variables are reproduced at
part-load and full-load with an error of maximum 3%he steady-state data recon-
ciliation indicates systematic biases in the watett syngas mass flow measurements
(see 7.3.1.2). Hence, these flow measurements Iheste corrected for the dynamic
analysis. With respect to the dynamic performameedomparison can be evaluated
based on the main transient parameters such astithealue of maximum overshoot,
settling time, frequency and damping of oscillasioRor the presented transient these
parameters are predicted with less than 10 % eftase results can be considered as
satisfactory and subsequently the dynamic modeleseas a reliable basis for the
development of a large-scale process model ancatladysis of control strategies.
However it has to be mentioned that up-scaling stigations based on the current
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dynamic model is very questionable due to the faat certain process parameters
have been tuned specifically to the pilot plantgess and a re-tuning or more rigorous
thermodynamic description would be necessary.

Considering the load change performance of the plémt it is apparent that a settling
time of 9 hours is unacceptable for flexible anst faad variations. Considering also
the damping performance of some controllers obsedeging the shifting test run, it

is obvious that the dynamic performance of theesystan be improved by better
tuning of the control parameters. The dynamic moaeé a helpful tool for control
parameter tuning and identification of other operstl issues such as biased sensors.
However, even with tuned parameters it is unlikélgt the current control system is
able to facilitate fast load changes, thus the ldgweent and test of a new control
strategy is of paramount importance.
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Figure 7-30:  Comparison of measurements and simulat

ion results for change
from part-load to full load operation. a) Reactor 1 mass flow rate.
b) Quench mass flow rate. ¢) Syngas mass flow rate.

d) Water
mass flow rate. e) Make-up water mass flow rate. f) Shifted
syngas mass flow rate.
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Figure 7-31:  Comparison of measurements and simulat

ion results for change
from part-load to full-load operation. a) Quench te

mperature
(ELF20 BB010). b) Superheater inlet temperature (EL F40 BB010)
c) Reactor 1 outlet temperature. d) Reactor 2 outle t temperature.
e) Reactor 3 outlet temperature.
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7.4.2 Dynamic model of the absorption section

The model comprises the absorber column and sureyngas, lean solvent and rich
solvent flow source, a pressure drop representintiohal losses of the Hich gas in
the overhead cooler, a gas tank representing gtafgnass in the overhead cooler,
the H rich gas control valve including the Pl absorbegspure controller, a quadratic
pressure drop representing the frictional lossekerpiping guiding the kHrich gas to
the flare and a pressure sink representing the.flahe flowsheet diagram of the
system model used for the validation is depicteBigure A 2. Due to the complexity
of the process model for the absorption column éniessfer between gas phase and
liquid phase, multiple recycle streams due to cewnurrent flow operation) special
attention has been paid to the development of yhardic model for this component.

In dynamic models, the number of state variablesigmificantly higher than in
steady-state models due to time discretizatiorhefsystem and the addition of mass
and energy hold-up terms. This implies a higher gemity of the equations set to be
solved. Therefore it is often required to reduaedbgree of detail of dynamic models
in comparison with the steady-state representatiar. this reason, the absorber
packed column has been described by a simple bquiti model. From a comparison
between the rigorous rate-based model and the ifi@opéquilibrium approach it can
be inferred that the equilibrium model has an adé&gaccuracy for the aims of
dynamic simulation (de Servi and Trapp, 2013b aal&iz, 2013Q).

The absorption column is composed of a series oivagnt trays (storage modules)
and valves or liquid heads (resistive modules) (Sigeire 7-32). In the equivalent
trays, pressure, temperature and composition ofdignd vapour phase are deter-
mined by solving the mass and energy balance ofyseem and assuming equilib-
rium between the two phases. In the resistive nesdliquid and vapour mass flow
rate are determined. For description of the presdurp and the liquid hold-up inside
the column, the Billet and Schultes correlationgehiaeen used. To ensure a consistent
modelling approach, the thermophysical propertegerbeen calculated with the PC-
SAFT EoS which has been implemented through therest FluidProp library as in
the steady-state models. A detailed descriptionthef dynamic absorber model,
including a description of the mathematical modelliapproach and of the model
parameters can be found in (de Servi and TrapB201

The initialization is a crucial step of dynamic silation, because the solution of
ODE/DAE sets depends on the initial conditions.igorous initialisation routine has
been implemented that allows for robust initializatof the absorption column model.
The rough outline of the initialisation approachiéscribed in A.6.
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Figure 7-32:  Structure of the dynamic absorption co lumn model

7.4.2.1 Model validation

For validation of the absorber model with Raschigpe&-Pak 250 two test runs were
performed (TR-CIII-029 and TR-CIII-030). During tiest set of tests, TR-029, the
solvent mass flow was changed stepwise while kegefiie syngas mass flow, the
absorption pressure and temperature constantelsdtond tests, TR-030, the syngas
mass flow rate was perturbed stepwise while maiirtgiunchanged the values of the
other input variables.

The holdup in the liquid and vapour phase of theodter column is the main process
variable which determines the dynamic system respomhe hydrodynamic coeffi-
cient of the holdup correlation is tuned in orderacthieve good agreement between
model predictions and measurements. The proceghies used for this quantitative
model validation are volumetric flow rate, temparat CQ and H concentration of
the H rich gas, absorber pressure and column pressope @he absorber pressure
and H rich gas flow rate are the most important varighier the parameter tuning
process. The best agreement between measuremehtaaael predictions for TR-
CIlI-029 and TR-CIII-030 is achieved with a valuklofor the hydraulic coefficient
(default value provided by Raschig for Super-Pal i330.65) Below the results of the
test runs versus the modelled values are presented.

Test run TR-CIII-029: Dynamic solvent mass flow

During this experiment, manual step changes, upwac downward, were applied
directly to the solvent mass flow control valve 30 AA051) without the solvent

flow controller in operation. The change in solvarass flow rate which is in reality a
fast ramp is depicted in Figure 7-33(a). The syngass flow rate is shown in Figure
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7-33 (b). The opening of the valve controlling thegas mass flow is maintained
during the test in order to keep the syngas flowstant. However, as the absorber
column pressure changes, which represents the frassure to the syngas control
valve, the syngas mass flow varies (therefore dyoéwundary condition is applied).
The experimental data and simulation results fertthnsient of the pressure at the
absorber top are compared in Figure 7-33 (c). Mmaumhic trend of the absorber pres-
sure with its fluctuations is predicted correctlythe model. However, the model over
predicts especially the initial increase in pressby 0.3 bar. Further deviations are
smaller than 0.1 bar. These deviations are reltdeithe absorber pressure control.
Considering the comparison of measurements and Inprddictions for the valve
opening of the H rich gas flow valve (ELH80 AA050), similar diffarees are
observed (see Figure 7-33 (d)). The model overigisethe initial valve opening when
the implemented pressure controller uses the sammeand integration time as the
controller in the pilot plant. However, the baclegsure of the valve which is repre-
sented by a constant flare pressure and a quagassure drop is most likely not
reproduce correctly causing the deviation in vapening and subsequently absorber
pressure. Limited data was available to accuratelglel the back pressure.

The comparison of the measurements and model pigdidor the pressure drop over
first and second packing are visualized in Figu&37e) and Figure 7-33 (f). For the
first packing the absolute values and the trend rertepredicted correctly by the
model. The predicted transient of the pressure drdp depends on the solvent and
syngas volumetric flow rate and the densities efihpour and liquid (see Billet and
Schultes pressure drop correlation (Valenz, 2018p)le the pressure loss induced by
the liquid distributor situated above the packiagnot modelled. This might be the
main reason why the measurements and simulatioitsesffer.

For the second packing the absolute values arpredicted accurately. However, the
dynamic trend is reproduced correctly by the mo8ehilar to the first packing, dif-
ferences are related to the pressure drop of thistributor situated above the second
bed which is not included in the model.

Due to numerical instabilities of the simulationlaiv dynamic pressure drops, the
friction coefficient has been adjusted such that dlerall column pressure drop is
approximately 20 mbar which promotes robust sinutet The pressure drop does
not affect the dynamic performance of the absocb&rmn in terms of heat and mass
transfer and hence adjustment of the pressurefdraumerical reasons is justified.

Figure 7-34(a) depicts the comparison of the expental data and the model predic-
tions for the H rich volumetric flow rate. The trend of the traerdiis predicted cor-
rectly by the model. With the increase in solveluwf rate the C@ capture is
enhanced leading to a lower, IHch gas flow. The model under predicts the ihitia
steady-state value. However, this under prediotias also observed during analysis
of the experimental results with steady-state saoh tools. Measurements and
simulation results for the Hand CQ content in the Krich gas flow are depicted in
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Figure 7-34 (b) and Figure 7-34 (c). Similar to Hierich gas flow the absolute values
for off-design operation (solvent mass flow rate KifJs) cannot be matched. The
dynamic trend is predicted satisfactory by the rho#owever, a time delay of
approximately 6 to 9 minutes is observed. Note thatcomposition is not measured
in a continuous manner and measurements are oaliable every 3 minutes. How-
ever, the observed time delay cannot be fully erpthby this. Further investigations
are required.

Finally, the measurements and model results forrdsponse in gas temperature
between the packings is compared in Figure 7-34 Adlemporary increase in gas
temperature is observed, which is caused by tretuiftions in the lean solvent tem-
perature which is therefore applied as a dynamimtary condition. The model pre-
dictions show satisfactory agreement with the measants.
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Comparison of measurements and simulat  ion results for TR-CIII-

029. a) Solvent mass flow rate (model input). b) Sy

ngas mass
flow rate (model input). ¢) Pressure at column top. d) Valve
opening H2 rich gas valve. e) Pressure drop first p  acking. f)

Pressure drop second packing.
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Figure 7-34:  Comparison of measurements and simulat  ion results for TR-ClIII-
029. a) H, rich gas volumetric flow rate. b) H , content in H ; rich
gas flow. ¢) CO , content in H , rich gas flow. d) Gas temperature
between packings.

Test run TR-CIII-030: Dynamic solvent mass flow rae

During this test run manual step changes, upwadddamvnward, were applied to the
back pressure control valve (ELG60 AA050) of theagas compressor without the
pressure control in operation. The perturbationwaftve opening correspond to a
change in syngas mass flow rate of 600 kg/h stasiith a step decrease from 1400
kg/h and returning to the initial value with a steprease.

The change in syngas mass flow rate is depict&igure 7-35(b). The set point of the
lean solvent mass flow controller is kept constduting the transient in order to

maintain the flow rate. However, as the absorbéuron pressure changes, which
supplies the back pressure to the solvent conabey the flow controller needs to

adjust and hence the solvent mass flow rate fleesuslightly (see Figure 7-35 (a)).

Therefore, the solvent flow rate is applied as dyiseboundary condition.

The measurements and simulations results for teespre transient at the column top
are compared in Figure 7-35 (c). A satisfactoryeagrent is achieve for the dynamic
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trend as well as the absolute values with deviatiduring the transient smaller than
0.1 bar. The agreement is related to good predtid the absorber pressure control.
Exemplary measurements and model predictions of/éhee opening of the Hrich
gas flow valve, which is adjusted by the presswmetrol in order to maintain the
absorption pressure, is depicted in Figure 7-35I(dfomparison to TR-CIII-029 the
model predictions for the pressure control and e/dback pressure conditions are
significantly better. This is probably explained thwe fact that the perturbation of the
syngas mass flow rate for this experiment is a rantlp a duration of approximately
600 seconds, whereas the ramp duration of solvessiow test TR-CIlI-029 is
roughly 300 seconds.

The comparison of the experimental data and modgligtions for the pressure drop
over the first and second packing are depicteddnrg 7-35 (e) and Figure 7-35 (f).
For both packing sections the dynamic trend, aedser in pressure drop caused by a
decrease in vapour flow, is predicted correctlye Thange in vapour flow has two
reasons: first the decrease in entering syngas fioassand second the decrease in H
rich product as a result of enhanced,C&moval. However, the absolute values for
the initial and final steady-state are not prediaterrectly. As explained previously,
the pressure drop of the liquid distributors abdive first and second bed are not
modelled and therefore measured losses cannotrbpazed with model predictions,
which only represent the dynamic pressure drop.

The measurements and simulation results for theidth volumetric flow rate are
compared in Figure 7-36(a). The trend as well asathsolute values is predicted accu-
rately by the model.

Figure 7-36 (b) and Figure 7-36 (c) depict the cangon of the experimental data
and model predictions for the,Hand CQ content in the Krich gas flow. The
dynamic trend as well as the steady-state valuegradicted correctly. With an
increase in syngas mass flow at constant solvemt fate, the C@absorption effi-
ciency increases which leads to a lower,@@ntent and higher Atontent in the K
rich product flow. Similar to test run TR-CIII-028 time delay of approximately 9
minutes is observed, which is slightly higher tleapected.

Finally, the measurements and model predictionshfertransient of the gas tempera-
ture between the packing sections is compareddgnr€i7-36 (d). Again, the model
predictions show satisfactory agreement with thgedarmental data.
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Figure 7-35:
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Comparison of measurements and simulat  ion results for TR-CIII-

030. a) Solvent mass flow rate (model input). b) Sy

ngas mass
flow rate (model input). ¢) Pressure at column top. d) Valve
opening H2 rich gas valve. e) Pressure drop first p  acking. f)

Pressure drop second packing.
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Figure 7-36:  Comparison of measurements and simulat  ion results for TR-CIII-
030. a) H, rich gas volumetric flow rate. b) H , content in H , rich
gas flow. ¢) CO , content in H , rich gas flow. d) Gas temperature
between packings.
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8 Conclusion

In 2008, Nuon started the so-called 8Catch-up project with the objective to demon-
strate pre-combustion G@apture at a pilot plant in Buggenum in order ¢oify the
technology performance and to generate knowledgberform of validated models
and operational experience. It was aimed to apply knowledge to optimise the
design and operation of the full-scale £&pture unit at the Magnum power plant, a
multi-fuel Integrated Gasification Combined Cyd@CC) planned in Eemshaven, the
Netherlands.

The CQ Catch-up project consists of 2 parts:
5. Engineering and construction of a pre-combustigptwra pilot plant at the
Buggenum IGCC (finished in 2011)
6. Operation and execution of the test and R&D prognan2011-2013)

The test programme is the collection of test ruefgsmed at the pilot plant. The
results of the test programme are input to thearebing R&D programme aiming to
understand and improve the process by means oegsamodelling and laboratory
experiments. The test and R&D programme has beeragea by Vattenfall R&D
Projects and performed together with Delft Univigraf Technology and Energy
research Centre of the Netherlands (ECN) and im#l number of scientists and
PhD students. This report summarises the resultiseopilot plant operation and test
and R&D programme of the G@atch-up project.

Pilot plant design

The pilot plant is a simplified, smaller version thfe CQ capture plant for the
Magnum IGCC power plant designed by CB&l Lummuswéts designed to capture
1.4 t /h of CQfrom 1.2 t/h of syngas (=0.8% of the syngas floanf the Buggenum
gasifier). In the pilot plant steam carbon monoXi@®) is catalytically converted into
carbon dioxide (Cg and hydrogen (b, the so-called water-gas shift (WGS)
reaction, after which CQOs separated from Hn the absorption-regeneration section.
The WGS catalyst applied in the pilot plant is Heldopsge’s SK-201-2, a copper
promoted iron/chromium based HTS catalyst. The gwa)) solvent used to remove
CQO; is dimethyl-ether of poly-ethylene-glycol (DEPE@EPEG is commercially
licensed by DOW under the trade name Selexol™ an€lariant under the trade
name Genosofb1753. In the pilot plant, only the latter solvéxats been tested (as the
difference between these solvents is marginal).

There are a number of essential differences betwermpilot plant and the (future)
large-scale capture plant. The most important dffee is the heat integration in the
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WGS section. In the pilot plant, water is evapatatendensed by means of electrical
heaters and forced-draft air coolers, respectivaltead of shell and tube feed-efflu-
ent heat exchangers as foreseen in the Magnum. pirathis way the temperature
dependency of two streams (feed-effluent) is awbided the precise control of the
temperature becomes possible. This simplifies feragion, extends the operational
flexibility and prevents process fluctuations thatld influence the reliability of the

test runs in the test programme. As a consequepeeifis energy consumption

figures of the pilot plant are non-representatine amcomparable with figures from

literature for large-scale plants (and are theeefant discussed).

Pilot plant operation

The pilot plant has been operated from January 20March 2013, with two major
(initially unforeseen) interruptions during sumniemwhich the IGCC was shut down
for several months. Total operating hours are 5886rs and the cumulative GO
captured is 4478 ton. After an initial period wi4/7 manned operation, it was
decided to change the operating regime to fullypmuatic with manned supervision
during the work-days only.

The pilot plant has been operated without majorbleros after some (relatively
minor) hardware and control modifications, mostregm being specific for the pilot
plant design. The sampling conditioning system andlyzers have been the largest
point of concern. Condensation in the samplingslioaused inaccurate composition
measurements in the shift section. Fortunatelydtigegas composition measurements
were reliable and these were used to evaluate B8 Yerformance. It also took some
time to produce reliable results from the analyzers

Some of the specified functionalities (measurenwntvide range of water/steam
content, analysis of rich solvent with high £@ading and hence risk of flashing)
proved to be too complex and not strictly necessahgse issues were unknown or
underestimated by the supplier responsible for $amgonditioning and analyzer
systems. A more detailed discussion between rdse@r@and analyzer specialists at
the start of the project may have avoided sombaeptoblems. On the other hand, the
test programme was not sufficiently mature yethi@ éngineering phase, which made
it difficult to specify the exact requirements bktinstrumentation in terms of func-
tionality and accuracy.

Corrosion and material issues

In the pilot plant, corrosion probes were installed! wall thickness measurements
were performed at several locations before, dudng after operation. One of the
main corrosion mechanisms that could occur is w@f €rrosion. Most equipment,
piping and tubing susceptible to wet £©orrosion are made of stainless steel
(SS304(L) or SS316(L)), which are completely resistagainst C® corrosion.
DEPEG will protect the surface of piping and equiminand wet C@corrosion will

be strongly reduced. Therefore carbon steel witin8corrosion allowance is selected
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for wet DEPEG piping and equipment. If not a comtins DEPEG film is formed
(e.g. for equipment top sections and top outleingipr flashing conditions), stainless
steel is applied. Generally it was observed thatosion rates (for carbon steel as
indicated by the corrosion probes) were below #peeted values.

Traces of some unidentified substance (possibly BERdeposited on CQcompres-
sor pistons in the second stage downstream of ritezcboler were found during
maintenance activities. Attempts by the equipmappéier to identify and explain the
cause of the problem were not successful. Thisisseds to be investigated in more
detail for the design of the full-scale plant.

HSE

During pilot plant operation, no incidents occurfedro lost time incidents). The HSE
risks identified relate mainly to the chemicalsgamt in the plant. Throughout the
plant no large volumes of flammable gas/liquid present. Therefore the fire hazards
within the pilot plant are low. To detect CO (toxind flamable), C®O(asphyxiation)
and H (flammable) in an early state of release, detecigre installed at locations
where the specific gas is the major component.

The solvent used to capture ¢@dsenosorb 1753 (or DEPEG) is a low-viscous,
colourless to yellowish liquid. Genosorb 1753 hakigh boiling point/low vapour
pressure and therefore solvent losses to the emagot via the treated gas are mini-
mal. No spills occurred during operation.

The catalyst applied in the WGS section, SK-201i2,a copper promoted
iron/chromium catalyst. After the final plant slddawn, the catalyst needs to be oxi-
dized in a controlled manner to avoid that the lgatawill heat up during unloading
(as the oxidation is an exothermic process). Duorglation, some amount of the
Cr(lll) present in the catalyst will be transferriatio Cr(VI1), which is recognized as a
human carcinogen. This means that workers shoulat Wweoper protection gear in
order to avoid getting in contact with the catalgstlets and to inhale catalyst dust.
The normal procedure prescribed by Haldor Tops#® firge the catalyst with steam
until the temperature is 200-250°C, after which aivélow is gradually increased and
controlled such that the catalyst temperature dotsexceed 300°C. For operational
reasons and the fact that catalyst sampling wampth it was decided to perform the
oxidation in nitrogen. Due to fact that the airl@ould not be controlled carefully
and the lower heat capacity of nitrogen, the catady the centre of the bed has been
exposed to temperatures (peaks) between 600 ari@€ 800

Mass balances

Mass balances were calculated to check the qualitiye raw measurement data from
the plant and to see if these can be used for madielation. The overall mass bal-
ance as well as the mass balances for the indivadaiat sections close very well. For
the overall mass balance the relative deviatiowéen input and output is only 0.11%
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at reference state (i.e. normal operating conditiolose to original design point),
which is significantly below the measurement accyraf the individual measurement
devices. Also for the sub-sections the mass batatlose well (between 2 and 4%).

Pilot plant performance

The main performance parameters of the plant &efiiciencies for converting CO
into CQ, in the shift section and the G@bsorption efficiency in the absorption sec-
tion as these determine the overall carbon cagffficdency of the plant.

Both Haldor Topsge and CB&l Lummus calculationsigate a 92-93% overall CO
conversion for the entire WGS section. Similar alle€O conversions are measured
in the pilot plant. However, reactor 3 catalystiatt is insufficient i.e. not reaching
equilibrium at the specified inlet temperature. the pilot plant reactor 3 (and 2)
indeed contribute less to the overall conversiditiehcy in the pilot compared to the
CB&l and Haldor Topsge calculations. The pooreffgratance of reactor 3 is com-
pletely compensated by the much higher contributibreactor 1 to the overall con-
version due to a higher split flow of the syngamgdowards reactor 1. In conclusion,
the achieved CO conversion can be easily reaclspacally if the unusual reactor 3
deactivation is avoided.

According to the heat and mass balances from CB&hinus, the absorption effi-
ciency is 90.8%. The pilot plant average absorpétiitiency is around 86% at the
reference state. However, the results are incaap@ras the design from CB&lI
Lummus was based on a Mellapak 350 Y structuredipgcat the bottom and a
Mellapak 750 Y packing at the top wherdRaschig Super-Ring 0.6 and Raschig
Super-Pak 250Yvere tested in the pilot plant (which have a losface area)

The carbon capture efficiency (carbon in minus carlbut divided by carbon in)
measured in the pilot plant is roughly 78%. As adah the overall capture efficiency
can be estimated by the product of the CO conversificiency and the CQabsorp-
tion efficiency. Using the CO conversion and L£absorption efficiency mentioned
above, the overall capture efficiency is approxeha80% (in reference state).

Pilot plant test programme
The test programme is subdivided into test camaagvering a period in which a
number of test runs are performed.
e TC-I: trial period to understand the operating vawdand limits of the pilot
plan and to define reference state. No analyzesdadle (Jan 2011 — April
2011)
e TC-II: execution of main parametric tests of skittion and absorption sec-
tion with random packing in absorber (September 12641 April 2012,
September 2012 - November 2012)
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e TC-llI: repetition of several parametric tests wisitructured packing in
absorber (November 2012 — February 2013)

Parametric tests syngas conditioning and water-gaift section

Several parametric tests were performed to evaltlaeimpact on the catalyst
performance. The axial temperature profiles in W&S reactors give a good
indication whether and at which coordinate equillibr is reached and how it moves
in time and upon changes in process conditions.optimal operation of the shift
reactors could be achieved by adapting the reacdlet temperatures such that
equilibrium is just reached at the end of the gatabed. The first test run indicated
that the inlet temperature of reactor 1 could heeled to 315°C. For reactor 2 the
reaction front at reference condition is well withhe catalyst bed and hence the inlet
temperature of reactor 2 can also be decreasede&ctor 3 the inlet temperature had
to be increased to at least 355°C to boost théioga@te and reach equilibrium.

In addition, a dynamic test has been performed thighpurpose to study the dynamic
behaviour of the 8reactor during a rapid variation in the inlet tergiure. Starting at
steady-state operation, a rapid temperature draydteel in the expected inverse tem-
perature response at the reactor outlet. The subseqgapid temperature increase
resulted in a dynamic response corresponding witaetor start-up.

Changing the syngas composition to mimic gasifat-tpad operation or biomass co-
firing hardly influences the CO conversion and bdia&c temperature rise.

The variation of the syngas mass flow results iangfes of the pressure losses along
the process. For the reactors a clear almost liredation between pressure loss and
mass flow is observed whereby increasing mass feads to higher pressure loss.
This was not apparent for other components in yingas conditioning and water-gas
shift section.

Catalyst stability and selectivity

Analysing the reference state operation througtiwientire operational period for the
WGS reactors by means of modelling of the axialpgerature profile yielded insights
into the rate of decay of the catalyst activityitiah rapid deactivation during the first
500 hr operation is observed for reactor 1 andtoe& Subsequently, the reactor 1
catalyst activity decreases at a much slower tete expected. The reactor 2 catalyst
first restores its activity after which a decreasactivity is observed at a slower rate
compared to reactor 1. The reactor 3 catalyst hasmuah lower activity than
anticipated. Repeated chemical analysis of re&ctmatalyst samples hinted towards
catalyst damage due to an over reduction as bemgrobable cause for the observed
lower activity. This over reduction might resulbifn steam condensation upstream of
the reactor during start-up (large heat losse®iwéen reactor 2 and 3 were observed
in the commissioning phase), exposing the catébysot dry syngas.
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The high and stable activity directly following thapid initial catalyst deactivation
allows reduction of the reactor feed temperatureslawering of the pilot steam con-
sumption. For reactor 1 the lower overall tempesfand lower steam content likely
results in a more stable operation, prolonginglgsttéifetime. For reactor 2 the lower
overall temperature is similarly beneficial and r@lpnged catalyst lifetime is also
expected for reactor 2. On the contrary, the irsgdapressure foreseen for the
Magnum plant most likely leads to an increase iactieation rate, which is not com-
pensated by an increased pellet activity. Unfortelgathese effects cannot be quanti-
fied.

For FeCr-based catalysts, the catalyst, @kbduction is an indication of the catalyst
selectivity. During the entire operating periode t6H, production by the catalyst is
low (<50 ppm) and stable in time.

Catalyst coking (and the potential for reduced ste@onsumption)

This test run aimed to study the effect of redusteéhm content on the catalyst resis-
tance to iron carbide formation. Operation at auced steam/CO ratio would allow
reducing the steam requirement for the WGS seetmmhthus the C{QOcapture penalty,
but can lead to reduction of the magnetite phasg)fto FeC, which is active in
hydrocarbon formation, noticeably GHThis so-called carbiding of the catalyst is
reversible if the extent of carbide formation ig t@mo severe. Severe carbiding can
lead to permanent loss of catalyst activity anddelectivity and even to physical
damage of the catalyst pellets.

Compared to reference state operation at steam/@Om®l/mol (for reactor 2),
operation at reduced ratios of 2.6 down to 1.5 defad step-wise increases in the
catalyst CH formation while no continuous increase or light-affthe CH, content is
observed. This indicates that at the conditionteteshe catalyst does not display
progressive carbiding. Other indications that esieescatalyst carbiding did not occur
are i) the lower steam/CO testing does not apmehave influenced catalyst activity,
i) the absence of £C; hydrocarbons in the reactor 2 effluent and iiie th
uncompromised reactor 2 pellet strength measurtst #ie entire campaign. It is
concluded that the catalyst, which had more th@0%0of operation, is stable at the
reduced steam/CO ratios tested. Note that eachpaet representing a lower
steam/CO ratio was performed for 10 up to 116 hotite effect of prolonged
operation at reduced steam content on the catpbbrmance remains uncertain.
Therefore, on-line monitoring of the GHontent is crucial: at the moment an
exponential increase of the ¢lontent is observed, the steam content should be
increased to stabilize the Gldontent. As the CHcontent of the entering syngas has
the same order of magnitude as the,(oduction by the catalyst at reduced
steam/CO ratio operation, an accurate indirect oreasent of catalyst carbiding is
possible in entrained flow gasifier systems. Ushrig characteristic, the steam content
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of the quench flow can be controlled by means ef ieasured CHcontent in the
reactor 2 effluent over the catalyst lifetime.

A trial and error procedure, in which the “carbigliturning point” for the first catalyst
batch in the large-scale plant is used to antieigarbiding in the next catalyst batch
needs to be developed. Applying such procedurevallauilding up a strategy for the
required steam content throughout the catalydirties such that the catalyst is always
operated outside the carbiding regime. Note thatemsing the operational pressure
from 20 bar for the Buggenum pilot to 40 bar asMegnum design will result in an
increased tendency for catalyst carbiding. It snesged that the steam/CO ratio for
safe operation would increase by about 8% relative.

A reduction in reactor 2 steam content can lead significant energy saving at the
expense of a slightly lower CO conversion. Lowerthg reactor 2 steam/CO ratio
from reference state conditions to 2.06 mol/molltssin a decrease of the overall
conversion by 3.6%-points, while the overall st€a@®/ratio decreases by 26%. This
means that a small decrease in,@@pture ratio saves a significant amount of steam,
thereby decreasing the efficiency penalty for,C@pture. For the most aggressive set
point, the steam feed decreases by 35% resultiaghi?%-points drop in CO conver-
sion. These results suggest that the increase irsl(pQper amount of steam saved
becomes larger at lower steam contents. Note @itlés reactor 2, reactor 1 can also
be operated at a reduced steam content of the Téede aspects need to be investi-
gated in an optimisation study for the full-scalanp.

Although the exact impact on the efficiency pendifs not yet been quantified, a
breakdown of the efficiency penalty gives a finsipression. The overall efficiency
penalty when applying CQrapture at an IGCC using a Shell gasifier has loe@nti-
fied at circa 9-10% absolute for a €Capture rate of 85-90% (IEA GHG, 2003,
NETL, 2007). The optimisation performed by CB&I Lomas decreased this number,
although the numbers cannot be compared as thalatdns from CB& Lummus
assumed a lower GQapture efficiency (81%) and because co-firinghafural gas
was assumed (thereby decreasing the amount gfa@@ded) to maximise the gas
turbine output and minimise part-load effect du¢hlower LHV of the syngas when
applying CQ capture. The majority of the efficiency penaltyceused by the WGS.
Considering the breakdown from the simulations qrened by CB&l Lummus for
Magnum, roughly 20% of the power loss is due tostieam consumption in the WGS.

Parametric tests C@absorption section

Several parametric tests were performed to evathat@npact on the CQabsorption
efficiency, validate the mass transfer coefficieatsd the thermodynamic model
developed for the solvent and the gas componentst arametric tests were
performed for both random packing Raschig SupegRi% and structured pack-
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ing Raschig Super-Pak 250Y, which enables a cosmaretween those pack-
ings.

All trends observed in the parametric tests ardin@ with expectations. The GO
absorption efficiency is slightly decreasing (0.G%solute) with increasing water
content from 1 to 4 wt%. The G@bsorption efficiency is increasing with decregsin
solvent and shifted syngas temperature and witteasing absorber pressure, due to
the higher partial pressure in the gas phase. Bsitorg shifted syngas mass flow at
constant solvent mass flow significantly increaties CQ absorption efficiency.
Results also indicate that Raschig Super-Ring @6 éhbetter performance than
Raschig Super-Pak 250Decreasing solvent mass flow (while keeping shiftgad-
gas mass flow constant) has the reverse effecadtiition, tests were done with
extremely high solvent mass flows (24@mf/h) as anticipated in the CB&! Lummus
design for the full-scale capture plant. No experits have been performed at such
hydraulic conditions for structured packings. Thaimmobjective is to test the column
hydraulics and the separation efficiency underalemnditions. The test run showed a
clear and expected relation between the solvent flate pressure drop and that
flooding of the column can be identified based ba measured pressure drop for
Raschig Super-Ring Q.6or Raschig Super-Pak 250Yhe pressure drops show a
much smoother behaviour and no sign of floodinthefpacking or the distributor can
be identified. Towards higher solvent flow ratége €Q concentration at the absorber
outlet levels out, indicating that the process bees limited by mass transfer and no
more CQ can be absorbed at these conditions.

Finally, the pressure of the' flash vessel was varied. The €Ebncentration in the
gas outlet is reduced significantly with increasilagh pressure, as less £© evapo-
rated from the DEPEG solution. As a result, thechncentration in the gas outlet
increases. The pressure in thd flash vessel does not influence the overall,CO
absorption efficiency of the plant as this is deiieed by the pressure in th¥ 8ash
vessel.

After the test programme was finished, a samplieesh and spent solvent was taken
for analysis by Clariant. The analysis indicateat tine spent solvent is still in good
conditions, which is confirmed by the fact that duvent performance was not dete-
riorating in time and the solvent physical appeegadid not change in time.

Process modelling

For a better understanding of the C€apture process and explanation of observed
performance a series of process models (describkeavp have been developed. By
validating the pilot plant models against real apienal data, more reliable and accu-
rate models applicable to the large-scale captlanet gan be obtained. For this pur-
pose, the pilot plant models are to be extended eattihpolated to the full-scale
operational range based on theoretical scale-upsrahd physical insights. The
developed process models serve multiple objectives:
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- Verify overall pilot plant performance

- Evaluate the performance of a specific technologsgnmonent (e.g. assess
catalyst activity, mass transfer coefficients ia #bsorber, etc.)

- Ildentify measurement errors in the data obtainewhfihe pilot plant

- Simulate different operation scenarios in ordgogdform energy optimisation
with respect to input process variables.

- Evaluate the dynamic response of the system inrotdeimprove the
controllability and modifying/improving the contrsystem.

- Develop methods for (automated) process and cooptohisation

WGS reactor model

The WGS reactor model is a heterogeneous adighlaticflow reactor using intrinsic
reaction kinetics in the form of a power-law ratpiation. Using 2 parameters, being
the catalyst activity factor and the length of tead zone, the axial temperature pro-
files for all variations are accurately predict&@tie model has been validated success-
fully. Up-scaling the model for Magnum implies asliing the geometrical parameters
of the reactors, while no other parameters neadsadgnt.

Steady-state model of the WGS section

A simulation model for the syngas conditioning &GS section has been developed
in Aspen Plus V7.3 and validated against 20 expantal data sets obtained from the
pilot test programme. The quantitative model vdiaa has been carried out as
simultaneous data reconciliation and parametemesitn using the contaminated
Normal distribution in order to decrease the inficee of gross errors affecting the
measurements. The model predictions for mass fltemsperatures and compositions
show good agreement with the measured values a¥tdo®@he reconciled estimates
are within = 3.38 (gross error cut point). It can be concluded that steady-state
model of the shifting section is capable of pradgtthe pilot plant performance
throughout the entire operational range, and it lmamused for the development of a
large-scale model of the capture unit.

Steady-state model of the G@bsorption section

A simulation model for the absorption and regenenasection has been developed in
Aspen Plus V7.3. The model was validated on seeendf experimental data during

which the shifted syngas and solvent flow rate wavanged. The model parameters
were multiplied constants (Gnd &) of the Billet and Schultes mass transfer coeffi-
cient correlation. The optimized values of the paeters for random packing Raschig
Super-Ring 0.6 are G= 0.1471 and ¢= 0.1085. The absorber outlet molar fractions
are on average fitted with an error of 0.72% alisolihe optimized values of the
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parameters by using objective for structured pagkaschig Super-Pak 250 function
f,are @ = 0.1179 and ¢= 0.06242. The absorber outlet molar fractionsomraver-
age fitted with an error of 0.86% absolute. The, @B@sorption efficiency is predicted
with a standard deviation of 0.016 for both packinghe accuracy of the concentra-
tion measurements is sufficient in order to gedldé G value. The ¢ value is much
more sensitive to a change in the concentratioed @@ parameter estimation and is
therefore not so reliable.

The optimization results show that the parameteis@bout 25% higher for Raschig
Super-Ring 0.6 than for Raschig Super-Pak 250.h&srésistance against the mass
transfer is concentrated in the liquid phase, Rgs&uper-Ring 0.6 seems to be a
more suitable packing for the physical absorptiérC@®, for the specific hydraulic
conditions tested in the pilot plant.

However, the fitted values for,@Gnd G, are approximately a factor 10 lower than the
default values used in Aspen/Winsorp (Raschig’sukation tool). In other words, the
pilot plant performance is below expectations. @rplanation can be the occurrence
of foaming in the absorber. A second possibility && gas back-mixing as the gas
velocity is very low and liquid can entrain the gAs no clear evidence for either of
these hypotheses is present, it may be recommeéndéide design of the large-scale
plant to apply a higher gas velocity to avoid thek rof back-mixing and add some
anti-foam to ensure that the mass transfer is @ptiBecause the structured packing is
more sensitive to foaming, the expected performamoease by adding anti-foam is
higher for the structured packing. The mass tranp&formance should improve
similarly for both packings by increasing the gatoeity because the back-mixing is
packing independent. Assuming approximately twoetirhigher gas velocity for the
large-scale plant design versus the pilot plaethydraulic limit (loading point) of the
random packing Raschig Super-Ring 0.6 is reachedcel it is recommended to use
structured packing Raschig Super-Pak 250 for ttggetacale plant.

The trends in C@absorption efficiencies with the change of thecpss variables
(mass flows, concentrations, temperatures, pressare predicted correctly by the
model. The C@ absorption efficiency is slightly underestimatéal reference state)
which results in a safe prediction for up-scaliRgr the full-scale plant, the process
conditions may be outside the validated rangeadgorber pressure up to 40 bar and
solvent temperatures down to 10°C. The,@®sorption efficiency at higher pressure
is overestimated which can be resolved by refittirggVLE data for the right pressure
range. The C@absorption efficiency at lower temperature ishdligunder predicted
by the model. In conclusion, the full-scale captoliant performance can be predicted
within similar accuracy as for the pilot plant (€&bsorption efficiency £ 1.6% abso-
lute).

Dynamic model of the WGS section
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A dynamic model has been developed following arabpriented, lumped parameter
modelling approach using the Modelica languagettoystransient behaviour. The
subsystem models and the entire system model didatesl by comparison with
experimental data obtained from various open-long elosed-loop transient tests
performed on the pilot plant. The validated modaisvide a reliable basis for the
development of large-scale system models of thec@mebustion capture process
which can be used to design control strategiess Téfuires the assembly of the
respective process and the adaptation of the élai@mponent models according to
the commercial-scale equipment sizing. With thetpgilant system model it has been
demonstrated that such a large-scale model cansed to investigate the load-
following potential of the capture unit with respéc the power producing process.
The models allow to easily determine the systene tonstants, responses of the inte-
grated streams and any process limitations.

Dynamic model of the C&absorption section

An equilibrium-based dynamic absorber model ushmg Modelica language is vali-
dated by comparison with experimental data obtafnech two open-loop transient
tests in which the shifted syngas and solvent rflags are perturbed. Satisfactory
agreement between the experimental data and meelticpons considering absorber
pressure and temperature angrldh gas flow rate is achieved. The adopted holdup
correlation can be used for predictions of the dyiogperformance of the pilot plant
absorber column. Hence, the validated model prevadeeliable basis for the analysis
of the transient performance of a large-scale &esor

Value of the R&D and application of the results

With the exception of the combustion of-kHch gas in state-of-the-art gas turbines,
the components of pre-combustion capture are indeaven on an industrial-scale,
which is also indicated by the ZEP technology matri
(http://www.zeroemissionsplatform.gu/As is indicated in the ZEP studies, integra-
tion of already proven blocks is essentially themedallenge for IGCC and pre-com-
bustion capture. The initial study performed by GB&mmus was a first attempt to
develop an optimally integrated design for the MagnGCC using state-of-the-art
capture technology. The specific objectives (aretefore conventions and assump-
tions in design and operation) of WGS and,@Bsorption technologies in the chemi-
cal industry are slightly different in comparis@npower generation. In most chemical
plants, for instance, the objective is to maxintise H production regardless of the
steam production, as,Hs a valuable commodity (e.g. in refinery or asd&tock for
ammonia). This results in a design where the csitayy operated at relatively high
steam/CO ratios. These conventions and assumgtionse in the chemical industry
have been challenged in discussion with the vendodsnew ideas verified in the
pilot plant test programme. The results of the pgsgramme clearly show that there
is still improvement potential in conventional W@8d absorption technologies, and
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for some components even larger than anticipatedCB&l Lummus. Although
several improvements have been suggested throutihisueport, the implications are
not yet quantified in detail for the large-scalgttae plant. A study to calculate the
impact of the improvements in the WGS section Far full-scale plant (in terms of
overall plant efficiency and specific energy conption per ton of capture GDis
ongoing together with Delft University of TechnojodNext, more detailed economic
evaluations are needed to assess the trade-ofebert@APEX and OPEX. This is one
of the tasks in the feasibility study for a futlaege-scale IGCC. It must be realised
that by that time, the assumptions that determtheddesign of the Magnum IGCC
(choice of gasifier etc.) may be outdated. The ichpgd some of the changes (e.g.
higher gasifier pressure, different feedstock aedck syngas composition) could be
predicted using the process models. More fundarheetsign changes would make
part of the results obsolete though. For exampl@APEX constraints/considerations
drive towards a wet quench design, a sweet shiiteot is not applicable. It may also
happen that the"2 generation technologies may have been tested riowitration
plants and are commercially available. The workhis project represents the current
state-of-the-art to which the new developmentshmbenchmarked. In addition, there
may be opportunities to apply some lessons leaanedinsights to a wider spectrum
of technologies.

In summary, the project objectives to verify thehteology performance and to
generate knowledge in the form of validated moaeld operational experience are
clearly achieved. However, the knowledge generiatede CQ Catch-up project will
not be applied directly, as the investment decigiorthe gasification and GZapture
unit in the Magnum project has been postponed b\&f?P0, after it was decided
earlier to separate the development and realisatidhe power plant in two phases.
Phase 1 comprises the construction of three 40Q MA01F4 combined cycle units
operated on natural gas. At the moment of writheyreport, the three combined cycle
units are in operation. Phase 2 comprises thegasafication based system with inte-
grated CQ capture, transport and storage (CCS) to proviggnéhetic gas as fuel for
one of the combined cycle units, including thdaepment of the dry low NCburn-
ers for natural gas combustion installed in Phabyg diffusion burners to enable the
combustion of (hydrogen-rich) syngas.

The commercial outlook for phase 2 and IGCC+CC$eaneral remains uncertain.
According to the Global CCS Institute, a total df large-scale integrated CCS pro-
jects using the pre-combustion technology are knaixthe time of writing this report.
Of these 34 projects, 11 are power generation pojgGCC), the rest being natural
gas processing, fertiliser, SNG, hydrogen and [isdmopsch liquids production. The
only project under construction is the Kemper coulECC. The other projects in the
USA also aim to sell their CClor EOR (which may increase the chance of realisa-
tion). The European projects are all in the UK amith the announced preferred
bidders for the UK’s £1bn Carbon Capture and S®r&@pmmercialisation Pro-
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gramme Competition (Peterhead Project in AberdeernsBcotland, and the White
Rose Project in Yorkshire), the future of the IG@®jects is rather uncertain. Apart
from GreenGen, the Chinese projects are in thébiigsphase.

The main concern for IGCC plants remain the reddgivhigh costs (both in terms of
CAPEX and OPEX). The results of the £Qatch-up project, basically promising an
optimised design for the WGS and £ébsorption unit with reduced specific energy
consumption (and hence OPEX) and possibly CAPEX, rext expected to change
much to this problem. Although the @@voidance costs can be reduced, they are still
far higher than the current ETS price.

Although direct application in the Magnum planti® foreseen on the short term, the
gasification projects under development in othetspaf the world as well as new
future projects may benefit from the achievemenéglenin this project. Knowledge
dissemination is aimed for by means of (scientipdblications of the researchers
involved in the project. Papers in peer-reviewadijals are currently being prepared
on the steady-state and dynamic pilot plant maatghiork, as well as the results of
the WGS reactor modelling and low steam/CO ratsb ien. As the suppliers of cata-
lyst, solvent and packing all have been heavilylned in the project to learn on the
outcome of the test programme, hopefully the geadransights will be followed up
and potentially discussed/offered in any new IGCCGES project. Finally, several
seminars have been organised with Elcogas and &#avhich operate(d) similar
pre-combustion capture pilot plants, to exchangalte
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10 Abbreviations

ATE
CAPEX
DAE
DCS
DEPEG
DRPE
ECN
EOR
EPC
EoS
HP
HRSG
HTS
IGCC
IP

KKS
L/G (ratio)
LP

LHV
LTS
MP
o&M
ODE
OPEX
PC-SAFT
PGIM
ppm
RSD
RSP
RSR
SOR
SP
t.o.s.
TR(-C-)
XRD
VLE
WAC
WGS
WLS

approach to equilibrium

Capital expenditures

Differential and algebraic equations
Distributed control system

Dimethyl ethers of polyethylene glycol
Data reconciliation and parameters estimation
Energy research Centre of the Netherlands
End of run

Engineering, procurement and construction
Equation of state

High pressure

Heat recovery steam generator

High temperature shift

Integrated Gasification Combined Cycle
Intermediate pressure
Kraftwerk-Kennzeichen System

Liquid to gas ratio

Low pressure
Lower heating value

Low temperature shift

Medium pressure
Operation and maintenance

Ordinary differential equations

Operating expenditures

Perturbed-Chain Statistical Associatingd-Ttheory
Power Generation Information Manager
Parts per million

Relative standard deviation

Raschig Super-Pak

Raschig Super-Rings

Start of run

Set point

time on stream

Test run - (campaign)

X-ray diffraction

vapour liquid equilibrium

Willem Alexander Centrale (Buggenum IGCC)
Water-gas shift

Weighted-Least-Squares
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A.1 Overview test runs

Test run Date Scope/purpose Tested parameter / Range
manipulated process variable

Syngas conditioning and water-gas shift section — s teady state

Inlet temperatures:

-Srlsljftcl!gg(?ttrs inlet 07.12.2011 - tS;;d);::lteure;fSeg;?tLI:ISe;lﬁ reactol Reactor 1 (ELFSO CTOOZ) 825°C - 360°C
09.12.2011 P Reactor 2 (ELG20 CT003) ~ 340°C — 360°C
temperatures performance

Reactor 3 (ELG30 CT003) 340°C — 360°C

. CO [%]: 55.05-59.27
Study the effect of inlet el

TR-CII-002: 13./14.12.2011 - composition on the shift reactor Syngas composition H, [%]: 27.05-31.88
Syngas composition 09.04.2012 erfc?rmance (ELF50 CQ201A) CO, [%]: 1.71-6.24
P N, [%]: 6.68 —9.16
15.12.2011
TR-CII-003: Investigation of part-load Syngas mass flow
Syngas mass flow 20./21.03.2012 performance of the plant (ELF20 CF001) 602 kg/h — 1241 kg/h

01./02.10.2012
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20./21.12.2011

TR-CII-004: 27./28.03.2012

Study the effect of the J@/CO
ratio on the shift reactor

Temperature quench gas
(ELF30 CT002)

151.2°C - 172°C

Steam to carbon ratio 02./03.04.2012 i
25.04.2012 performance Resuling HO/syngas 1.13 - 1.31 kg/k
D4 (ELG40 CX001) : -2 KO/Kg
TR-CII-005:
Part load operation 99.03.2012 Simulate gasifier part load Syngas mass flow 800 kg/h

(not successful — not enoug
steady-state data)

operation

(ELF20 CF001)

TR-CII-032:
Minimal Energy
Consumption

25.26.10.2012
29.10.2012
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Operation at low water to syngas
ratio corresponding to a state of H,O/syngas (ELG40 CX001)

minimal energy consumption

ELF50 CT002

including reduction of reactor 1 ELG20 CT003
and 2 inlet T and increase reactc ELG30 CT003

3inlet T.

1.2 and 0.86 kg/kg

310.5°C (ref. 335.2°C)
309.8°C (ref. 334.3°C)
379.8°C (ref. 333.9°C)
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Syngas conditioning and water-gas shift section — d

ynamic

TR-CII-020:
Dynamics ELF20 AC010

22./23.03.2012

Study the transients of the heate

outlet temperature as a responst qt (ELF20 CT003)
to manual, instantaneous chang:
in the heater duty (open-loop) ar
as response to automatic
controller actions (closed-loop).

Duty (ELF20 AC010/0V)

T decrease with control:
174°C 164°C

Duty step up and down
54% 72% 54%

TR-CII-21:
Dynamics ELF40 AC010

16./17.04.2012

Study the transients of the

reboiler outlet temperature as a Puty (ELF40 AC010/0V)
response to a manual,
instantaneous change in the
reboiler duty (open-loop).

Tout (ELF40 CT002)

Duty step down and up
58% 42% 58%

Resulting temperature
199°C 194°C 199°C

TR-CII-022:
Dynamics ELF50 AC010

12.09.2012

Study the transients of the
superheater outlet temperature ¢
a response to manual,
instantaneous changes in the
heater duty (open-loop) and as
response to automatic controller
actions (closed-loop).

Tout (ELF50 CT002)

Duty (ELF50 AC010/0V)

T increase with control:
340°C 350°C

Duty step down and up:
76% T71.7% 76%
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TR-CII-023:
Dynamics ELG30 AC010

12.09.2012

Study the transients of the coole
outlet temperature as a responst
to manual, instantaneous chang
in the cooler fan speed (open-
loop) and as response to
automatic controller actions
(closed-loop).

Tout (ELG30 CT003)

Fan speed (ELG30 AC010/0V;

T increase with control:
340°C 350°C

Fan speed step down and

up:

13.8% 10.7% 13.8%

TR-CII-024:
Dynamics ELG40 AC010

14.03.2012

Study the transients of the coole
outlet temperature as a responst
to manual, instantaneous chang:
in the cooler fan speed (open-
loop) and as response to
automatic controller actions
(closed-loop).

Tout (ELG40 CT006)

Fan speed (ELG40 AC010/0V;

T decrease with control:
134°C 124°C

Fan speed step down and up:
445% 32.5% 44.5%

TR-CII-025:
Dynamics ELG50 AC010

19.03.2012

Study the transients of the
condenser outlet temperature as
response to manual, instantanec
changes in the cooling water ma
flow (open-loop) and as respons
to automatic controller actions
(closed-loop).

Tout (ELG50 CT002)

Valve opening (PGE10 AA351)

T decrease with control:
37°C 27°C

Valve opening step down
and up:
16.5%

6.1% 16.5%
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Syngas flow decrease with
Study the transients of mass flov

. control
TR-CII-026: and drum levels within the Resumng syngas flow 1100kg/h 1050kg/h
Dynamics conditioning conditioning section as a respon (ELF20 CF001)
. o 17./18.04.2012 _
section due to variation in to manual, instantaneous chang _
syngas mass flow in ELF50 AA050 valve opening  valve position (ELF50 AAQ50) Valve opening step down
(partial open-loop). and up:
16% 19% 16%
Study the transients of mass flov Resyiting water flow Water flow increase with
TR-CII-027: and drum levels within the (ELG40 CFO01) control
Dynamics conditioning 13.09.2012 conditioning section as a respon 1200kg/h  1320kg/h
section due to variation in o to manual, instantaneous chang .
reaction water mass flow in reboiler duty (partial open- ~ Reboiler duty Duty step down and up
ELF40 AC010/0V
loop). ( ) 46% 37.5% 46%
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TR-CII-028: 03.10.2012
Dynamics conditioning and 15 102012

shifting section due to load
variation

Study the transients of mass

flows, drum levels, pressures an Resulting syngas flow
temperatures as a response to (ELF20 CFO001)
manual, instantaneous changes

ELF50 AA050 valve opening Valve opening

(partial open-loop) at part and fu (ELF50 AA010)
load of the pilot plant.

Syngas flow decrease with
control

1100kg/h  1000kg/h
930kg/h

Valve opening step up and
down:

147 26.7 14.7

75 10 75 147

TR-CII-033:
Dynamics shifting section

o 03.12.2012
due to syngas composition

Study the transients of mass Valve opening
flows, drum levels, temperatures (ELHS80 AA020)
and compositions as a response

manual, instantaneous changes

Valve opening step up and
down
0% 100% 0%

variation H, recycle valve opening (partial |(_|E2Llr—|e§gCC|:T:002) Resulting H recycle flow
open-loop). Okg/h ~35kg/h Okg/h
Study the transients of mass flov

TR-CII-034: and temperatures as a response Syngas flow

Dynamics ramping syngas 23./24.11.2012

mass flow
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Water-gas shift reactors

lzr-i:cl::l(t)igﬁ:reactor 14.09.2011 -
21.09.2011

temperature measurements

Verify whether the thermocouple
have been properly calibrated by
exposing the reactor is exposed
an inert gas (nitrogen) at a
constant temperature.

Inlet temperatures:

Reactor 1 (ELF50 CT002)
Reactor 2 (ELG20 CT003)
Reactor 3 (ELG30 CT003)

250°C; 300°C; 350°C
210°C; 249°C; 287°C
141°C; 158°C; 130°C; 110°C

TR-CII-007:
Dynamics &' shift reactor
inlet temperature

12.12.2011

Study the dynamic behaviour of Reactor inlet temperature
the 3 WGS reactor during a (ELG30 CT003) due to a
variation in the inlet temperature. change in louvre position

Opening of the louvres:
350°C  300°C (0.9K/min)

Closing louvres:
<300°C 350°C

TR-CII-016: 23 periods from
Catalyst stability & 03.02.2011 to
selectivity 06.03.2013

Long-term testing to quantify
catalyst deactivation and NA
selectivity in time

reference state
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07.03.2012
26.03.2012
02.04.2012
22-23.04.2012
26.11.2012
04.12.2012
18-20.12.2012

TR-CII-017:
Catalyst coking

172.4°C 126.5°C
(8 set points)

Investigation of the effect of the Temperature quench gas
2" reactor inlet steam/CO ratio  (ELF30 CT002)
on the carbiding behaviour of the Resulting HO/syngas

catalyst. (ELG40 CX001) 1.23 0.74 kg/kg

CO, Absorption section

TC-Il (random packing) — steady state

20-23.12.2011

thtgilﬁgl flow absorption 04-19.01.2012
section P 21.02.2012 -
09.03.2012

Water flow rate 0.5 kg/h; 1.5 kg/h; 4 kg/h

validate the thermodynamic
model with regard to the VLE of
water — DEPEG

1.09 wi%; 1.58 wt%; 4.74

Resulting water content in
g W%

DEPEG
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Validate the temperature

Solvent temperature between 1
and 2nd flash vessel

dependency of the 48°C
TR-CI-010: 09.03.2012 - theF:modyna)tlmic model with (ELH30 CTOOL
Solvent heater power input 11.04.2012 regard to the VLE of water — Resulting water content in 2.14 wt%
DEPEG DEPEG (at water flow rate
4kg/h)
16.04.2012
TR-CII-011: Validate mass transfer Solvent mass flow
18.04.2012 . 13 kg/s; 11 kg/s; 10 kg/s
Solvent mass flow 25 04.2012 coefficients (ELH50 CF002)
. 1600kg/h (ref ;
TR-CII-012: 19.04.2012 - Validate mass transfer Syngas mass flow 1754kg/h .(rlese7rgll(1c/i)'
Shifted syngas mass flow 22.04.2012 coefficients (ELG60 CFO06/IN) 786kg?h ' g
Lean solvent temperature 30°C,; 25°C; 17.5°C
(ELH50 CT003)
TR-CII-013: 11.12.2012 - Validate the model at different
Solvent temperature 14.12.2012 temperatures Solvent temperature between 1 34°C; 38°C; 22.5°C
and 2nd flash vessel
(ELH30 CT001)
TR-CII-014: 24.04.2012 Validate the influence of VLE on Absorber pressure 22 bara (reference)

Absorber pressure

the absorption mass transfer rate (ELH80 CP001)

23 bara; 21 bara
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TR-CII-015:

Pressure %iflash vessel 23./24.04.2012

Investigate the influence of the
pressure in the*1flash vessel on
gas composition

Pressure iflash
(ELH20 CP001)

7.5 bara (reference)
8.5 bara; 6.5 bara

TC-Ill (structured packing) — steady state

TR-CIII-011: 27.11.2012 — Validate mass transfer Solvent mass flow 15kg/s (reference)
Solvent mass flow 29.11.2012 coefficients (ELH50 CF002) 13kg/s; 11kgls; 10kg/s
i 1400kg/h (ref ;
TR-CIII-012: 24./25.11.2012 Validate mass transfer Syngas mass flow 1573kg/h '(r1623rgl?cli)'
Shifted syngas mass flow T coefficients (ELG60 CF006/IN) g g

819kg/h

TR-CI11-014:

Absorber pressure 26./27.11.2012

Validate the influence of VLE on Absorber pressure
the absorption mass transfer rate (ELH80 CP001)

22 bara (reference)
23 bara; 21 bara

TR-CIII-31: 30.11.2012 —
High solvent flow rate 04.12.2012

Investigate the influence of high

solvent flow rate on pressure dro polvent mass flow
. P RELHS0 CFo02)

and absorption performance

15kg/s (reference)
19kg/s; 22.5kg/s; 26.25kg/s;
30kag/s
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TC-Ill (structured packing) — dynamic

TR-CIII1-029: Study the dynamic response of Solvent mass flow 15 13 15kg/s
Absorber dynamics - solven 27./28.02.2013  the absorption system to a 15 11 15kg/s
S (ELH50 CF002)

flow rate perturbation in the solvent flow 15 10 15kg/s
TRCIFOS0: tShteL: ?E)::)?p?iﬁnnag;,:t;??g r:e : Syngas mass flow 1400 1600 1400kg/h

i irtaq01./02.03.2013 N . 1400 1100 1400kg/h
Absorber dynamics — shifted perturbation in the shifted syngas(ELG60 CF006/IN) 9
syngas flow rate flow rate 1400 800 1400kg/h
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A.2 Procedure for data handling and pre-processing used in the syngas
conditioning and WGS section

For all composition measurements within the shiftsection the measured dry gas
composition is used (ELF50 CQ201) and it is deteediby removing measured water
content and by scaling of the remaining constitsisnich that their sum of moles is equal
to one. Argon (not measured by ELF50 CQ201) is dddell composition measurements
in the shifting section based on the measurgddstent and MAr ratio recorded for the
WAC syngas (EVB60 CQ007 and EVB60 CQO008 respedgtjvel

Syngas composition
Saturation of dry syngas composition (ELF50 CQ20du#h water based on measured P
(ELF10 CP0OO01) and T (ELF10 CTO0O01).

Syngas mass flow (ELF20 CF001):
Correction of mass flow with actual density detered based on P (ELF10 CP001), T
(ELF10 CTO001) and wet syngas composition.

Reaction water mass flow (ELG40 CF001):
Correction of mass flow with actual density detared based on P (ELF10 CP0O01) and T
(ELG40 CTO005) and pure water (gaseous constituergkected).

Quench mass flow (ELF31 CF001):

First, determination of wet quench composition atugating dry syngas composition with
water at P (ELF40 CP001/IN) and T (ELF30 CT002)eflzorrection of mass flow with
actual density (same P, T and wet quench compuokitio

Reactor 1 inlet mass flow (ELF50 CF001):

First, determination of wet reactor 1 inlet compiosi by saturating dry syngas
composition with water at P (ELF40 CP002/IN) andELF40 CT002). Then correction
of mass flow with actual density (same P, T andneattor 1 inlet com-position).

Shifted syngas mass flow:

First, determination of wet shifted syngas compasiby saturating dry gas com-position
at ELG50 BB010 outlet (ELF50 CQ201J) with watePatELG60 CP001) and T (ELG50
CT002). Then, calculation of syngas compressorndnaass flow based on volumetric
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drain flow measurement (ELG60 CFO03) and drain iendetermined at nominal
conditions (P=1.013 bar, T=0 °C). Actual shiftechggs mass flow to the absorber is the
result of subtracting drain mass flow from measuwraohpressor outlet mass flow (ELG60
CFOO06/IN).
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A.3 Formulation of EVM problem for DRPE

Generally, the EVM problem can be formulated akofas:

A-1

where the data reconciliation problem is described (generalized maximum likelihood
objective function proposed by Huber (1981)), action of the standard residualwhich
expresses the deviation between the measured heriZtband the reconciled variables z
weighted by the standard deviatiorat the i-th data set. The set of parameter estiriat
represented by, and the unmeasured variables hyhucorresponds to the equality and g
to the inequality constraints which can represdéhee simple mass and material balance
or non-linear process equations.

As objective function, the contaminated Normal haen used for the data reconciliation
procedure in order to be more in-sensitive fordameasurement errors and measurement
outliers:

A-2

The contaminated Normal is constructed based onntaeimum likelihood principle
accounting both for contributions from random anoisg errors in the measurements. The
parameter g, is defined as the probability of a gross errathi measurements anghkas
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the ratio of the standard deviation of the grossreio that of the random error. These
values were chosen set to 0.05 and 10 respec{iVgdg and Biegler 1991).
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A.4  Flow sheet diagrams of dynamic process models

Figure A 1: Flow sheet of the dynamic model of the syngas conditioning, WGS
reactor and condensate recovery section
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Figure A 2: Flow sheet of the dynamic model of the absorption and regeneration
section
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A5 Utilization of the dynamic model for the invest igation of control
strategies

Dynamic performance of fossil-fuelled power plabécomes increasingly important and
hence an integrated capture process has to bacafidflow load variations. However, it
might also be required to temporarily only reduice bbad of the energy-intensive €O
capture process while maintaining the gasifier lfmadan IGCC power plant, for example
in case the market demands more energy or it iscgnizally more favourable to produce
energy instead of capturing GOrlherefore, the control system of the C€pture unit
should allow to perform frequent and prompt loadat&ons.

In order to improve the dynamic performance of pine-combustion COcapture unit
different control strategies have been investigatsithg the validated dynamic system
model of the CQ capture pilot plant. On the basis that the pillainp and large-scale
process are very similar, with the main differecoacerning the heat integration in the
shifting section, a developed control strategyetswith the pilot plant model can be
applied with modifications to the large-scale pasce

Part-load and full-load operation of the £€apture unit differs mainly in terms of the
flow rates whereas the other process parametemnairgained. In order to allow for fast
load variations it is particularly important to d&pmood set point management for the
temperatures in the shifting section as the theingtia of the system is much higher
than the mass inertia. Hence, a control strategedan feed-forward, feed-back and
cascade control has been implemented and testbdheitCQ capture pilot plant model.

An example of cascade control as implemented ird$tmamic model is shown in Figure
A 3(a). Cascade control consists of two contropkolhe master control compares the
level measurement (process variable) with a giegnllset point and changes the set point
of the slave control (control variable of the mastentrol). The slave loop compares the
flow measurement (process variable) with the sattgmovided by the master loop and
changes the valve opening (control variable) adoghd The advantage of cascade
control is that it allows the system to be morepossive to disturbances and it is in
particular useful for systems with long dead argltimes. However, this comes at a cost
of higher system complexity and requires more msdastrumentation. In case of the
pilot plant model, cascade control has been impigetein the shifting section for the
control of the liquid level in both vessels, theggs mass flow rate and the reactor 2 inlet
temperature.

Figure A 3(b) the application of feed-forward camiis shown exemplary for the reaction
water control loop. The aim of feed-forward contimto measure disturbances upstream
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the system and compensate for them before thensysteiables deviate from the set
point. In case of the capture unit, the main disance is the change in syngas load.
Hence, the feed-forward control receives the syrggspoint as input and determines
based on an explicit equation the set point for waer flow control. The feed-back

control ensures that the level set point is maireizhi

The advantage of feed-forward control in comparigonfeed-back control is that
disturbances do not need to propagate throughrtfegs in order to take control actions
and hence the set point management is much béttevever, in order to accurately
predict feed-forward control actions accurate mesments and adequate disturbance
predictions are required, which in case of nondlidpeocesses require non-linear
equations. In the pilot plant model feed-forwarchtcol has been implemented at all
master control loops. The feed-forward action iedeined based on the syngas set point,
typically with a linear correlation, and sent tdgatwith the feed-back action to the slave
control loop.

From the experimental tests at the pilot plantaswbserved that the reactor performance
varies from part-load to full-load, visible in thieactor outlet temperatures. In order to
perform fast load variations changes in the reap@formance should, if possible, be
avoided due to longer settling times related to ttiermal inertia. The cause for the
performance difference is related to changes intkleemodynamic state in terms of
temperature and pressure in the second vessel (BB®BNLO) upstream the reactors,
which subsequently leads to changes in the redcémd 2 inlet composition. This applies
in case the syngas inlet composition is constahichvis a justified assumption if the
same type of fuel is used for gasification andghsifier remains at the same load. In case
of the pilot plant the inlet pressure of the captunit is constant and hence the actual
vessel pressure is a result of the difference batvilee inlet pressure and flow dependent
frictional losses. Therefore, in order to mainttlie vessel pressure at different loads a
pressure controller is implemented in the pilohplaodel.

Further, the vessel conditions at part-load andtdald differ because of changes in
process heat losses. In the pilot plant large losakes occur at the inlet and outlet of the
reactors due to the fact that the reactor casingver-dimensioned for the installed
amount of catalyst. In a large-scale plant withlwiled reactors these particular heat
losses will not be present. In addition, heat lsgsem piping upstream and downstream
the reactors will be much smaller in a large-sdalsign because of better insulation and a
smaller heat transfer area to volume ratio. Hettee heat losses have been significantly
reduced in the system model in order to performsthmilations at large-scale conditions.
Both adaptations, the control of the vessel presamd the heat loss reduction allow to
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maintain the reactor performance and hence prothetability of the C@capture unit to
perform fast load variations.

The simulation results obtained with the old angrioved pilot plant control for a load
variation from part-load to full-load are compaiedrigure A 4 and Figure A 5. In the
simulation with the improved control the syngas snfhaw rate is ramped from 850 kg/h
to 1100 kg/h in 10 minutes, whereby in the simoladi with the old control the syngas set
point is changed instantaneously and the contiksy takes care of the load change.
From the comparison of the old and improved controhn observed that it is possible to
perform prompt load changes with the {apture process. The model predictions for the
improved control indicate that for the mass flowesain the shifting section more than 95
% of the final steady-state value can be reachd¢irwihe ramping time. The vessel and
reactor temperatures settle within approximatelyn@futes after the beginning of the
perturbation. In addition, with the improved comtcascade and feed-forward) and the
measures to maintain the reactor performance thxénmaan overshoot during the transient
can be reduced significantly. Note that, due to ¢hange in heat losses and vessel
pressure for the improved control the steady-stalees of most of the variables are
different to the simulation results obtained witle bld control.

In Figure A 6 the results of the absorption sectwe visualized. In the pilot plant no
control was implemented to account for load vawiaisuch that the performance in terms
of CO, absorption is maintained. In the dynamic modedtarcontroller is implemented
which maintains the mass-based liquid-to-gas rafidhe absorption column, which
allows to maintain the CQOemoval efficiency approximately constant for theerational
range of the absorber. Consequently, if the mass fate of the shifted syngas changes
the solvent mass flow rate is adapted accordirighe results indicate, that the absorption
section responds well to fast load variations.

To conclude, with the validated dynamic model & @Q capture pilot plant it has been
demonstrated that physical-based process modedsteasdesign and testing of control
strategies and that prompt load variations candyéopned with a pre-combustion GO

capture unit. The qualitative results from thisastigation with the pilot plant model can
be applied for the design of the control strategighe large-scale plant.
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Figure A 3: Flash vessel level control via a) Casca de and feed-back control. b)
Cascade, feed-back and feed-forward control.
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Figure A 4: Comparison of simulation results of old and improved control for
change from part-load to full-load operation. a) Sy  ngas mass flow
rate. b) Water mass flow rate. c) Reactor 1 mass fl ow rate. d) Quench

mass flow rate. ) CO , content in shifted syngas. f) H , content in
shifted syngas.
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Figure A 5: Comparison of simulation results of old and improved control for
change from part-load to full-load operation. a) Qu  ench temperature
(ELF20BB010). b) Superheater inlet temperature (ELF 40BB010). c)
Reactor 1 outlet temperature. d) Reactor 2 outlett  emperature.
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Figure A 6: Simulation results of improved control for change from part-load to
full-load operation. a) Solvent mass flow rate. b) CO, capture
efficiency. ¢) CO , product mass flow rate.
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A.6 Initialisation routine for dynamic absorber mod el

1. Provided (i) the boundary conditions of the colunii) the assumed
temperature in each equilibrium stage and (iii) vh&ies of first attempt for
pressure and liquid holdup, the mass balance ofctiemn is solved by
applying the Sum-Rates Method.

2. On the basis of the liquid (Lj) and vapour (Vj) mdtow rate obtained by
solving the mass balance of the column, pressutenatdup in each stage are
updated according to the empirical pressure drog loldup correlation
assumed.

3. The mass balance of the column is again solveth@basis of the new values
of pressure and holdup. Then the sequence of pHaRess repeated till
convergence.

Figure A 7: Main steps of the initialization algori ~ thm used to evaluate accurate
initial guesses of pressure, liquid holdup and comp osition of the liquid and
vapour phase in each equilibrium stage that discret ize the column.
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Note that the initialization algorithm does notwalthe energy balance of the column,

because the convergence of the dynamic model ipartitularly affected by the assumed

initial value of temperature in the equilibrium gta of the column. Thus, a rough

estimation of the likely temperature distributioside the column is enough to ensure the
convergence of the dynamic simulation.
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