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1. Management Summary

ProjectSummary

This report summarises the technical development, design and lessons leagaipture and compressioaf
CQFTNBY GKS /1 { RSY2yaiuNI GA2Yy LINRB2SOG dawh!5¢ @ ¢ KS
Demonstratieproject) was one of the largest integrated carbon capture and storage (CCS) projects in the world,
aiming to install carbon capture on a cdied power station in Rotterdam and store the €@ an empty off

shore gasfield.

The project ran from 2009 to 2017. The developer was Maasvlakte CCS Project, a joint venture between
Uniper (formerly E.ON) and Engie (formerly Electrabel and GDF Suez)navittifl support from the EU EEPR
program, the Dutch Government, the Port of Rotterdam and the GCCSI.

In the first phase of the project, 206812, the project was developed to final investment decision (FID) based
on using the TAQA P#gasfield as theCQ storage location. This required a pipeline of approximately 25km
FNRY GKS OF LJi dzNB -irefl KaasviakieyPower PYaitNMBP 8)Xakout Bknlohshore and 20km
off-shore.

Unfortunately, the collapse in the carbon price undermined the oabbusiness case, and in 2012 a positive

CL5 gla y2i SO02y2YAOFffeée LRAAANRREEG A¢KPKANKS DI A DK EY
reducing the funding gap, either by reducing costs or by securing new funding. In late 2014 a possible new
funding structure was identified, and explored in 2015 and 2016. This included additional grants for operation

and cost reductions. The cost reduction that could be successfully applied was to change storage sink to Q16

Maas, operated by Oranje Nassau Egie (ONE). This smaller field was much closer, with only a 6 km pipeline
required. This resulted in a remobilization of the project late in 2016, and development of the new scheme.
However, in mid 2017 work was again halted, and formally stopped ierNogr 2017.

Scope of this Report

This report describgthe results of thetechnical work on the CQrapture and compressiosystem including

the connections to the power station. It focuses on reporting the design as at the end of the project (2017) as
this is the most up to date, and the design as of 2012 has already been publically reported (Ref

Main Highlights / Lessons Learnt

Perhaps the most important higlevel conclusion from this work is that the fsltale capture plant can be
designed andprocured to the standard required to enable FID. All the identified technical risks, costs
uncertainties and permitting and project delivery challenges for the capture plant were successfully managed.
The necessary technologycgnsidered to bevailabé for full scale postombustion capture.

Pilot plants have proved very valuable for testing and improving the ROAD capture plant design. Research

done after the first design was fixed in 2011 led to a number of design improvements in the updated design o

2017. Most notable were the addition of a wet electrostatic precipitator to ceurgerosols (which only

occurs n some coafired and industriaflue gasey and improvement to the solvemhanagemento minimise

corrosion and solvent degradation. Teelvent management package was proven on the Wilhelmshaven pilot,

a joint pilot between Fluor and Unipett KS 2 A f KSf YaKI @Sy LAt 203G faz 02y TANY
plant capture efficiency and thermodynamic performance, reducing the projesk Hssociated with
performance. We recommend that future project developers stay close to the research community to ensure
state-of-the-art engineering.

A significant effort was made to optimise the integration of the capture plant with the power statimhthis
gave efficiency improvements, cost reductions, reduced freshwater usage and increased operational flexibility.
Of particular note were:

1 Use of a steam ejector enabled steam to the capture plant to be maintained at the correct pressure
when the pwer station load (and therefore steam pressure) drqps low capital cost.

ROAL, CloseOut Report Capture & Compression 1
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1 The overhead condenser of the capture plant was warm enough to provide an economic source of
feedwater heating for the power plant.

1 Condensate from the direct contact cooler cde reused in the power plant FGD (Flue Gas
Desulphurisation unit) reducing freshwater consumption.

The ROAD Project is committed to knowledge sharing, and this report contains detailed information about the
capture plant andits connections to the powertation. This includes information on construction and
operating costs,and on health, safety and environmental issues. Also attached are references to other
previously published worklt is hoped, that these prove useful to future CCS project developers

ROAL, CloseOut Report Capture & Compression 2
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2. Introduction

2.1 Introduction

The ROAD project was one of the leading European CCS Projects from 2010 to 2017. During thgteahe, a
deal of project development and engineering work was completed, including full design and procurement to
allow a possible FID at end 20ddearly 2012

¢CKA& NBLIZ2NI Aa -2df6¢ 2NB U2 NISE 2N (ol Sy2 &1SF G S NI ekt asT 2 NI | €
made in September 2017. The report aims to summarise the technical work done on jhm@@e and
compressiorsystem during the full duration of the project, and highlight lessons learnt. The objective is to give
future CCS project developers, and knowledge institutes, the maximum opportunity to use the knowledge
gained and lessons learnt by the ROAD projeattea

¢KAa ONARST Ay i NBRRBReDdtEaptyre an@ CoinpteSsion /TA28SSa | ISy SNI f RSEC
overall project, including the history of its development, and describes the scope and structure of the
remaining report, which focuses on thiechnical design of theapture and compressiosystem. This should

enable readers to quickly locate information of relevance to them in this report.

2.2 General Project Description

The ROAD Project is the Rotterdam Opslag and Afvang DemonstratieprojeerdRuttCapture and Storage
Demonstration Project) which ran from 2009 to 2017, and was one of the leading integrated Carbon Capture
and Storage (CCS) demonstration projects in the world.

The main objective of ROAD was to demonstrate the technical and sdonfeasibility of a largscale,

integrated CCS chain deployed on power generation. Previously, CCS had primarily been appliegsdaalemall

test facilities in the power industry. Largeale demonstration projects were needed to show that CCS could be

ay STFTAOASY(l YR STFFSOUGABGS /hi FtollGSYSyili GSOKyz2fz23eod
by projects like ROAD, CCS could be deployed on a larger and broader scale: not only on power plants, but also
within the energy intensive industrie€CS is one of the transition technologies expected to make a substantial
contribution to achieving European and global climate objectives.

ROAD is a joint project initiated in 2009 by E.ON Benelux and Electrabel Nederland (now Uniper Benelux and
Engie Mderland). Together they formed the joint venture Maasvlakte CCS Project C.V. which was the project
developer. The ROAD Project isficmnced by the European Commission (EC) within the framework of the
European Energy Programme for Recovery (EEPRhar@avernment of the Netherlands. The grants amount

G2myen YAff A2y FLEEionfrins thedgbverhmém of ¢he Netherlands. In addition, the Global

/1 { LyadadAddziS Aa {1y26fSRIS akKkNRYy3I LI NEBynflioltetfe wh! 5 |
project. The Port of Rotterdam also agreed to support the project through investment in theifgabne.

In the first phase of the project, 2068012, the project was developed to final investment decision (FID) based

on using the P18 cpsfield operated by TAQA as the L£8orage location. This required a pipeline of
FLIIUNREAYFGSt® wHplY FNRBY ( Kffed RiabdaldeNBwer Pa@MBRBR gbout | y A LIS N
5km onshore and 20km e#fhore.

Unfortunately, the collapse in theacbon price undermined the original business case, and in 2012 a positive

CL5 gla y2i SO02y2YAO0Fftfteée LRAIAANRREEG A¢YKPKANKS S @i A DK Sy
reducing the funding gap, either by reducing costs or by securing new fyndim late 2014 a possible new

funding structure was identified, and explored in 2015 and 2016. This included additional grants for operation

and cost reductions. The cost reduction that could be successfully applied was to change storage sink to a

newly developed field, Qt®&laas, operated by Oranje Nassau Energie (ONE). This smaller field was much

closer, with only a 6 km pipeline required. This resulted in a remobilization of the project late in 2016, and
development of the new scheme. However, imd 2017 work was again halted, aride grant formally

terminatedin November 2017.

ROAL, CloseOut Report Capture & Compression 3
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¢KS wh!5 LINRB2SOG RSaAaly LI ASR Lkad O2Yo6dzadAizy GSOKy
1,069 MWe coaF A NSR L2 gSNJ LI I yid odal I F@f IAlyld Si KtS2 oLS2NNTit £ HyYRI  AoyzR
Rotterdam.

The capture unit has a design capacity of 250 MWe equivalent. Duringpd&tional phase of the project,

F LIWNREAYIF GSt& mom Yodddbé @aptire afdfstoredyith a fuldobid flewSof4Ridy/s (169

t/h) of CQ. For transport and storage two alternatives were developed as described above: storage inthe P18
4 reservoir operated by TAQA; and storage in the-@IB@as reservoir operated by Oranj¢assau Energie.

After a competitive FEERrocess, Fluor was selected as the supplier for the capture technology in early 2011.
The plant was fully engineered, and long lead items contracted for, ready for an FID in early 2012. All the
necessary permitting was completed, with a permit for theteae plant being granted in 2012. Following the
delay to the project, an updated design was developed with Fluor in 2017 incorporating lessons learnt from
research and development in the intervening years, changes to the MPP3 site, and the impactloditiges

to the transport and storage system. A revision to the permit was under development when the project was
halted.

For storage in P18

CNRY (KS OFLXidz2NB dzyAlG GKS /hi ¢2dzZ R 06S O2YLINBaaSR Iy
land andabout 20 kilometers across the seabed to the HAlBlatform in the North Sea. The pipeline has a

transport capacity of around 5 million tonnes per year. It is designed for a maximum pressure of 140 bar and a

YI EAYdzY GSYLISNI  dzNBwodddbe injested drombthe platirdr P1&hinto depleted gas

reservoir P184. The estimated storage capacity of reservoir-Bi8 approximately 8 million tonnes. Figure 2.1
shows the schematic illustration of this.

P184 is part of the P18 block which also incladke larger P12 and also a small field, P68 These depleted
gas reservoirs are about 3.5 km below the seabed under the North Sea about 20km from the Dutch coastline,
and have a combine@Q storage capacity of around 35 Mt

The ROAD Project with sage in P18} was fully developed for FID at the end of 2011, including all
engineering, regulatory and permit requirements. A,G@rage permit was granted in 201the first such
permit in Europe Unfortunately, a positive FID was not possible duduading problems, and in 2012
technical project development on P¥Bwas halted.

ROAL, CloseOut Report Capture & Compression 4
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Figure 2.1 Schematic overview of the ROAD Project using storage w4 P18
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For storage in Q1l®/aas

CNRY (GKS OFLIXGdz2NB dzyAlG GKS /hi ¢g2dZR 6S O2YLINBaaSR

current ONBEproduction site QléVaas (Figure 2.2). The selected pipeline design would have a transport
capacity in excess of 6Mt/year. It was designedaanaximum pressure of 40 bar although in the first phase
operation at 20 bar was planned. Final compression to injection pressure (around 80 bar) would be at the
injection site.

The Ql1eMaas reservoir is located just edhore from the Maasvlakte, anid reached by a longeach well,
drilled from onshore. The well is about 5km long, and travels approximately 3km down to reach the reservoir
depth, and 3 km horizontally (efhore) to reach the reservoir location. The reservoir istirely new
(production started in 2014) and was not due to finish production until 2022. Therefore this scheme involved
the drilling of a second well to accelerate gas production and so allowirntion to start in 2020. This
second well would also allow gwoduction of modest amounts of condensate (and possibly natural gas)
during CQinjection. The estimated storage capacity of reservoir &as is between 2 and 4 million tonnes.

This reervoir was identified as a possible storage location only at the end of 2014, with project development
running through 2012017. Due to funding uncertainties, the work focused on feasibility, cost estimation and
concept design to the level required foeymitting. Therefore a loer level of detail is available for this storage
location, compared to P18. It should also be noted that unexpected water production was experienced from
Q16Maas in 2016, leading OranMassau Energie to issue a revised resermodel and production plan in
May 2017. Since this was only shortly before the ROAD work was hatltedROAD plans for QM\daas were

not fully amended to reflect this new production data.

ROAL, CloseOut Report Capture & Compression 5
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Figure 2.2 Schematic overview of the ROAD Project usiogge in Q16Maas
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2.3 Summary Description dPower Plant,Capture and Compression Process

ROAD applies post combustion technology to capture thef@® the flue gases of the nesupercritical D69
MWe coalfired power plant (MaasvlaktBower Plant 3) in thRotterdam port and industrial area.

The technical features of MPP3 include a pulverieed fired supercritical boiler with advanced materials for

highest steam parameters, advanced process design and sea water direct coolingerirore, MPP3 is

SldzA LIWISR 6AGK GKS NBIldZANBR SYAaaairzy O2yiNet (SOKyz2f2
NBRdzOGA2Yy 2F {hE SYArA&aaiazya FyR W{StSOGABS /ILiGLtedGAaol
main characteristicef the newbuild power plant can be summarized as displayed in Figure 2.3.

Figure 23 Main design parameters of power plant MPP3

Design Parameter Unit Value

Rated Thermal Input MW 2 307
Electrical Output (Net) MW 1069
Live Steam Pressure bar 285
Live Steam Temperature °C 600
Reheat Steam Pressure bar 60
Reheat Steam Temperature °C 620
Steam Generator Efficiency % 94.8
Electrical Efficiency (Net) % 46.3

The construction and commissioning of MPP3 has been compMthdn operatedat designconditions, MPP3
emits a flue gas stream of abou084 kg/s, containing 13.7% &€@6 volume, actual wet basis). The rbuild

ROAL, CloseOut Report Capture & Compression 6
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plant therefore produces approximately 755 gram &@W/h at design conditions, resulting in annual £O
emissions of about 5.7 midin tonnes in base load operation. To lower the net specifig €@fissions of the
plant further, Uniper is taking the opportunity to €iwe biomass.

For further reduction of the COSYA a&dA2ya Ay GKS TFdzidzNBX atto A& W/ N
retrofitted with a fullka OF £ S O LJidzNB LX Fydi® atto KIFa FfNBFRe 0SSy
Change Standard TN/ nncQ® ¢KS &dF yRIFNR O 2ngdaidingyhe tedhBolpgizkl Ml Y Sy G &
site-specific feasibility of retrofitting a fullize carbon capture system at the power plant location, the
availability of the space which will be needed for the capture plant, the possibility of transportinfgg@Cthe

power plant site to a CQOstorage site and the possible effects on plant safety and environment. The TUV
certificate was granted on 19 May 2009.

The capture unit has a capacity of 250 MWe equivaterd a target capture efficiency of 90%, which equates
to 169 t/h of CQcaptured. Itaims to capture 1.1 Mt of GQer year.

The capture processhosen iCf dz2 NDR&a 902yl YAY S CDb LINBhWG&ghicampetitivd OK & | a
tendering process itluding two competitive FEED studi@ef 3. It is one ofthe best proven technologies

available for postombustion capture, and has been licenged®8 industrial plants in a range of applications.

It is based on the conventional amine solvent MEA (a&thanolamine). The layout is a fairly conventional for

a postcombustion capture amine process. The flue gas is taken from the inside of MPP3 stack through a direct
contact cooler(DCCJo reduce the temperature to the optimum level for €€apturec typically 3635°C. The

direct contact cooler also includes a smallgigphurisation section to reduce sulphur levels in the flue gas to

below 5 mg/Nnf.

The cooled flue gases pass via a wet ESP for final particulate removal and a fan to the absorberthdt is
absorber that the solvent absorbs 90% of the,@Cthe flue gas. The cleaned flue gas is then returned to the
MPP3 stack. Solvent is regenerated in a stripper using steam from the power plant, cooled, and returned to
the absorber.

In addition, he capture plant contains the followirignovativefeatures:

1 The direct contact cooler (DCC) condenses water of high purity from the flue gas as it is cooled, and
this is reused in the MPP3 FGD unithissignificantly reduceshe freshwater consumptiorof the
power plantin combination with CCS€R3).

1 The C®leaving the stripper is cooled using feedwafesm MPP3 in order to recover this heat back
into the power plant. This heat integration both improves efficiency and reduces the cooling water
demand.

1 A vacuum flash system with lean vapour compression to recover steam from the lean amine to the
stripper, again reducing steam consumptiamd thereforeimprovingprocess efficiency.

1 A proprietory low temperature and low pressure solvent management system, demonstrated at the
Wilhelmshaven pilot, to maintain high levels of solvent purity and minimise simmg degradation
and solvent losses.

The capture and compression unit also includes

1 CQ dehydration and compression ready for onward pipeline transport to stordge.storage in P18
4, the pipeline would operate at 8020 bag and up to 88C requiringan 8 stage compressor.oiF
storage inQ16-Maas the pipeline would bel9-22 bag and ambient temperature (:30°C), requiring
a 4 stage compressor.

9 Electrical substation and control room building

1 Chemicals storage area, including a solvent storagk tdrsufficient capacity to hold the entire plant
inventory, allowing the plant to be drained and cleaned for maintenance without loss of solvent.

ROAL, CloseOut Report Capture & Compression 7
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The Capture Plant is designed as a demonstration ofséalle carbon capture on cefiled power plant.
Therefore, despite the cost pressures that have resulted in a minimisation of plant redundancy and spares, and
the limited operational funding currently available, the Capture Plant includes all the major characteristics a
full-scale commercial plant wouldgeire. These including:

1 Design life o126 0000peratinghoursover 20 years
1 The ability to follow the load of the power plant, with the same ramp rates (up to 5%/minute)

1 Turndown to 40% capture rate (This is a typical {down capability for a coal poweplant, although
MPP3 is designed to turndown as low as 25%).

1 A high level of automation and instrumentation

2.4 Scope and structure of this Report

The capture and compression plant developed in 22002 for application to the P18 storage facilitthas
been reported publically already (RBf Also publically reported were the supplier selection methodol&f (
2), and a report on integration with the power stati¢Ref 4)

Cfft2gAy3a (GKS aqatz2é Y2RSEI | ydzYo Sand chthe goder pladt, adK I y 3 S &
due to the change of storage location. Together, Fluor and ROAD also took the opportunity to update the
capture plant design with the latest lessons learnt from pilots and other CCS projects, to ensure the capture
plantremairda | -@fdhé-t HI5 ¢ HAI%&éxitBecton (Section 2.5) explains the scope and design changes
made between 2012 and the update of the engineering design in 2017.

Section 3 gives the updated engineering design, and is intended as an update to trmmiolential FEED
study published in 2012 (Rd)). It includes the basis of design, process descriptions, process block flow
diagramsperformance data, and equipment lists.

Section 4overs health, safety and the environmeiricluding emissionsOn this topic, there was little change
from 2012 to 2017 so this is covered comparatively briefly.

Section 5gives an update on costs, covering costs of the work done, and cost estimates for the construction
and operation of the plant. Theseost estimates vere made by the ROAD project team, combining
information from suppliers and experience from power plant and CCS pilot plant operaftoa.contruction
programme is also included.

Although much of this report simply describes the engineering solutionsheghby the engineering teams
working on the project, there are nevertheless a humber of lessons learnt that are geasrallyapplicable to
carbon capture plant. These are reportadovein the ManagemenSummary.

2.5 Engineering / Scope Changbstween2012 and 2017

This section describes the scope changes between 2012 and 2017, and so identifies the areas where the design
described in this document differs from that reported in the rammfidential FEED study report (Régf

Thescopechanges arsummarized as follows

1 The change to the storage location results in a lower operating pressure for thexg@ted from the
MPP3 site, and a more relaxed C&pecificationwith respect to water content The revised CO
pipeline specification is given 8ection 3.11

1 The possibility of COsupply to greenhouses means that a tighter ,&Pecification needs to be
considered as an option for future retrofitThis primarily concerns water, which must be reduced
from 150 ppm to 4050 ppm. However some swknt degradation products (ethylene and
acetaldehyde) may also slightly exceed current limits, which are based pst&@ards for food use.
Given that the C®@is heavily diluted before use in the greenhouses, ivésy unlikely that these
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impurity levds are a riskio health or cropsn practice. However, the updated design should include
the option to add equipment to meet the OCAP specification in fusitheuld it be necessary.

1 The power plant MPP3 now has an industrial customer taking steam at @@da20bar, andptional
future plans to provide lowgrade heat via a hetvater pipe to residential and industrial customers in
the Westland area and towards Den Haag. These chamges that at part load, and possibly in
future at fulHoad, the LP steansupply from the power plant will fall below the 3 bar pressure
required by the capture unit. The capture unit must be designed to be able to adapt to these changes.
The power plant also has additional equipment for biomass and wastiireg, which im@cts on the
layout of the pipelines connecting MPP3 with the capture plant. In particular, the cooling water outlet
duct needs to be relocated.

1 Research and development activities and p#oOF £ S (S&adAy3 2F Cfd2NR& 9CD |
have provded lessons learnt and led to technological improvements, which should be implemented in
the capture plant design. Imostcases, these desigihanges are proposed by Fluor

A number of design improvements were made based on pilot experience. Most were minor refinerniaets.
major design changes due to lessons learnt from R&D were as follows:

WESP

The inclusion of a WESP (wet electrostatic precipitator) to remove aerosmistfre flue gasResearch at
various capture pilot plants (sefor example Rek 5, 6 and ¥ has shown that aerosols in the flue gas entering
the capture plant can give rise to high solvent emissiofsis was confirmed at the Wilhelmshaven pilot when
aerosols were artificially added to the flue gashese high aerosols levels only occur at some-fixea power
plants, typically those with a wet stack (as at Maasvlakte).

Tests at MPP3 haweeasuredSQ aerosol levels in the flue gas be sufficient © cause high solvent slippage
from capture units, and breach environmental limitslowever, these aerosol levels are very variable, and are
not present at all times This was a matter of continuing reseamhenthe ROAD project was stopped.

At the curent level of understandingbased on the worst case MPP3 measurements, anaihthe available

pilot data,up to 99% of the aerosols may need to be removed. However, the performance of industrial WESP
designs with fine aerosols is not accurately quagdifiand some pilot data suggests it may be much better
than current guarantee valuesAlso,the acceptable level of aerosois not accurately known for the Fluor
design. Therefore bbwer specification of WESP (circa 90% removal) was chosen for tigs dgslate, with
provision to either include an additional WESP in fut(tce reach 99%)or to leave out the WESP entirely,
based on the results of continuing and futuesearchandongoing testat MPP3

Acid Wash

In 2012,the capture plant desigincludeda provision to allow the option to install an acid wash in future on

top of the alsorber. This provision includedvil structures, space, fan capacity etdhe acid wash was

intended to remove degradation products (principally ammonia) fromfthe gas should higher than predicted
degradatiuon occur. Following the experience of the Wilhelmshaven pilot, ROAD beatitientlyconfident

GKIFIG Ccftd2Nna a2t oSyd YrFylF3aSYSyid aeadaSy peodsiah or alLINS O3Sy i
future acid washwasremoved from the design.

Improved Solvent Mange Package

The Fluor piloat Wilhelmshaverhad problems with solvent management, which were found to be due to iron
leaching into the solvent from the coal asthichhad enteredthe solent in the absorber The iron catalysed
corrosion of the steel, resulting in additional iron entering the systemuring theresulting studies iron
removal systems were tested, and improved reclaimer designs were tested (although the initial reclaimer
design did prove to be fit for purpose in the absence of iron contaminatidg.a result Fluor developed an
improved proprietary solvent management package including reclaimer, filters and iron removal. This proved
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to be very successful on the Wilhelmsfea pilot in 2016, maintaining high solvent quality continuously over a
2000 hour test run, and would therefore be implemented in the ROAD design.
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3. Capture and Compression Design

This chapter contains a description of the design process andrekelting design of the capture and
compression installations. The information is based on the work that was done between the start and
cancellation of the project:

1 The FEED study

1 The work done by Fluor in the period 202012

1 The updated estimate made luor in 2014

1 Theengineering updatdy Fluor to includscope changes ardssons learnt, in 2017

While the information in this report is neconfidential, its contents are still of value, as they give insight into
the knowledge that was developed of tipeocess.

3.1 Introduction

This section provides a process description of the Econamine F& EES+) CQapture and compression

plant that was designed for the ROAD project. The purpose of the proposed EFG+ plant is to recover 90% of the
total CQ availablein a 250 MW-equivalent slip stream of flue gas from Makste Power Plant 3 (MPP3), a 1

069 MW, (net electric) advanced supercritical power plant. The BF@nt produces approximatelyG67 t/day

of CQ (dry basis) that will be compressed and senthie EFG+ plant battery limit to be transported through a
pipeline to offshore storage in the North Sea.

The Process Flow Diagrams can be consult#iieidnnex(Section 6.1)

3.2 Basis of Design

As mentioned in the introduction, the overall basis of the @last design is 90% G@apture from a flue gas
stream that is equivalent to 250MWbr 23.4% of the flue gases from MPP3. Combined with the assumed
electrical efficiency oftte power plant, 46%, this givdd kg/s C@for storage. For convenience this valwas
sometimes used in subsequent calculations when approaching the design from the captwmasport
interface.

The base design case material balance uses the annual flue gas emission limit values for NOx and SOx. Since
only longterm averages in NOzoncentration affect the EFG+ process, no additional material balance was
provided for the higher daily average limit value for NOx. Equipment related to SOx removal was sized to
handle the higher daily average limit value of SOx in the flue gas. All efjuggment sizing will be based on

annual NOx and SOx average flue gas concentrations.

The plant was desigul for an annual operation of G00 hours ad a total operating life of 12600 hours over

20 years. The equipment sparing was to be in accordanttetid annual operating hours requirement. The
plant was designed for a turndown to 40% of the design flue gas capacity. Sufficient chemical storage was
provided in the C®lant for 30 days of consumption without refilling, except for nitrogen that woelddn 15

days.

The following design margins were utilized in the capture plant design:
1 Blower: 110% flow / 121% pressure rise
1 Lean Vapor Compressor: 104% flow / 108% pressure rise
1 CQ Product Compressor: 104% flow / 108% pressure rise
1

Plate & Frame Exchaes: 20% added to required heat transfer area for fouling, in addition to vendor
design margins

1 Reboilers: 20% added to required heat transfer area for fouling, in addition to vendor design margins
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1 Balance of Shell & Tube Exchangers: vendor design mangins

1 Pumps: 110% flow / 121% variable pressure rise
3.3 Power plant integration

3.3.1 Power Plant Integration Overview

In the period 2012 2013several publications were written about the integration between the CCS installation
and the power plant. In 2012 a presentation was given at the POBHEWR conferenc€Ref8) and in 2013 a
special report was written for the GCQ®lef4). Some highlightdrom these documents are summarized
below, together with a discussion of the changes since 201&. tlfé complete data we refer to the original
documents.

There is a range of interactions between the capture plant and the host power plant, MBRBistrated
schematically inigure3.1below.

Figure 3.1 lllustration of the interfaces between the power plant and the CCS installation, and with the outside world
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The integration of the power plant, capture, transport and storage was and still is notred U. One existing
reference is the Boundary Dam project in Canada which is smaller (roughly 140 MW scale) and uses different
capture and storage technologies (Boundary Dam storage is in an onshore EOR field wstlalestquifer
injection in additionwhereas ROAD uses an offshore depleted gas field). The integration of the capture plant
with the power plant, compression, pipeline and depleted gas field storage is therefore-affadtind. The

ROAD design includes no intermediate storage (other tinam provided by pipeline line pack) so the whole

CCS chain will operate as a single integrated system. In addition, the capture plant process was subject to on
going continuous improvement by Fluor, supported by pilot studies involving the parent coespahithe

project sponsor. The plant desigh would therefore have included a number of optimizations and improvements
not seen in existing smadkale unitsThese include:

1 Heat integration whereby the warm Ga@t the stripper outlet is used to provide feedater heating
for the power plant.

1 A steam ejectorused to control the pressure of the steam from the power plant, allowing continued
efficient operation of the capture plant when the power plant igatt load.

1 Vacuum flashand compressionsystem on tle reboiler and intermediate absorber cooling in the
solvent cycle tmptimize the process performance (minimizing the energy required).
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Use of the latest packing designs and washing / scrubbing designs for optimum thermal and

environmental performance.
Fgure 3.2 Block diagram integrated chain (MMP3, capture plant, transport and storage)
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In the block diagranfFigure 3.2Jhe main installations, transpband storage blocks are showas well as the
integration of the capture plant with MPP3:

1 flue gas extaction fromthe main flue gasluct;

return of treated flue gas from capture plant to main power plant stack;

low pressure (LP) steam extraction from steam turbine to capture plant's reboiler;
return of steam condensate from capture plant's reboiler inteasn cycle;

cooling water for capture plant's coolers from main cooling system inlet;

‘cold' condensate from prbeater train to capture plant coolers for waste heat recovery;

heated condensate return to prleaters train;

= =4 -4 A -8 -a -2

electric power supply to captunglants via power plant's auxiliary system;
9 utilities (e.g. demineralized water).

Between the moment that the project went into slemode, and the restart at the end of 2016, the boundary
conditions for the capture plant, as well as for the host power plahanged significantly. In 201the decision

was taken to close the neighbouring power station units MPP1 and MPP2, which supply steam to neighbouring
industry. This steam supply was transferred to MPP3, affecting the available steam pressure the pkxptu

can use After extensive modelling it was concluded that the proposed LP steam connection can still be used,
at least when the power station is at or close to 4othd, which currently is most of the time. However, the

cold reheat connections kch were used tosupply steam for the steam ejamtcannot be usd. The steam
ejector must usehot reheat steam instead, which is more expensive. Thus when MPP3 is dbguhrthe

steam for the capture plant reduces the MPP3 output more significantly.

Also, some of the proposed pipeline routes for the interfaces had to be redesigned, as new equipment like silos
for biomass cdiring, were now blocking the route of the original desigithe updated pipeline routes are
shown on the plan of osite pipdine routes, Annex 6.4.

In the following sectins, each tién is summarized

3.3.2 Flue gas tiens

MPP3 has a wet stack with no ggas heater. This meanshat the flue gas extraction antketurn can be
anywhere after the FGD (normally must be between the RBD gasgasheater). Three positions were
evaluated to extract the flue gas from MPP3 to the capture plant:

1. On top of the FGD of MPP3
2. Inthe horizontal Glass Reinforced Plastic (GRP) duct from the FGD to the dHRDf
3. Inside the stack of MPP3 whereetlGRP duct turns upwards.

The position inside the stack was chosen to avoid chatmmése original plot plan of MPP&nd to minimize
supporting structures and scaffolding for tkdeicting from the tiein pointsto the capture plant. The stack can
be used b support the new tian structures and armbstacle free routing downwards is available inside the
concrete stack.

The discharge of the treated flue gas, which has a volume flow of approximately 56&&{r at 35°C will be
routed back to the wet stack of MPP3.

The parareters for the flue gas are given in TaBld

The fluegas tieins have been installed in the stack of MPP3. Although the intake and the return ducts are
physically close to each other, contptional fluid dynamics modelling showed that there would be negligible
recirculation of flue gas from the outlet to the inlet, even with the power plant at very low loads. Figure 3.3
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shows a crossection of the stack showing the location of the-iti,s and photographs of the tiéns during and
after installation.

Table3.1 Flue gas parameters

Composition to Capture plant
T HO % vol 11.2
1 CaQ % vol 13.7
T N, % vol 70.9
16 % vol 3.4

Flue gas flow return from Capture Plant ms/hr 567 000
Flue Gas temperature return fronCapture Plant °c 34.9

Composition to Capture plant
1 HO % vol 5.7
1 CQ % vol 1.7
T N, % vol 87.4
T O % vol 4.2

3.3.3 Steam Supply

The capture plant requires a substantial amount (>100M&f low grade heat (between 1240°C)

for the reboilersin order to regenerate the amine in the stripper. In the early statges of the project,

a wide range of sources for this low grade heat were considered including: use of an auxiliary gas
fired boiler; use of a small CHP unit using exhaust heat from mdase; using existing auxiliary

steam supplies, and using low pressure steam extracted from the MPP3 turbine. Because the IP/LP
crossover at MPP3 is a suitable pressure when MPP3 is at high loads, large quantities of suitable low
pressure steam can kextracted from this location. This proved to be the most efficient solution,

and also the lowest cost because the use of more expensive gas fuel was avoided.

However, the MPP3 turbine drops pressure as the MPP3 load is reduced. Therefore, at lower loads
the steam has insufficient pressure to provide the reboiler with heat at the required temperature.
Therefore ROAD also needed a practical solution for the periods when MPP3 is at low load. Options
considered were:
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Figure3.3 Theinstalled flue gas tiein
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1. Modification of the crossover pipto LP turbire to install throttle valves to keepnough pressure during
part load.

2. Extraction from a higher pressure souigc@hich would have to be from the reheatdue to limitations on
the steam extraction capacity of the IP turbifleading to low part load efficiency MPP3).

3. Installing a steam jet boostdsteam ejector)to increase the pressuref the steamextracted from the
main extraction pointusing a sm&r amount of higher pressure stearfmore complex and extra
investments).

Option 1 was initially investigated with the manufacturer of the steam turbine of MPP3abanhdoned
because of the high investments, operational risks and long outage of MP®i& forodification.

For option 2 the only suitable extraction point is the cold reheat. However, in somelqeattsituations of
MPP3 the amount of steam that can be extracted is not high enoughvandd require part load of the
capture plant as well. Also ¢helectrical losses are highecause of the high quality steam that is used.
Furthermore, the disadvantage of thigtion is the shifting of the steam extraction to the cold reheat during
operation that israther challenging

Option 3 was found the most enomical. The high pressure steam for the steambdster will be extracted
from the cold reheat steam pipes of MPP3. A view of thegrated process flows for the steam and
condensate of MPP3 and the capture pléiotown dashed box) is shown kgure 3.4 below.

=] SR
= L’“# L"‘J LAH
N

sopenaer

MPP3 with CCS
Ab5+cold reheat

with steam jet pump

Pr
delivery point: . -

Steam jet booster
and controls

Figure3.4 PFD of steam and condensate integration
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As with the flue gas tins, the steam tiéns were installed during the contructiosf MPP3 in order to avoid
the need for a long outage to connect the capture plant. The installation was completed in 2013. 3igure
shows the main low pressure steam-tredurng installation.

Figure3.5 View of the the low pressure tin piece keing mounted (April 2013)

The tieins in the cold reheat were also installed at the beginning of 2013.

Unfortunately, with the addition of steam connections to neighbouring industry, by 2016 MPP3 was unable to
supply cold reheat steam at part load to teapture plant. The neighbouring industry included a main steam
connection which is used at low loads, resulting in lower steam flow through the reheater. If the ROAD plant
uses cold reheat steam (as planned in 2@0D0.3), then the steam flow through tHeoiler reheater would fall

too low and place it at risk of overheating. Therefore the 2017 design envisagedtakefiff the hot reheat

(so downstream of the boiler). This is less efficient from a thermodynamic point of view, but could also be
achieval at relatively low cost. It is worth noting that MPP3 only operates at-load for limited periods, so

the economic penalty of this reduced efficiency is limited.

3.3.4 Condensate for Cooling (Heat integration with the Power Plant)

Waste heat from the captaer plant can be integrated in the condensate preheating traiming at increasing
overall plant efficiency. The capture plant includes several cooldrere waste heat is released to cooling
water, thus dissipated into the environmentCondensategrom the power plant (feed water from the main
condenser)at low temperature can be used instead of cooling water, recovering heatthe main power
plant cycle
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In the capture plant the following heat exchangers are potential sources for wastérttegtation

9 direct contact cooler: it cools the water stream used to quench the inlet flue upséream the
absorber;

1 lean solvent cooler: cools the lean solvent before entering the absorption column;

1 washer coolers: cool the solvent/water streams of thashing loops at the top of thabsorber;
1 overhead C@condenser (OCC): cools the wet,®&fore canpression at the top of thetripper;
1 CQ compressor intercoolers: cool the glietween sequential compression stages.

After analysis of these options, ortlye OCC proved to be cost effective for heat integrati@n the C@side

of the OCC the inlet and outlet temperature are 89°C and 4@¥pgectively. This means that the full heat load
of the condenser (28.8 MWth) can be usied condensate préheating. The condensate will be supplied at 19
bar(a) and 26°C as #&xits from the mainsteam condenser; it will be returned at 188 bar(a) and a
temperature inthe range of 7880°C and added to the main stream of condensate after the 3rd preheater
where the tenperature is approximately 90°C. With respect to overall plant efficiency eafhture, the
integration gives an increase in efficiency of approximately 0.2% points

This waste heat integration is chosen because the higher revenues associated withrdased power output
largely compensate the higher investment cost requirednother important reason that influenced this
decision is the reduction of the cooling waterquirement for the capture plant.In fact, by integrating the
OCCno more cooling wadr isrequired for that cooler with significant savings in the total cooling water flow
for the capture plant. It is estimated that 3 000 fth less cooling water will be used, accounting &out 20%

of total capture plant cooling waterTherefore, theextra investment required ithe waste heat integration is
not only compensated by higher revenues but also byrduced investment for the capture plant's cooling
water system.

3.3.5 Electrical Power
A 10kVconnection with the MPP3 plant is foreseamsupply electrical power to the capture plant, which will
needat most (peak demand) about 30MWbout half of this supply is needed for the LOmpressor.

Currently,the auxiliary 10 kV system of MPP3 is energized through the auxigarsformerspowered by the
generator of MPP3 or the 380 kV stap connection. Iremergency situations the 10 kV system of MPP3 can
also be supplied from a 150 kV gddnnectionto the localdistribution grid operated by Stedin Individually,
these connections are at sufficient to supply both the MPP3 auxiliary load and the capture plant load.
Therefore the intention is to reconfigure this system so that the connection to the 150kV distribution grid can
be used to supply the capture plant while the generator off8RBupplies the MPP3 auxiliary load.

Therefore, the electrical power for the capture plant will be provided via a 10 kV switchgear thabsvill
installed at the control building of the MPP3 power plant and which is linked td50&L0 kV transformer that

is connected to the external 150 kV gri8ince the supply to the MPP3 10kV system from the external 150 kV
grid is required only iermergency cases (e.g. operating failures of auxiliary power transformers), the capture
plantcan be supplied with electral energy via the external grid transformer.

This solution gives the loweshpexbecause no extra transformer or high voltage gr@hnection is needed
and the expected availability of electrical supply for the capture piartigh enough. Disadvantagase the
extra grid costs because electrical power cannotshipplied directly from MPP3. However, considering the
limited number of operating hoursf the CCS demo, thi&dditional opex is outweighed by the lower capital
cost

3.3.6 Cooling Water

MPP3 uses seaater for cooling. The cooling water is pumped out of the harbour and wmger the capture
plant through a channel to the MPP3 unit. The heated cooling watdiseharged via a cooling water pond on
the other side of the power plant into another paot the harbour.
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The cooling water channel crossing the capture plot i®&angular concrete structuregonsisting of two
parallel square channels lying side by side, with a size of 2.55 m by 2.9%henchannels are accessible for
cleaning andnspection purposes. For this reason acchasches (manholes) are placed in the channels at
regular intervals.

To supply up to 13 000 m3/h cooling (sea)water to the capture plant, it is foreseeontzect suction lines of
the capture plant booster pumpottwo manholes (ID 800 mm) @n inspection well in the concrete cooling
water channel between the main cooling watgeamps and the machine house of MRPThe two manhole
covers will be replaced with (flanged GRP) DN80O0 pipe spools runniguotion hader, which feeds the
capture plant cooling water booster pump. The DN8p0ol pieces will be designed in such a way that they are
removable, which will allow accessthe manholes when this is needed.

The concrete superstructure can be modified withooperational consequences. Thegiping from the
manholes to the capture plant can also be installed while MPP3 @pénation, which leavesonly the final
connection to the manholet be doneduring the required stop of MPH8r all final connectionsA aosscut
of the proposed arrangement is shown as Figdu@

The cooling water from the capture plant will be discharged to the outlet pond througewaDN 1200 GRP
pipe. The routing of this pipeline had to be changed in 2@D&7 to avoid new silos folidmass cefiring being
installed at MPP3This new route is shown on the pipeline route plan in Annex 6.4.

Figure3.6 Crosscut of the cooling water supply
channel and connection to the booster pump.

3.3.7 Controls

The control of the capture plans designed tdoe completely integrated with the control system MPP3. The
control system ABB 800x# used by the power plant, arallows the assignment of different control functions
to alocal control room or to the main control room of the power plafthereforethis control systemwas also
selected for the capture plantas this givescomplete flexibility over whether the capture plant and the
interfaces of the plant with thgpower plant will be controlled from the main control room or if the contodl
different parts of the capture plant is assigned to the local control rodmany case, in each contn@om it
will be possible to access and/or visualize all process data.

The integration will be done by using a redundant optical fibre cable betwlemaincontrol system of the
MPP3 power plant and the local control system in the capture plant.

3.3.8 Various water streams

Connections between the power plant and the capture plant are also required for a set of smaller water and
wastewater streams. Forampleteness, they are briefly described here:

! Demineralised wateg 12 068 &dzZlJLX ASR FNRY GKS adldAz2yQa 9+L509
pipeline.
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