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1. Management Summary 

Project Summary 

This report summarises the technical development, design and lessons learnt on capture and compression of 

CO2 ŦǊƻƳ ǘƘŜ //{ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ǇǊƻƧŜŎǘ άwh!5έΦ  ¢ƘŜ wh!5 tǊƻƧŜŎǘ όwƻǘǘŜǊŘŀƳ hǇǎƭŀƎ Ŝƴ !ŦǾŀƴƎ 

Demonstratieproject) was one of the largest integrated carbon capture and storage (CCS) projects in the world, 

aiming to install carbon capture on a coal-fired power station in Rotterdam and store the CO2 in an empty off-

shore gas-field. 

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), with financial support from the EU EEPR 

program, the Dutch Government, the Port of Rotterdam and the GCCSI. 

In the first phase of the project, 2009-2012, the project was developed to final investment decision (FID) based 

on using the TAQA P18-4 gas-field as the CO2 storage location.  This required a pipeline of approximately 25km 

ŦǊƻƳ ǘƘŜ ŎŀǇǘǳǊŜ ƭƻŎŀǘƛƻƴ ό¦ƴƛǇŜǊΩǎ Ŏƻŀƭ-fired Maasvlakte Power Plant ς MPP3), about 5km onshore and 20km 

off-shore. 

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

CL5 ǿŀǎ ƴƻǘ ŜŎƻƴƻƳƛŎŀƭƭȅ ǇƻǎǎƛōƭŜΦ  ¢ƘŜ ǇǊƻƧŜŎǘ ǘƘŜƴ ŜƴǘŜǊŜŘ ŀ άǎƭƻǿ-ƳƻŘŜέ ƛƴ ǿƘƛŎƘ ŀŎǘƛǾƛǘƛŜǎ ŦƻŎǳǎŜŘ ƻƴ 

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 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, in mid 2017 work was again halted, and formally stopped in November 2017. 

Scope of this Report 

This report describes the results of the technical work on the CO2 capture and compression system, 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 1).   

Main Highlights / Lessons Learnt 

Perhaps the most important high-level conclusion from this work is that the full-scale capture plant can be 

designed and procured 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 technology is considered to be available for full scale post-combustion 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 of 

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

occurs in some coal-fired and industrial flue gases), and improvement to the solvent management to minimise 

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

a joint pilot between Fluor and Uniper.  ¢ƘŜ ²ƛƭƘŜƭƳǎƘŀǾŜƴ Ǉƛƭƻǘ ŀƭǎƻ ŎƻƴŦƛǊƳŜŘ CƭǳƻǊΩǎ ǇǊŜŘƛŎǘƛƻƴǎ ƻƴ ŎŀǇǘǳǊŜ 

plant capture efficiency and thermodynamic performance, reducing the project risk associated 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 station, and this 

gave efficiency improvements, cost reductions, reduced freshwater usage and increased operational flexibility.  

Of particular note were: 

¶ Use of a steam ejector enabled steam to the capture plant to be maintained at the correct pressure 

when the power station load (and therefore steam pressure) drops ς at low capital cost. 
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¶ The overhead condenser of the capture plant was warm enough to provide an economic source of 

feedwater heating for the power plant. 

¶ Condensate from the direct contact cooler can be re-used 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 and its connections to the power station.  This includes information on construction and 

operating costs, and on health, safety and environmental issues.  Also attached are references to other 

previously published work.  It is hoped, that these prove useful to future CCS project developers. 
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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 that time, a great 

deal of project development and engineering work was completed, including full design and procurement to 

allow a possible FID at end 2011 or early 2012.   

¢Ƙƛǎ ǊŜǇƻǊǘ ƛǎ ƻƴŜ ƻŦ ŀ ǎŜǘ ƻŦ ά/ƭƻǎŜ-ƻǳǘέ ǊŜǇƻǊǘǎ ǿǊƛǘǘŜƴ ŀŦǘŜǊ ǘƘŜ ŦƻǊƳŀƭ ŘŜŎƛǎƛƻƴ ǘƻ ǘŜǊƳƛƴŀǘŜ ǘƘŜ ǇǊƻject was 

made in September 2017.  The report aims to summarise the technical work done on the CO2 capture and 

compression system 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 project team.  

¢Ƙƛǎ ōǊƛŜŦ ƛƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǘƘŜ ά/ƭƻǎŜ-out Report Capture and Compressionέ ƎƛǾŜǎ ŀ ƎŜƴŜǊŀƭ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǘƘŜ 

overall project, including the history of its development, and describes the scope and structure of the 

remaining report, which focuses on the technical design of the capture and compression system.  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 Demonstratieproject (Rotterdam Capture 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 economic feasibility of a large-scale, 

integrated CCS chain deployed on power generation. Previously, CCS had primarily been applied in small-scale 

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

aƴ ŜŦŦƛŎƛŜƴǘ ŀƴŘ ŜŦŦŜŎǘƛǾŜ /hі ŀōŀǘŜƳŜƴǘ ǘŜŎƘƴƻƭƻƎȅΦ  ²ƛǘƘ ǘƘŜ ƪƴƻǿƭŜŘƎŜΣ ŜȄǇŜǊƛŜƴŎŜ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴǎ ƎŀƛƴŜŘ 

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 industries. CCS 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 Nederland).  Together they formed the joint venture Maasvlakte CCS Project C.V. which was the project 

developer.  The ROAD Project is co-financed by the European Commission (EC) within the framework of the 

European Energy Programme for Recovery (EEPR) and the Government of the Netherlands. The grants amount 

ǘƻ ϵ мул Ƴƛƭƭƛƻƴ ŦǊƻƳ ǘƘŜ 9/ ŀƴŘ ϵ 150 million from the government of the Netherlands. In addition, the Global 

//{ LƴǎǘƛǘǳǘŜ ƛǎ ƪƴƻǿƭŜŘƎŜ ǎƘŀǊƛƴƎ ǇŀǊǘƴŜǊ ƻŦ wh!5 ŀƴŘ Ƙŀǎ ƎƛǾŜƴ ŀ ŦƛƴŀƴŎƛŀƭ ǎǳǇǇƻǊǘ ƻŦ ϵ 4,3 million to the 

project.  The Port of Rotterdam also agreed to support the project through investment in the CO2 pipeline. 

In the first phase of the project, 2009-2012, the project was developed to final investment decision (FID) based 

on using the P18-4 gas-field operated by TAQA as the CO2 storage location.  This required a pipeline of 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ нрƪƳ ŦǊƻƳ ǘƘŜ ŎŀǇǘǳǊŜ ƭƻŎŀǘƛƻƴ ό¦ƴƛǇŜǊΩǎ Ŏƻŀƭ-fired Maasvlakte Power Plant ς MPP3), about 

5km onshore and 20km off-shore. 

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

CL5 ǿŀǎ ƴƻǘ ŜŎƻƴƻƳƛŎŀƭƭȅ ǇƻǎǎƛōƭŜΦ  ¢ƘŜ ǇǊƻƧŜŎǘ ǘƘŜƴ ŜƴǘŜǊŜŘ ŀ άǎƭƻǿ-ƳƻŘŜέ ƛƴ ǿƘƛŎƘ ŀŎǘƛǾƛǘƛŜǎ ŦƻŎǳǎŜŘ ƻƴ 

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 a 

newly developed  field, Q16-Maas, 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, in mid 2017 work was again halted, and the grant formally 

terminated in November 2017. 
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¢ƘŜ wh!5 ǇǊƻƧŜŎǘ ŘŜǎƛƎƴ ŀǇǇƭƛŜŘ Ǉƻǎǘ ŎƻƳōǳǎǘƛƻƴ ǘŜŎƘƴƻƭƻƎȅ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ /hі ŦǊƻƳ ǘƘŜ ŦƭǳŜ ƎŀǎŜǎ ƻŦ ŀ ƴŜǿ 

1,069 MWe coal-ŦƛǊŜŘ ǇƻǿŜǊ Ǉƭŀƴǘ όaŀŀǎǾƭŀƪǘŜ tƻǿŜǊ tƭŀƴǘ оΣ άattоέύ ƛƴ ǘƘŜ ǇƻǊǘ ŀƴŘ ƛƴŘǳǎǘǊƛŀƭ ŀǊŜŀ ƻŦ 

Rotterdam. 

The capture unit has a design capacity of 250 MWe equivalent. During the operational phase of the project, 

ŀǇǇǊƻȄƛƳŀǘŜƭȅ мΦм ƳŜƎŀǘƻƴǎ ƻŦ /hі ǇŜǊ ȅŜŀǊ would be capture and stored, with a full-load flow of 47kg/s (169 

t/h ) of CO2.  For transport and storage two alternatives were developed as described above: storage in the P18-

4 reservoir operated by TAQA; and storage in the Q16-Maas reservoir operated by Oranje-Nassau Energie.   

After a competitive FEED process, 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 the capture 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 impact of the changes 

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

halted. 

For storage in P18-4 

CǊƻƳ ǘƘŜ ŎŀǇǘǳǊŜ ǳƴƛǘ ǘƘŜ /hі ǿƻǳƭŘ ōŜ ŎƻƳǇǊŜǎǎŜŘ ŀƴŘ ǘǊŀƴǎǇƻǊǘŜŘ ǘƘǊƻǳƎƘ ŀ ǇƛǇŜƭƛƴŜΥ р ƪƛƭƻƳŜǘŜǊǎ ƻǾŜǊ 

land and about 20 kilometers across the seabed to the P18-A platform 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 

ƳŀȄƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ул ϲ/Φ  ¢ƘŜ /hі would be injected from the platform P18-A into depleted gas 

reservoir P18-4. The estimated storage capacity of reservoir P18-4 is approximately 8 million tonnes.  Figure 2.1 

shows the schematic illustration of this. 

P18-4 is part of the P18 block which also includes the larger P18-2 and also a small field, P18-6. 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 combined CO2 storage capacity of around 35 Mt.   

The ROAD Project with storage in P18-4 was fully developed for FID at the end of 2011, including all 

engineering, regulatory and permit requirements.  A CO2 storage permit was granted in 2013, the first such 

permit in Europe.  Unfortunately, a positive FID was not possible due to funding problems, and in 2012 

technical project development on P18-4 was halted.  
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Figure 2.1  Schematic overview of the ROAD Project using storage in P18-4 
 
 

 
For storage in Q16-Maas 

CǊƻƳ ǘƘŜ ŎŀǇǘǳǊŜ ǳƴƛǘ ǘƘŜ /hі ǿƻǳƭŘ ōŜ ŎƻƳǇǊŜǎǎŜŘ ŀƴŘ ǘǊŀƴǎǇƻǊǘŜŘ ǘƘǊƻǳƎƘ ŀ ǇƛǇŜƭƛƴŜ ƻǾŜǊ ƭŀƴŘ ǘƻ ǘƘŜ 

current ONE-production site Q16-Maas (Figure 2.2). The selected pipeline design would have a transport 

capacity in excess of 6Mt/year.  It was designed for a maximum 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 Q16-Maas reservoir is located just off-shore from the Maasvlakte, and is reached by a long-reach well, 

drilled from on-shore.  The well is about 5km long, and travels approximately 3km down to reach the reservoir 

depth, and 3 km horizontally (off-shore) to reach the reservoir location.  The reservoir is relatively 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 allow CO2 injection to start in 2020.  This 

second well would also allow co-production of modest amounts of condensate (and possibly natural gas) 

during CO2 injection.  The estimated storage capacity of reservoir Q16-Maas is between 2 and 4 million tonnes. 

This reservoir was identified as a possible storage location only at the end of 2014, with project development 

running through 2015-2017.  Due to funding uncertainties, the work focused on feasibility, cost estimation and 

concept design to the level required for permitting.  Therefore a lower level of detail is available for this storage 

location, compared to P18-4.  It should also be noted that unexpected water production was experienced from 

Q16-Maas in 2016, leading Oranje-Nassau Energie to issue a revised reservoir model and production plan in 

May 2017.  Since this was only shortly before the ROAD work was halted, the ROAD plans for Q16-Maas were 

not fully amended to reflect this new production data. 
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Figure 2.2  Schematic overview of the ROAD Project using storage in Q16-Maas 

 
 

2.3 Summary Description of Power Plant, Capture and Compression Process 

ROAD applies post combustion technology to capture the CO2 from the flue gases of the new supercritical 1069 

MWe coal-fired power plant (Maasvlakte Power Plant 3) in the Rotterdam port and industrial area.  

The technical features of MPP3 include a pulverized-coal fired supercritical boiler with advanced materials for 

highest steam parameters, advanced process design and sea water direct cooling. Furthermore, MPP3 is 

ŜǉǳƛǇǇŜŘ ǿƛǘƘ ǘƘŜ ǊŜǉǳƛǊŜŘ ŜƳƛǎǎƛƻƴ ŎƻƴǘǊƻƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ƛƴŎƭǳŘƛƴƎ ΨCƭǳŜ Dŀǎ 5ŜǎǳƭǇƘǳǊƛȊŀǘƛƻƴΩ όCD5ύ ŦƻǊ ǘƘŜ 

ǊŜŘǳŎǘƛƻƴ ƻŦ {hȄ ŜƳƛǎǎƛƻƴǎ ŀƴŘ Ψ{ŜƭŜŎǘƛǾŜ /ŀǘŀƭȅǘƛŎ wŜŘǳŎǘƛƻƴΩ ό{/wύ ŦƻǊ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ bhȄ ŜƳƛǎǎƛƻƴǎΦ ¢ƘŜ 

main characteristics of the new-build power plant can be summarized as displayed in Figure 2.3. 

Figure 2.3  Main design parameters of power plant MPP3 

Design Parameter Unit Value 

Rated Thermal Input MW 2 307 

Electrical Output (Net) MW 1 069 

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 completed. When operated at design conditions, MPP3 

emits a flue gas stream of about 1 084 kg/s, containing 13.7% CO2 (% volume, actual wet basis). The new-build 
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plant therefore produces approximately 755 gram CO2/kWh at design conditions, resulting in annual CO2 

emissions of about 5.7 million tonnes in base load operation. To lower the net specific CO2 emissions of the 

plant further, Uniper is taking the opportunity to co-fire biomass. 

For further reduction of the CO2 ŜƳƛǎǎƛƻƴǎ ƛƴ ǘƘŜ ŦǳǘǳǊŜΣ attо ƛǎ Ψ/ŀǊōƻƴ /ŀǇǘǳǊŜ wŜŀŘȅΩΣ ƛΦŜΦ ƛǘ Ŏŀƴ ōŜ 

retrofitted with a full-ǎŎŀƭŜ ŎŀǇǘǳǊŜ ǇƭŀƴǘΦ attо Ƙŀǎ ŀƭǊŜŀŘȅ ōŜŜƴ ŎŜǊǘƛŦƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ Ψ¢«± bhw5 /ƭƛƳŀǘŜ 

Change Standard TN-// ллсΩΦ ¢ƘŜ ǎǘŀƴŘŀǊŘ Ŏƻƴǘŀƛƴǎ ǊŜǉǳƛǊŜƳŜƴǘǎ ƛƴ ǇŀǊǘƛŎǳƭŀr regarding the technological and 

site-specific feasibility of retrofitting a full-size carbon capture system at the power plant location, the 

availability of the space which will be needed for the capture plant, the possibility of transporting CO2 from the 

power plant site to a CO2 storage site and the possible effects on plant safety and environment. The TÜV 

certificate was granted on 19 May 2009. 

The capture unit has a capacity of 250 MWe equivalent and a target capture efficiency of 90%, which equates 

to 169 t/h of CO2 captured.  It aims to capture 1.1 Mt of CO2 per year. 

The capture process chosen is CƭǳƻǊΩǎ 9ŎƻƴŀƳƛƴŜ CDҌ ǇǊƻŎŜǎǎΣ ǿƘƛŎƘ ǿŀǎ ǎŜƭŜŎǘŜŘ ŀŦǘŜǊ ŀ thorough competitive 

tendering process including two competitive FEED studies (Ref 2). It is one of the best proven technologies 

available for post-combustion capture, and has been licensed to 28 industrial plants in a range of applications.  

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

a post-combustion capture amine process.  The flue gas is taken from the inside of MPP3 stack through a direct 

contact cooler (DCC) to reduce the temperature to the optimum level for CO2 capture ς typically 30-35
o
C.  The 

direct contact cooler also includes a small de-sulphurisation section to reduce sulphur levels in the flue gas to 

below 5 mg/Nm
3
. 

The cooled flue gases pass via a wet ESP for final particulate removal and a fan to the absorber.  It is in the 

absorber that the solvent absorbs 90% of the CO2 in the 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, the capture plant contains the following innovative features: 

¶ The direct contact cooler (DCC) condenses water of high purity from the flue gas as it is cooled, and 

this is re-used in the MPP3 FGD unit.  This significantly reduces the freshwater consumption of the 

power plant in combination with CCS (Ref 3). 

¶ The CO2 leaving the stripper is cooled using feedwater from MPP3 in order to recover this heat back 

into the power plant.  This heat integration both improves efficiency and reduces the cooling water 

demand. 

¶ A vacuum flash system with lean vapour compression to recover steam from the lean amine to the 

stripper, again reducing steam consumption, and therefore improving process efficiency. 

¶ A proprietory low temperature and low pressure solvent management system, demonstrated at the 

Wilhelmshaven pilot, to maintain high levels of solvent purity and minimise corrosion, degradation 

and solvent losses. 

The capture and compression unit also includes 

¶ CO2 dehydration and compression ready for onward pipeline transport to storage.  For storage in P18-

4, the pipeline would operate at 80-120 bara and up to 80
o
C, requiring an 8 stage compressor.  For 

storage in Q16-Maas, the pipeline would be 19-22 bara and ambient temperature (10-30
o
C), requiring 

a 4 stage compressor.     

¶ Electrical substation and control room building 

¶ Chemicals storage area, including a solvent storage tank of sufficient capacity to hold the entire plant 

inventory, allowing the plant to be drained and cleaned for maintenance without loss of solvent. 
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The Capture Plant is designed as a demonstration of full-scale carbon capture on coal-fired 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 would require.  These including: 

¶ Design life of 126 000 operating hours over 20 years 

¶ The ability to follow the load of the power plant, with the same ramp rates (up to 5%/minute) 

¶ Turndown to 40% capture rate (This is a typical turn-down capability for a coal power plant, although 

MPP3 is designed to turndown as low as 25%). 

¶ A high level of automation and instrumentation   

2.4 Scope and structure of this Report 

The capture and compression plant developed in 2010-2012 for application to the P18-4 storage facility has 

been reported publically already (Ref 1).  Also publically reported were the supplier selection methodology (Ref 

2), and a report on integration with the power station (Ref 4).   

CƻƭƭƻǿƛƴƎ ǘƘŜ άǎƭƻǿ ƳƻŘŜέΣ ŀ ƴǳƳōŜǊ ƻŦ ǎŎƻǇŜ ŎƘŀƴƎŜǎ ǿŜǊŜ ǊŜǉǳƛǊŜŘ ŘǳŜ ǘƻ ǳǇŘates on the power plant, and 

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 

plant remainǎ ŀ άǎǘŀǘŜ-of-the-ŀǊǘέ ŘŜǎƛƎƴΦ  The next section (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 the Non-confidential FEED 

study published in 2012 (Ref 1).  It includes the basis of design, process descriptions, process block flow 

diagrams, performance data, and equipment lists. 

Section 4 covers health, safety and the environment, including emissions.  On this topic, there was little change 

from 2012 to 2017 so this is covered comparatively briefly.   

Section 5 gives an update on costs, covering costs of the work done, and cost estimates for the construction 

and operation of the plant.  These cost estimates were made by the ROAD project team, combining 

information from suppliers and experience from power plant and CCS pilot plant operation.  The contruction 

programme is also included. 

Although much of this report simply describes the engineering solutions reached by the engineering teams 

working on the project, there are nevertheless a number of lessons learnt that are more generally applicable to 

carbon capture plant.  These are reported above in the Management Summary. 

 

2.5 Engineering / Scope Changes between 2012 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 non-confidential FEED study report (Ref 1) 

The scope changes are summarized as follows: 

¶ The change to the storage location results in a lower operating pressure for the CO2 exported from the 

MPP3 site, and a more relaxed CO2 specification with respect to water content.  The revised CO2 

pipeline specification is given in Section 3.11. 

¶ The possibility of CO2 supply to greenhouses means that a tighter CO2 specification needs to be 

considered as an option for future retrofit.  This primarily concerns water, which must be reduced 

from 150 ppmv to 40-50 ppmv.  However some solvent degradation products (ethylene and 

acetaldehyde) may also slightly exceed current limits, which are based on CO2 standards for food use.  

Given that the CO2 is heavily diluted before use in the greenhouses, it is very unlikely that these 
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impurity levels are a risk to health or crops in practice.  However, the updated design should include 

the option to add equipment to meet the OCAP specification in future should it be necessary. 

¶ The power plant MPP3 now has an industrial customer taking steam at 60bar and 20bar, and optional 

future plans to provide low-grade heat via a hot-water pipe to residential and industrial customers in 

the Westland area and towards Den Haag.  These changes mean that at part load, and possibly in 

future at full-load, the LP steam supply 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 waste co-firing, which impacts on the 

layout of the pipelines connecting MPP3 with the capture plant.  In particular, the cooling water outlet 

duct needs to be relocated. 

¶ Research and development activities and pilot-ǎŎŀƭŜ ǘŜǎǘƛƴƎ ƻŦ CƭǳƻǊΩǎ 9CD Ǉƭǳǎ ǘŜŎƘƴƻƭƻƎȅ ǎƛƴŎŜ нлмн 

have provided lessons learnt and led to technological improvements, which should be implemented in 

the capture plant design.  In most cases, these design changes are proposed by Fluor.   

A number of design improvements were made based on pilot experience.  Most were minor refinements.  The 

major design changes due to lessons learnt from R&D were as follows: 

WESP 

The inclusion of a WESP (wet electrostatic precipitator) to remove aerosols from the flue gas. Research at 

various capture pilot plants (see, for example, Refs 5, 6 and 7) has shown that aerosols in the flue gas entering 

the capture plant can give rise to high solvent emissions.  This was confirmed at the Wilhelmshaven pilot when 

aerosols were artificially added to the flue gas.  These high aerosols levels only occur at some coal-fired power 

plants, typically those with a wet stack (as at Maasvlakte).   

Tests at MPP3 have measured SO3 aerosol levels in the flue gas to be sufficient to cause high solvent slippage 

from capture units, and breach environmental limits.  However, these aerosol levels are very variable, and are 

not present at all times.  This was a matter of continuing research when the ROAD project was stopped.   

At the current level of understanding, based on the worst case MPP3 measurements, and the on the 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 quantified, and some pilot data suggests it may be much better 

than current guarantee values.  Also, the acceptable level of aerosols is not accurately known for the Fluor 

design.  Therefore a lower specification of WESP (circa 90% removal) was chosen for this design update, with 

provision to either include an additional WESP in future (to reach 99%), or to leave out the WESP entirely, 

based on the results of continuing and future research, and ongoing tests at MPP3. 

Acid Wash 

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

top of the absorber.  This provision included civil structures, space, fan capacity etc.  The acid wash was 

intended to remove degradation products (principally ammonia) from the flue gas should higher than predicted 

degradatiuon occur.  Following the experience of the Wilhelmshaven pilot, ROAD became sufficiently confident 

ǘƘŀǘ CƭǳƻǊΩǎ ǎƻƭǾŜƴǘ ƳŀƴŀƎŜƳŜƴǘ ǎȅǎǘŜƳ ǿƻǳƭŘ ǇǊŜǾŜƴǘ ƘƛƎƘ ƭŜǾŜƭǎ ƻŦ ŘŜƎǊŀŘŀǘƛƻƴ ǘƘŀǘ ǘƘŜ provision for a 

future acid wash was removed from the design.     

Improved Solvent Manage Package 

The Fluor pilot at Wilhelmshaven had problems with solvent management, which were found to be due to iron 

leaching into the solvent from the coal ash, which had entered the solvent in the absorber.  The iron catalysed 

corrosion of the steel, resulting in additional iron entering the system.  During the resulting 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 contamination).  As 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 Wilhelmshaven 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 and the resulting 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: 

¶ The FEED study 

¶ The work done by Fluor in the period 2011-2012 

¶ The updated estimate made by Fluor in 2014 

¶ The engineering update by Fluor to include scope changes and lessons learnt, in 2017 

While the information in this report is non-confidential, its contents are still of value, as they give insight into 

the knowledge that was developed of the process. 

3.1 Introduction 

This section provides a process description of the Econamine FG Plusϱ (EFG+) CO2 capture and compression 

plant that was designed for the ROAD project. The purpose of the proposed EFG+ plant is to recover 90% of the 

total CO2 available in a 250 MWe-equivalent slip stream of flue gas from Maasvlakte Power Plant 3 (MPP3), a 1 

069 MWe (net electric) advanced supercritical power plant. The EFG+ Plant produces approximately 4 057 t/day 

of CO2 (dry basis) that will be compressed and sent to the EFG+ plant battery limit to be transported through a 

pipeline to off-shore storage in the North Sea. 

The Process Flow Diagrams can be consulted in the Annex (Section 6.1)  

3.2 Basis of Design 

As mentioned in the introduction, the overall basis of the CCS plant design is 90% CO2 capture from a flue gas 

stream that is equivalent to 250MWe or 23.4% of the flue gases from MPP3. Combined with the assumed 

electrical efficiency of the power plant, 46%, this gives 47 kg/s CO2 for storage. For convenience this value was 

sometimes used in subsequent calculations when approaching the design from the capture-to-transport 

interface. 

The base design case material balance uses the annual flue gas emission limit values for NOx and SOx. Since 

only long-term averages in NOx concentration 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 other equipment sizing will be based on 

annual NOx and SOx average flue gas concentrations. 

The plant was designed for an annual operation of 7 000 hours and a total operating life of 126 000 hours over 

20 years. The equipment sparing was to be in accordance with the 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 CC-Plant for 30 days of consumption without refilling, except for nitrogen that would be for 15 

days. 

The following design margins were utilized in the capture plant design: 

¶ Blower: 110% flow / 121% pressure rise 

¶ Lean Vapor Compressor: 104% flow / 108% pressure rise 

¶ CO2 Product Compressor: 104% flow / 108% pressure rise 

¶ Plate & Frame Exchangers: 20% added to required heat transfer area for fouling, in addition to vendor 

design margins 

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

¶ Pumps: 110% flow / 121% variable pressure rise 

3.3 Power plant integration 

3.3.1 Power Plant Integration Overview 
In the period 2012 - 2013 several publications were written about the integration between the CCS installation 

and the power plant. In 2012 a presentation was given at the POWER-GEN conference (Ref 8) and in 2013 a 

special report was written for the GCCSI (Ref 4).  Some highlights from these documents are summarized 

below, together with a discussion of the changes since 2012.  For the complete data we refer to the original 

documents. 

There is a range of interactions between the capture plant and the host power plant, MPP3, as illustrated 

schematically in Figure 3.1 below. 

Figure 3.1  Illustration of the interfaces between the power plant and the CCS installation, and with the outside world 

 

The integration of the power plant, capture, transport and storage was and still is novel to the EU. 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 with test-scale aquifer 

injection in addition, whereas 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 a first-of-a-kind. The 

ROAD design includes no intermediate storage (other than that 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 companies of the 

project sponsor. The plant design would therefore have included a number of optimizations and improvements 

not seen in existing small-scale units. These include: 

¶ Heat integration whereby the warm CO2 at the stripper outlet is used to provide feed water heating 
for the power plant. 

¶ A steam ejector, used to control the pressure of the steam from the power plant, allowing continued 
efficient operation of the capture plant when the power plant is at part load. 

¶ Vacuum flash and compression system on the reboiler  and intermediate absorber cooling in the 
solvent cycle to optimize 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. 

Figure 3.2  Block diagram integrated chain (MMP3, capture plant, transport and storage) 
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In the block diagram (Figure 3.2) the main installations, transport and storage blocks are shown, as well as the 
integration of the capture plant with MPP3: 

¶ flue gas extraction from the main flue gas duct; 

¶ 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 into steam cycle; 

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

¶ 'cold' condensate from pre-heater train to capture plant coolers for waste heat recovery; 

¶ heated condensate return to pre-heaters train; 

¶ electric power supply to capture plants via power plant's auxiliary system; 

¶ utilities (e.g. de-mineralized water). 

Between the moment that the project went into slow-mode, and the restart at the end of 2016, the boundary 

conditions for the capture plant, as well as for the host power plant, changed significantly. In 2013, the 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 capture plant 

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 full-load, which currently is most of the time.  However, the 

cold reheat connections which were used to supply steam for the steam ejector cannot be used.  The steam 

ejector must use hot reheat steam instead, which is more expensive.  Thus when MPP3 is at part-load, the 

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 co-firing, were now blocking the route of the original design.  The updated pipeline routes are 

shown on the plan of on-site pipeline routes, Annex 6.4. 

In the following sections, each tie-in is summarized 

3.3.2 Flue gas tie-ins 
MPP3 has a wet stack with no gas-gas heater.  This means that the flue gas extraction and return can be 

anywhere after the FGD (normally must be between the FGD and gas-gas heater).  Three positions were 

evaluated to extract the flue gas from MPP3 to the capture plant: 

1. On top of the FGD of MPP3 

2. In the horizontal Glass Reinforced Plastic (GRP) duct from the FGD to the stack of MPP3 

3. Inside the stack of MPP3 where the GRP duct turns upwards. 

The position inside the stack was chosen to avoid changes to the original plot plan of MPP3 and to minimize 

supporting structures and scaffolding for the ducting from the tie-in points to the capture plant. The stack can 

be used to support the new tie-in structures and an obstacle free routing downwards is available inside the 

concrete stack. 

The discharge of the treated flue gas, which has a volume flow of approximately 566 000 Nm³/hr at 35°C will be 

routed back to the wet stack of MPP3. 

The parameters for the flue gas are given in Table 3.1 

The flue gas tie-ins have been installed in the stack of MPP3.  Although the intake and the return ducts are 

physically close to each other, computational 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 cross-section of the stack showing the location of the tie-ins and photographs of the tie-ins during and 

after installation. 

Table 3.1  Flue gas parameters 

Parameter Unit Value 

Flue Gas Volume Flow (STP, wet) from MPP3 (after FGD) m³/hr 3 006 580 

Flue gas flow to capture plant (STP, wet) m³/hr 700 000 

Flue Gas Temperature to Capture Plant 
o
C 48.2 

Flue gas pressure (guage) Mbar + 2.0 

Composition to Capture plant 

¶ H2O 

¶ CO2 

¶ N2 

¶ O2 

 

% vol 

% vol 

% vol 

% vol 

 

11.2 

13.7 

70.9 

3.4 

Flue gas flow return from Capture Plant m³/hr 567 000 

Flue Gas temperature return from Capture Plant 
o
C 34.9 

Composition to Capture plant 

¶ H2O 

¶ CO2 

¶ N2 

¶ O2 

 

% vol 

% vol 

% vol 

% vol 

 

5.7 

1.7 

87.4 

4.2 

 

 

3.3.3 Steam Supply 
The capture plant requires a substantial amount (>100MWth) of low grade heat (between 120-140oC) 
for the reboilers in 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 a gas turbine; using existing auxiliary 
steam supplies, and using low pressure steam extracted from the MPP3 turbine.  Because the IP/LP 
cross-over at MPP3 is a suitable pressure when MPP3 is at high loads, large quantities of suitable low 
pressure steam can be extracted 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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Figure 3.3  The installed flue gas tie-in 
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1. Modification of the crossover pipe IP to LP turbine to install throttle valves to keep enough pressure during 

part load. 

2. Extraction from a higher pressure source ς which would have to be from the reheater due to limitations on 

the steam extraction capacity of the IP turbine (leading to low part load efficiency of MPP3). 

3. Installing a steam jet booster (steam ejector) to increase the pressure of the steam extracted from the 

main extraction point using a smaller amount of higher pressure steam (more complex and extra 

investments). 

Option 1 was initially investigated with the manufacturer of the steam turbine of MPP3 but abandoned 

because of the high investments, operational risks and long outage of MPP3 for the modification. 

For option 2 the only suitable extraction point is the cold reheat. However, in some part load situations of 

MPP3 the amount of steam that can be extracted is not high enough and would require part load of the 

capture plant as well. Also the electrical losses are high because of the high quality steam that is used. 

Furthermore, the disadvantage of this option is the shifting of the steam extraction to the cold reheat during 

operation that is rather challenging 

Option 3 was found the most economical. The high pressure steam for the steam jet booster will be extracted 

from the cold reheat steam pipes of MPP3. A view of the integrated process flows for the steam and 

condensate of MPP3 and the capture plant (brown dashed box) is shown in Figure 3.4 below. 

Figure 3.4  PFD of steam and condensate integration 
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As with the flue gas tie-ins, the steam tie-ins were installed during the contruction of MPP3 in order to avoid 

the need for a long outage to connect the capture plant.  The installation was completed in 2013.  Figure 3.5 

shows the main low pressure steam tie-in durng installation.   

Figure 3.5  View of the the low pressure tie-in piece being mounted (April 2013) 

 

The tie-ins 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 the capture 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 2010-2013), then the steam flow through the boiler reheater would fall 

too low and place it at risk of overheating.  Therefore the 2017 design envisaged an off-take off the hot reheat 

(so downstream of the boiler).  This is less efficient from a thermodynamic point of view, but could also be 

achieved at relatively low cost.  It is worth noting that MPP3 only operates at part-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 capture plant can be integrated in the condensate preheating train, aiming at increasing 

overall plant efficiency. The capture plant includes several coolers where waste heat is released to cooling 

water, thus dissipated into the environment.  Condensate from the power plant (feed water from the main 

condenser) at low temperature can be used instead of cooling water, recovering heat into the main power 

plant cycle. 
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In the capture plant the following heat exchangers are potential sources for waste heat integration: 

¶ direct contact cooler: it cools the water stream used to quench the inlet flue gas upstream the 

absorber; 

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

¶ washer coolers: cool the solvent/water streams of the washing loops at the top of the absorber; 

¶ overhead CO2 condenser (OCC): cools the wet CO2 before compression at the top of the stripper; 

¶ CO2 compressor intercoolers: cool the CO2 between sequential compression stages. 

After analysis of these options, only the OCC proved to be cost effective for heat integration.  On the CO2 side 

of the OCC the inlet and outlet temperature are 89°C and 40°C, respectively. This means that the full heat load 

of the condenser (28.8 MWth) can be used for condensate pre-heating. The condensate will be supplied at 19 

bar(a) and 26°C as it exits from the main steam condenser; it will be returned at 16-18 bar(a) and a 

temperature in the range of 70-80°C and added to the main stream of condensate after the 3rd preheater, 

where the temperature is approximately 90°C. With respect to overall plant efficiency with capture, the 

integration gives an increase in efficiency of approximately 0.2% points. 

This waste heat integration is chosen because the higher revenues associated with the increased power output 

largely compensate the higher investment cost required.  Another important reason that influenced this 

decision is the reduction of the cooling water requirement for the capture plant.  In fact, by integrating the 

OCC, no more cooling water is required for that cooler with significant savings in the total cooling water flow 

for the capture plant.  It is estimated that 3 000 m
3
/h less cooling water will be used, accounting for about 20% 

of total capture plant cooling water.  Therefore, the extra investment required in the waste heat integration is 

not only compensated by higher revenues but also by the reduced investment for the capture plant's cooling 

water system. 

3.3.5 Electrical Power 
A 10kV connection with the MPP3 plant is foreseen to supply electrical power to the capture plant, which will 

need at most (peak demand) about 30MW.  About half of this supply is needed for the CO2 compressor.  

Currently, the auxiliary 10 kV system of MPP3 is energized through the auxiliary transformers powered by the 

generator of MPP3 or the 380 kV step-up connection. In emergency situations the 10 kV system of MPP3 can 

also be supplied from a 150 kV grid connection to the local distribution grid operated by Stedin.  Individually, 

these connections are not 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 of MPP3 supplies the MPP3 auxiliary load.  

Therefore, the electrical power for the capture plant will be provided via a 10 kV switchgear that will be 

installed at the control building of the MPP3 power plant and which is linked to the 150/10 kV transformer that 

is connected to the external 150 kV grid.  Since the supply to the MPP3 10kV system from the external 150 kV 

grid is required only in emergency cases (e.g. operating failures of auxiliary power transformers), the capture 

plant can be supplied with electrical energy via the external grid transformer. 

This solution gives the lowest capex because no extra transformer or high voltage grid connection is needed 

and the expected availability of electrical supply for the capture plant is high enough. Disadvantages are the 

extra grid costs because electrical power cannot be supplied directly from MPP3. However, considering the 

limited number of operating hours of the CCS demo, this additional opex is outweighed by the lower capital 

cost. 

3.3.6 Cooling Water 
MPP3 uses sea water for cooling. The cooling water is pumped out of the harbour and runs under the capture 

plant through a channel to the MPP3 unit. The heated cooling water is discharged via a cooling water pond on 

the other side of the power plant into another part of the harbour. 
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The cooling water channel crossing the capture plot is a rectangular concrete structure, consisting of two 

parallel square channels lying side by side, with a size of 2.55 m by 2.55 m.  The channels are accessible for 

cleaning and inspection purposes. For this reason access hatches (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 foreseen to connect suction lines of 

the capture plant booster pump to two manholes (ID 800 mm) of an inspection well in the concrete cooling 

water channel between the main cooling water pumps and the machine house of MPP3.  The two manhole 

covers will be replaced with (flanged GRP) DN800 pipe spools running to a suction header, which feeds the 

capture plant cooling water booster pump. The DN800 spool pieces will be designed in such a way that they are 

removable, which will allow access to the manholes when this is needed. 

The concrete superstructure can be modified without operational consequences. The piping from the 

manholes to the capture plant can also be installed while MPP3 is in operation, which leaves only the final 

connection to the manholes to be done during the required stop of MPP3 for all final connections.  A cross-cut 

of the proposed arrangement is shown as Figure 3.6 

The cooling water from the capture plant will be discharged to the outlet pond through a new DN 1200 GRP 

pipe.  The routing of this pipeline had to be changed in 2016-2017 to avoid new silos for biomass co-firing being 

installed at MPP3.  This new route is shown on the pipeline route plan in Annex 6.4. 

Figure 3.6  Cross-cut of the cooling water supply 

channel and connection to the booster pump. 

 

 

 

 

 

 

 

 

3.3.7 Controls 
The control of the capture plant is designed to be completely integrated with the control system of MPP3.  The 

control system ABB 800xA is used by the power plant, and allows the assignment of different control functions 

to a local control room or to the main control room of the power plant.  Therefore this control system was also 

selected for the capture plant, as this gives complete flexibility over whether the capture plant and the 

interfaces of the plant with the power plant will be controlled from the main control room or if the control of 

different parts of the capture plant is assigned to the local control room.  In any case, in each control room it 

will be possible to access and/or visualize all process data. 

The integration will be done by using a redundant optical fibre cable between the main control 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 

waste-water streams.  For completeness, they are briefly described here: 

¶ Demineralised water ς ǘƻ ōŜ ǎǳǇǇƭƛŜŘ ŦǊƻƳ ǘƘŜ ǎǘŀǘƛƻƴΩǎ 9±L59{ ŎƻƴƴŜŎǘƛƻƴ Ǿƛŀ ŀ нрлƳ ƭƻƴƎ 5b ул 

pipeline.   














































































































