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3. Description of activities and results

WPO: Project Management and Dissemination

ALIGN-CCUS covers the whole Carbon, Capture, Utilisation and Storage (CCUS). It was one of the first
projects where capture, transport, storage, utilisation, clusters and public perception interact to
deliver the overall project objective: to accelerate the transition of current industry and power sectors
into a future of continued economic activity and low-carbon emissions, in which CCUS plays an
essential role. ALIGN-CCUS addressed specific issues across the CCUS chain for industrial regions in
ERA-NET ACT countries, enabling large scale, cost effective implementation of CCUS by 2025. All the
chain elements contributed to this overall objective.

Dissemination was an important part of ALIGN-CCUS. Dissemination of project results was actively
pursued, considering the interest of the project partners. The professional dissemination team was
proactive in branding ALIGN-CCUS and making the project known by the public and scientific
community.
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ALIGN-CCUS Logo and project overview picture
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and costs related to CO, capture
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Key interactions between the 6 technical work packages of ALIGN-CCUS

ACT —www.act-ccs.eu



WP1: Enable near-term deployment of integrated capture facilities and cluster development

Objectives

WP1 has been divided into four tasks and the objectives for each of them together with a statement
related to successful achievement or not are written in the tables below.

Task 1.1: Solvent emissions

Cost-efficient control of
emissions to
environmentally
acceptable standards and
reduced solvent losses.

Environmentally acceptable standards for emission of amines and amine degradation
products are still not existing, but we have looked into amine and ammonia emissions,
which are the most relevant. Furthermore, we have looked into efficient online
measurement of nitrosamine emission and the cost-efficiency is evidenced in the
reports D1.1.7 and D1.4.3.

Thorough understanding of
aerosol growth and
countermeasures.

While there are still some gaps, we believe this has been achieved. NTNU’s model gives
reasonable prediction of aerosol-based emissions, meaning the mechanisms of growth
are well described. The countermeasures are well described.

Demonstration and validation
of countermeasures at TRL
6/7.

Here, we also have some gaps. The tests performed at RWE were too short to have
conclusive, irrefutable proof of the efficiency. But the demonstrations and validation of
reduction in emissions and number of particles were achieved.

Verify the effect of dynamics
on solvent emissions and the
possible adaption of
countermeasures.

This is done and it is shown that no adaptation of countermeasures is needed.

Task 1.2: Solvent management

Maintain optimal solvent
quality for long-term
operation, leading to a
solvent consumption of less
than 0.3 kg amine per tonne
of CO2 captured

For both tested solvents unique long-term operation >12,000 h was demonstrated.
Without any countermeasures, the solvent consumption is slightly higher (0.45 kg for
CESAR1 and around 0.4 kg for MEA), but with efficient emission and degradation
countermeasures it is demonstrated that these numbers can be reduced without
drastically increasing the capture costs.

Interconnecting flue gas
quality, unit operation and
operational conditions to
chemistry of solvent
degradation

Long-term testing at the RWE plant as well as testing at PACT, TCM and at the Tiller facility
has clearly shown some relationship between operating conditions and the effect on
degradation. See the conclusions in the following result section for Task 1.2 in WP1.

Demonstrate advanced
solvent monitoring tool

It is shown that online monitoring tools like Raman spectroscopy and UV-vis can provide
valuable data for the analysis of important parameters that drive corrosion and
degradation and can be used as an alarm that countermeasures are necessary, but need
further development for commercial application".

Task 1.3: Process dynamics- and control

Demonstrate reliable and
efficient control structures for
flexible and cost-efficient
operation of capture plants.

A control system based on Non-Linear-Predictive Control has been tested for the CESAR1
solvent system at the Tiller CO2 Lab and shown to be efficient in terms of both flexible and
cost-efficient operation. More specifically it was possible to achieve almost 100% capture
without any significant increase in SRD.

Demonstrate a 5-8%
reduction of the energy
requirement compared to
simple control systems for a
flexible power plant.

In the ALIGN-CCUS project, this comparison was actually not conducted for the CESAR1
solvents system, but it has been demonstrated in a previous project? that this is achievable
for MEA. It was experienced however, in the ALIGN-CCUS project that the CESAR1 solvent
system responded more quicker and as such it is believed that at least this potential energy
reduction is achievable for CESAR1 as well.

Establish emission control
strategies, which keep the
emission below legal permit
for certain flexible operational
scenarios.

In ALIGN-CCUS, emission control strategies have mostly been related to physical means
of emission countermeasures, like water-wash and Brownian Demister Unit (see Task
1.1) and not so much on the process control system in that respect. However, a
prerequisite for using an advanced control system like NMPC is an adequate model of
the emission mechanisms, online emission monitors with relevant response for the

1 Kvamsdal, H.M., Hauger, S. O., Gjertsen, F., Enaasen Flg, Colombo, K.E., Mejdell, T., and Hillestad, M., Demonstration of two-level
nonlinear model predictive control of CO, capture plants, presented at the GHGT-14 conference in Melbourne, Australia, 2018
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control system and relevant manipulate variables. The work done in ALIGN-CCUS will
serve as a basis for further studies into this option.

Task 1.4: Benchmarking and cost drivers

Establish a new cost-efficient
benchmark capture process
and establish guidelines for
optimal design of integrated
coz2 capture plants with 1st and
2nd generation technologies.

The first part of this objective is based on previous work and is also published by others.
However, in ALIGN-CCUS, a more comprehensive study has been done which includes 3
different use cases. The results show that it is not so evident that the CESAR1 solvent
system is less costly than MEA for either of the cases, but it is also seen that the cost of
the solvent is one of the major contributions to the capture cost. Though both the price
of the solvent system and the loss of the solvent was a focus within the project, this
should be further explored. Related to the second part of this objective, this has been
investigated and optimization of solvent management systems and efficient emission
countermeasures needs more attention.

Scale-up  novel  emission
countermeasures and
estimate costs of preventing
emissions for full-scale
application in the power and
industry sectors.

In order to compare the two solvent systems, the cost for large-scale implementation is
determined, which also has included some options for emission countermeasures. The
latter included “dry-bed” and turbulent pre-treatment for the power-plant case, a
“Brownian demister unit” for the WtE case, and a double water-wash for the cement
case.

Optimize the design of post-

combustion technology
showing cost optimization
options and  highlighting

Optimal integration of the capture plant for all three use cases has been explored and
potential cost reductions are identified. It is interesting to notice the importance of the
cost of the solvent while the investigated emission countermeasures did not influence
that much on the cost of CO2 capture. Thus, reducing solvent losses is important for

potential cost reductions. potential cost reductions.

Main results
The results shown in the following for each task in WP1 are as summarized in the public guideline
reports, i.e., D1.1.7, D1.2.6, D1.3.5, and D1.4.3, respectively.

Task 1.1: Solvent emissions

Within the ALIGN-CCUS project, technologies for emission control were reviewed, tested at lab and
pilot scales, and evaluated from both technical and economic perspectives. These guidelines are a
compilation of the project findings. The main message that these guidelines hope to convey is that
emission control is technically feasible (for mitigating both aerosol and volatile emissions) and does
not lead to prohibitive costs.

The results are summarized in the table on the next page. The “information basis” criterion reflects
the level of data access that we had for performing the evaluations. Naturally, for technologies tested
within the ALIGN-CCUS project, the information basis is good. While all technologies assessed are at
high technology readiness level (TRL 6-9), the emission removal efficiency for some of these
technologies remains more uncertain. The last criteria are OPEX and Bare Equipment Costs (BEC) of
the additional equipment needed for installing these countermeasures.

The units of the cost criteria are chosen to facilitate the calculations of OPEX and BEC at different
scales, as showed next. As an example, we show the OPEX and BEC determination for a water wash
(WW) unit in a plant treating 1 million normal cubic meters of gas per hour (Nm3/hr):

3
m
OPEX,,, = +1000000—— = 78€/h
m3
BEC,,, = #1000 000—— 2o = 3.25 M€

The unit cost in blue are taken from the table and can be easily converted into useful OPEX and BEC
values for a given scale. For this report, it was decided not to calculate CAPEX from the BEC, as the
financial criteria to do so will vary from project to project.
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The impact of emission control on the cost of CO, capture (i.e., in terms of €/tonCO,) is discussed in
another public document (D1.4.3), in which different use cases are evaluated with varying CO,
concentrations. Within the current guidelines, we focus on the techno-economic evaluation of the
stand-alone technologies. This should provide the means to compare alternative technologies, and
decide on a preferred technology combination (i.e., an emission control strategy) for a specific plant.

Overview of technology assessments!

Inf ti Scal R | OPEX
Technology n o'rma fon cale TRL et'n'ova BEC (k€ / m3/s)
basis tested efficiency | (€ /1000 m3)
Water wash Pilot 9 0.0780 11.7
Acid wash Pilot 7 0.0420 7.6

Wet

Pilot,
electrostatic Ialbo 6 /:// @ 0.1200 I 24.0

precipitator

Brownlan ' ) 7 0.0900 10.7
demister unit
Gas-gas heater - 6 0.1000 10.0
Turbulent pre-
urbulent pre Pilot 6 0.0830 3.6
treatment
Upstream base

- 0.0003 0.5
addition 6
L Ivent
ean solven ) 6 0.0009 0.0
temperature
Dry-bed Pilot 6 0.0090 5.2

The most important results regarding the reduction of the risk for the implementation of commercial

capture plants and to accelerate the implementation of CCUS are:

- In general, volatile emissions can be well controlled by installing water- and acid washes. The dry
bed may be an interesting addition, as it has the potential of lowering the OPEX of the acid wash.

- Options to control aerosol-based emissions include Brownian demister units (BDU), the turbulent
pre-treatment (TPT) and the dry bed. Of these, there is more clarity on the efficiency of removal
achieved with the BDU. For the TPT, and the dry bed, additional investigations are suggested.

- The wet electrostatic precipitator (WESP) is not recommended as a technology for mitigating
aerosol-based emissions. The OPEX and BEC are higher than that of a BDU. But most importantly,
there is no evidence that a WESP can control emissions; on the contrary, and depending on the
operational conditions, the WESP could even lead to increased aerosol emissions.

Task 1.2: Solvent management

Degradation of the solvent and corrosivity are decisive factors for the CO, capture costs. The right

choice of degradation countermeasures allows the operator of the capture plant to minimize solvent

consumption and operational issues like foaming and fouling, downtimes for maintenance and waste

streams and offers the supplier the chance to use cost effective materials for the design of the capture

plant.

The most important results achieved in ALIGN-CCUS regarding the risk reduction for the

implementation of commercial capture plants and to accelerate the implementation of CCUS are:

¢ For both solvents low specific solvent consumptions were determined in comparison with published
results from other capture plants.

¢ CESAR1 degrades much slower than MEA and has a lower specific reboiler duty. On the other hand,
CESAR1 has higher emissions and is more expensive to purchase (€/kg amines).
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* "Bleed and Feed" as solvent management strategy would require a full replacement of the solvent
holdup and careful cleaning of the capture plant to be effective.

¢ Reclaiming by ion exchange seems to be a more promising management strategy, but a careful
analysis of the waste streams must be carried out and further investigation is needed.

¢ If threshold values for individual contaminants that might act as catalyst for solvent degradation
exist, they seem to be so low that it is questionable if it is possible to remain below this threshold in
practical applications.

The most important results regarding the further development of the theory, investigation
methodologies and models on solvent degradation and ways to optimize solvent management
technologies achieved in ALIGN-CCUS are:

e Online monitoring tools like Raman spectroscopy and UV-vis can provide valuable data for the
analysis of important parameters that drive corrosion and degradation and can be used as an alarm
that countermeasures are necessary but need further development for commercial application.

¢ NO; could be an important trigger for degradation. Investigations about its role in amine degradation
are part of the follow up project of ALIGN-CCUS, LAUNCH (ACT2).

e Oxygen removal from the solvent has shown its potential. Tests at higher TRL will have to
demonstrate its effectiveness and robustness. This system could also prevent degradation caused
by oxygen fed in via utility flows like make up water.

Task 1.3: Process dynamics and control

Due to the penetration of renewable intermittent energy in most energy systems, natural gas and coal
power plants must be operated in a flexible mode to stabilize the electrical grid. In such a regime of
dynamic and flexible operated power plants, the flue gas treated in the capture plant will have to
change accordingly, and the capture plants will need to adapt these changes as smoothly as possible.
The present task dealt with optimal control of the capture plant in general, but especially under a
regime of flexible part load power plants.

The plant control system has been based on Non-linear Model Predictive Control (NMPC) where a
dynamic model of the plant runs in parallel with the plant. The algorithm sets the setpoint of lean liquid
flow and the reboiler duty based on an objective function that minimizes energy and keeps the setpoint
of the capture rate. The NMPC system is integrated with the basic control system at Tiller.

The tests with the NMPC showed:

e Asmooth transfer from one capture rate to another could be obtained, from 85% up to 99% capture
rate. This facilitates the possibility of using a dynamic real time optimizer that can minimize the
capture cost over a longer horizon e.g., to optimize the operation during one day with cyclic
variations in the electricity price.

e Changes in flue gas flow rates due to changes in the electric output from the power plant could be
controlled well. The NMPC uses the planned change rate in the flue gas in its predictions for future
control steps.

e The pilot plant could handle changes in flue gas flow from 130 to 340 m3/h without operational
challenges. This shows that a PCC plant can be very flexible also for part load power plants.

e The NMPC managed also pure disturbances like changes in CO; concentration well.

e A'stripper stop scenario" was also tested where the steam to the reboiler was temporarily stopped
e.g., to stabilize the grid frequency. However, the present version of the NMPC needs to implement
better control of lean loading to avoid unstable conditions.

e The dynamic process model of the plant was well suited for control purposes.

Task 1.4: Benchmarking and cost drivers
One of the aims of the ALIGN-CCUS project is to evaluate if the second generation solvent CESAR1 can
be established as the new state-of-the art benchmark solvent system, replacing monoethanolamine
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(MEA), and propose an optimal CO; capture process implementation and integration with power plants
and other industrial sources. The work conducted in ALIGN-CCUS has explored cost reduction options
and compared them to the state-of-the art technology following from cost estimates for advanced
amine technology. We have investigated the costs of CO, capture for three use cases: power, waste-
to-energy, and cement plants. For each use case, the CO; capture process was proposed and simulated
using both the MEA and CESAR1 solvents, and different scenarios were also considered for each case.

Use cases and scenarios investigated within ALIGN-CCUS

Use case Capacity (reference plant) | Scenarios
Lignite-fired 1000 MWe (generic plant) MEA (90% capture rate) and CESAR1 (90, 95 and 98% capture
power plant rate).
Sensitivity analysis: CESAR1 solvent price.
Waste-to- 200 ktonne of waste per | MEA and CESAR1 (90% capture rate).

energy plant year (generic plant, | Sensitivity analysis: CESAR1 solvent price, heat and electricity
combined heat and power) | costs.

Cement plant | 1265 tonne of cement per | MEA and CESAR1 (90% capture rate). For CESAR1, the steam
year (based on Norcem’s | generation is considered using a natural-gas fired boiler, a
Brevik plant) biomass-fired boiler and heat pump. Two variants of the
absorber height are considered.

Sensitivity analysis: Cost parameter variations for all scenarios.

Details can be found in the Public Deliverable D1.4.3 but for all cases the difference between the two
solvent systems is not large.

We also evaluated the impact of adding emission management technologies to the plants. In general,
it is concluded that emission mitigation technologies do not seem to represent a major cost item for
CO; capture plants. Depending on the solvent costs and emission level considered, they can even lower
the cost of CO; capture. Also important to notice, emission mitigation technologies will lower the
environmental impact of CO, capture, and may be necessary, particularly in cases in which the total
nitrogen emissions (amines, ammonia, NOx, etc.) are strictly regulated. A more comprehensive review
of these technologies and the cost methodology is detailed in the public available report D1.1.7:
Guidelines for emission control.

As solvents costs emerge from this work as being one of the main — if not the decisive — criteria for
choosing a technology, knowledge gaps and further opportunities for lowering CO, capture costs are
made evident. The opportunity to lower the costs by focusing on decreasing solvent losses has been
remarkably overlooked. Within ALIGN-CCUS, we have taken initial steps in correcting this. While the
costs of some emission mitigation technologies are explored within D1.4.3, only solvent replacement
is considered as a solvent management strategy. Future work should focus on evaluating the costs of
integrating solvent thermal reclaiming (state-of-the-art), and other technologies (under development)
to mitigate solvent degradation to CO, capture plants. Any decrease in solvent losses (due to controlled
emissions and/or degradation) will also lead to a decrease in the environmental impact of the CO,
capture process and should therefore be considered also from this perspective.

WP2: Removing technical barriers to large-scale CO; transport

The three overall objectives of WP2 were:

e Develop optimum handling strategies of both low- and medium-pressure CO; on vessels in a
transportation network, and in offshore offloading systems including required equipment types.

e Investigate use of different solutions including Floating Production, Storage and Offloading units
(FPSOs) and/or subsea solutions and identify new chain configurations.

e Suggest optimum combinations between transport solutions and offshore offloading solutions,
and establish a benchmark for alternative transport strategies, including cost considerations.
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Task 2.1: Technological challenges of CO; shipping and offshore offloading

Task 2.1 has been coordinated by SINTEF with contributions from Imperial College of London (ICL).
Input from WP1 on CO; capture, as well as WP3 on Storage of CO; has been important. Furthermore,
there has been communication with WP5 on Clusters. The main objectives of subtask 2.1 were to
develop optimum handling conditions and strategies for CO, on vessels in a transport network as well
as in offshore offloading systems.

Both low and medium pressure conditions were investigated. At medium pressure, liquid CO; is
transported in tanks on vessels at -28 °C and 15 bar, while low pressure condition typically is at -50 °C
and 7 bar. Medium pressure conditions represent proven technology and is used for commercial CO,
transport, and is also for instance preferred by the Northern Lights project. The study has also focussed
on offloading challenges before offshore storage of CO,. Transportation strategy influences treatment
of CO, before transport as well as on conditioning before injection, which are important cost
considerations for the design of the transport and storage network.

A shipping cost optimisation model has been developed. The model has been used to assess three
configurations for CO; transport by ship for the two different design pressures (7 bar, 15 bar) for the
Norwegian value chain studied in ALIGN-CCUS. Each configuration reflects a different transport option
for CO; injection into the Aurora formation offshore Norway. Configuration no. 1 allows injection from
anonshore hub located at Kollsnes at the West coast of Norway via an offshore pipeline (with transport
by ship to the hub). Configuration no. 2 considers injection directly from ships through a buoy system,
while configuration no. 3 allows injection from a floating production, storage and offloading vessel
(FPSO).

Results show that low pressure implies slightly lower cost than medium pressure for all configurations.
Medium pressure has higher transport and intermediate storage cost, more that outweighing
somewhat lower conditioning costs. The least cost option is direct injection from the ship, followed by
injection from an offshore pipeline coming from Kollsnes. Injection from FPSO has the highest cost.
The FPSO design in this study (Panamax) is not compatible with the relatively modest CO, supply
assumed, resulting in higher costs. Smaller FPSO options could result in lower costs. Further detailed
design studies are recommended.

Task 2.2: Safe and efficient injection conditions for batch-wise injection of CO,

This task was coordinated by TNO. The task has cooperated extensively with WP3 on CO; Storage. The
main objectives of subtask 2.2 were to document effects of batch-wise and cyclic injection on the
integrity of the storage formation in the near-well area and to give recommendations for maximum
fluctuation of CO; injection pressure and temperature. There has been close cooperation with WP3 on
CO; storage.

Work in this task was directed along two main avenues; Review effects of fast injection of cold CO; on
the well materials and potential integrity issues, as well as developing key performance indicators
required to develop a monitoring plan for injection.

Ships will supply CO; to an offshore injection site in batches, as opposed to pipelines which give a
continuous supply of CO,. Furthermore, the low temperatures of the CO, when delivered by ship poses
challenges to materials and well integrity. Well integrity is real risk that needs to be understood. In this
task we modelled the impacts of batch-wise injection and technically feasible injection conditions were
identified which would prevent the integrity of the storage complex from being impeded. The studies
focused on impacts of low temperature at high pressures, injection of CO; in batches and the integrity
of the storage site near the injection well during batch-wise injection. The following possible effects
were identified:

- salt precipitation;

- hydraulic fracturing of cap rock;

- thermal contraction of well materials that may lead to formation of leakage pathways up well.
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Task 2.3: Variation in CO, composition — defining safe operation windows

Institute for Energy Technology (IFE) in Norway was responsible for task 2.3. The task cooperated with
WP1 on Capture and WP3 on Storage of CO,. The main objectives of subtask 2.3 were to validate CO;
specifications developed in several previous and ongoing projects (like the Northern Lights project)
and to see how mixing of CO, streams can be performed to avoid unmanageable corrosion and
therefore can be safely transported and injected.

The CO; coming from a capture plant contains some impurities. Even though concentrations are at the
ppm level, these impurities may still under certain circumstances accumulate in the CO; handling
system. Typical impurities include oxygen, water, NO, and SO.. Several specifications for tolerable
levels of impurities in CO, have been suggested. The ISO transport standard from 2016 gives no clear
recommendation on CO, composition due to lack of data, and instead states that the most up to date
research should be consulted during pipeline design.

Ship Pipeline Injection Reservoir
Capture c I Costeel e I
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Cleaning ? 13% Cr ”
25% Cr
Low temp . .
@ Hydrate oy Utilization
Low water Pitting | H,8
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CO2 composition

Since the maximum concentration of a single impurity not giving chemical reactions will depend on the
concentration of the other impurities and the temperature, it is not possible to give universal
recommendations for what is a safe CO, stream composition. The acceptable CO, composition will
therefore be project specific. However, the presence of NO,, and the combination of NO,, SO, and O,
seem to make the CO, stream more vulnerable for formation for corrosive phases. A model is needed
to establish safe, but not over-strict CO, specifications.

An important conclusion from this part of the work is that it is the capture end of the CO, chain that
should deliver a CO; quality which is acceptable to transport and storage.

Task 2.4: Flexible transport and storage networks.

This task has been coordinated by ICL. The task has cooperated closely with WP5, and within WP2, this
task and task 2.1 have worked in close contact. Operational flexibility and the ability to employ
different capture transport and storage options in the CCUS value chain have substantial benefits for
the development of commercial CCUS networks. Such flexibility may involve choices over CO; capture
rate variations, different modes of CO; transport via pipelines, ships or even lorries; different CO,
transport network design options and choices regarding the geological storage sites / EOR
opportunities that may be used as part of the network. The main objective of task 2.4 has been to
develop an investment decision framework to enable the appraisal of such options and related
uncertainties and engineering flexibilities, so these are factored into investment decisions.
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The real options decision framework developed is an extension of the standard financial appraisal
methods. It introduces the ability to explicitly quantify the effect of individual sources of uncertainty
in each capture, transport and storage option considered. It also accounts for the flexibility that
managers need over the timing of their investment when faced with uncertain future cash flows. The
model developed considers pipeline transport infrastructure to enable and maximise flexibility for
expansion for future large-scale networks, can identify means to combine ship, pipeline and even
lorries transport to make use of their respective advantages. The model also can accommodate the
intermittency in CO; supply during the build-up period of CO, capture and therefore also ease
integration of small sources of CO, within the transport and storage system. Furthermore, the model
allows to identify the critical technical features of a transport and storage network to support flexibility
and the key economic conditions that these may rely upon. This modelling tool is useful for techno-
economic portfolio assessment and optimisation of CCS networks over different planning horizons.

WP2 overall summary of results

Work Package 2 on CO; transport is a natural link in the value chain between capture at one end and
storage of CO, at the other end CO, transport consists of preparation for transport (conditioning,
liguefaction), ship or pipeline, eventually a hub onshore where CO; is offloaded and temporarily stored
and then pumped through a pipeline to an injection site (offshore). The work package has had a special
focus on transport by ships, although including also pipelines when necessary, such as regarding
network modelling.

WP2 has demonstrated that low pressure ship transport of CO; may be just as (or even more) attractive
than the medium pressure transport option, which is the proven technology today. Cost-wise these
two options are quite similar. The cheapest injection option seems to be direct injection from a ship.
When injecting, the low temperature in combination with the relatively high pressure poses challenges
to materials and the integrity of the well. This is a potential risk, which must be contained at the
receiving end of the chain. Another risk factor is presence of impurities in the CO; stream. Impurities,
even in low concentrations, may cause corrosion. Most preferably this risk should be contained at the
CO; delivery end (capture end) of the value chain. The work in WP2 has extensively relied on techno-
economic assessments and this is also an integral part of the model that has been developed for CCS
portfolio assessment and network optimisation.

WP3: Large-scale storage networks

WP3 objectives were to investigate:

e A methodology to produce standardised definitions of the levels of storage readiness for putative
storage sites across the North Sea and corresponding activities for them to become a contingent
storage resource (Task 3.1);

e A portfolio of selected storage sites that have been characterised sufficiently to provide strategic
storage for the leading ALIGN-CCUS industrial clusters most likely to form the backbone of CCUS
in north-west Europe (Task 3.2);

e An audit of North Sea transport and injection infrastructure that provides least-cost options for
storage network development. (Task 3.3).

All WP3 deliverables and objectives have been successfully achieved incorporating additional linkages
and exchanges between the tasks, with WP5, parallel investigations for industry and the ACT
ELEGANCY and Acorn projects. The additional exchanges and interactions, which greatly improved the
scientific quality of the deliverables were accommodated by adjustments in timing and extension of
completion of deliverables. For example: The Netherlands storage site characterisation was extended
to include results from the industry Porthos consortium; completion of the infrastructure re-use
methodology was extended to enable testing and revision by application to national infrastructure.
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Task 3.1: Steps to ‘contingent resource’ level storage capacity for ALIGN-CCUS clusters

The storage readiness methodology and its application to North Sea sites was completed as planned.
A framework of Storage Readiness Levels (SRLs) was presented based on the practise and experience
of CO; storage site appraisal, regulatory permitting and CCS project planning in the UK, Norway and
The Netherlands. Application of the framework communicates what has been achieved and what
remains to be completed before a site can become operational. The draft schema was revised by very
helpful feedback received during an in-person workshop with industry and regulators. The draft
framework was presented at the GHGT-14 conference in Melbourne and improved by additional in-
person industry perspective from Shell. The finalised Storage Readiness Levels framework was applied
to inform selection of sites for ALIGN-CCUS strategic site selection and characterisation (Task 3.2).
Application of the standardised framework to prospective sites in the three countries enabled
comparison of sites at benchmark levels and the ranges of expenditure and duration of appraisal over
three decades. Sites at ‘contingent storage resource’ level have been identified in all three of the
ALIGN-CCUS North Sea nations.

Application of the SRLs framework informed site selection (Task 3.2) and, in turn, assessment of
infrastructure of re-use (Task 3.3) by ALIGN-CCUS research. The framework has been designed to be
consistent with and extends the industry commercial development classification, with the addition of
four readiness levels spanning the earliest stages of strategic appraisal. The framework is also to be
applied to prospective sites in the European CO, storage atlas, to integrate regions of northern and
southern Europe.

Task 3.2 Sites characterised for strategic storage for the ALIGN-CCUS industrial clusters

‘Next sites’ were selected and investigated for four North Sea industrial CCUS clusters, each beyond
current industry plans for CCUS, sufficient for annual storage of tens of million tonnes CO,. Research
activities were tailored to be specific to national needs.

Selection of storage sites for the UK Teesside and Grangemouth clusters was informed by CO; supply
profiles (Task 5.1) plotted from industry plans, in collaboration with the ELEGANCY and Acorn projects.
Sufficient capacity, injectivity, SRL and availability were included in the selection criteria, also the
results of batch-wise injection modelling for Teesside by ALIGN-CCUS (Task 2.2). Options were
proposed to achieve storage at annual rates of tens of million tonnes by 2030 for both clusters.
Selection of storage sites for the Norwegian Grenland cluster, beyond the plans for the full-scale
Northern Lights industry project, was informed by a timeline of CO, supply from Scandinavian and
northern European sources. Three saline aquifer sites in the Horda Platform area were modelled and
injection simulated and potential capacity of the Troll Field once depleted, were assessed for storage
capacity of tens to thousands million tonnes CO,. Strategic assessment of depleting gas fields, stepping
out from the permitted P18-4 site, informed the mapping of alternative networks for transport and
storage of CO, from Rotterdam and Amsterdam, The Netherlands. Simultaneous operation of multiple
field sites will be required to meet emissions reduction of the Netherlands Climate Agreement. Total
investment and operational costs are calculated and uncertainties assessed for CO, compression,
transport and storage at rates of 5 and 10 million tonnes per year. Timing is identified as a key factor
for availability of depleted fields, also a need for rigorous assessment of integrity and specification for
re-use of infrastructure for CCS.

Task 3.3: North Sea transport and injection infrastructure for CO, storage network development
The objectives of the transport and infrastructure development research were to: develop criteria for
the evaluations of re-usability of offshore infrastructure; identify oil and gas infrastructure suitable for
re-use for each ALIGN-CCUS cluster and provide an overview of current legal situation and recommend
amendments to legal regimes governing decommissioning of re-usable offshore assets. The objectives
were addressed by developing a methodology to map possibilities of re-use from available technical
information. The methodology was applied to available technical infrastructure information for the
ALIGN-CCUS UK, The Netherlands and Norwegian storage options. Legal considerations for re-use
within international, European and national law (UK, The Netherlands, and Norway) were reviewed,
recommendations drafted and discussed with invited stakeholders at three national workshops.
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Technical criteria for re-use of offshore oil and gas infrastructure to accelerate deployment and reduce
the cost of CCS, either published or made available to WP3 ALIGN, were reviewed. The criteria, defined
to assess depleting fields and re-use of a field for CO, storage, were considered for infrastructure re-
use by a CCS project within a reasonable distance. The criteria were ranked, following analysis and
application to infrastructure in the vicinity of the ALIGN-CCUS storage options, and presented as an
order of application of technical criteria. Experience of applying the criteria in Norway, the UK and the
Netherlands highlights the location of infrastructure relative to sites of known and sufficient CO;
storage capacity is essential when screening for re-use. The availability and lifespan can only be
accurately estimated with data from operators, although first estimates can be made with publicly
available information. If the three first criteria are met the remaining criteria, requiring detailed
information from infrastructure operators, can then be evaluated.

A strategic approach for selection of UK infrastructure for re-use is recommended, from the application
of the ranked criteria to UK infrastructure in the vicinity of saline aquifer storage sites investigated by
ALIGN. The strategy should include collation and provision of data from operators which is currently
difficult to access. The temporal gap between cessation of hydrocarbon production and CO, storage
should be managed, to maintain facilities and enable re-use of UK infrastructure. Detailed studies of
integrity are recommended for infrastructure identified as suitable and of potentially strategic
importance as part of a future national network asset for CO, transport and storage. An appraisal of
infrastructure for re-use should be undertaken early in the planning phase of decommissioning. This is
imperative to avoid additional costs and potential weakening of integrity associated with mothballing
of infrastructure. Application of the published criteria, in the order of ranking, was used to assess re-
use options for potential saline aquifer storage sites in the Horda Platform area, Norway. The short-
list of suitable infrastructure in the area was screened by the next criterion, availability in time, ruling
out all the identified infrastructure components. Hydrocarbon fields using the infrastructure will be in
production until after 2040. New installations will be necessary, at least for the initial development of
a CO; storage hub in Horda Platform area. Assessment for re-use of depleted hydrocarbon field
infrastructure in The Netherlands supported a published conclusion that suitability is dependent on
specific requirements of the CCS project. However, in the cases studied, pipeline and platform
infrastructure are most regularly suitable for re-use. Simulation of offshore pipelines and wells for CO,
transport and storage in low-pressure depleted gas fields provide insights into the minimum and
maximum injection rates required to maintain a safe operational temperature window. Minimum
injection rates, a consequence of the low reservoir pressures in a depleted gas field, can be relatively
high for low temperature injection of CO2 in liquid phase at the start of CO2 injection. Over time, as
injection continues and the reservoir pressure increases, the required minimum injection rate will
decrease.

The most important legal questions related to reusing existing hydrocarbon infrastructure are created
by the decommissioning (abandonment and removal) regime for offshore hydrocarbon installations
and the way in which reuse impacts the regulation of permanent CO, storage activities. The CCS
industry in Europe has currently barely any demand for offshore infrastructure, however, the demand
from the CCS industry for CO; storage is currently increasing and reuse of existing infrastructure will
become relevant. Three scenarios are identified for reuse: award of a storage licence during
hydrocarbons production; award of a storage licence directly after production ceases and/or a
production licence lapses; CO, storage to take place several years after hydrocarbons production has
ceased. Bridging of the temporal gap, in the third scenario, may be achieved by appointment of either
an interim entity or an ‘operator of last resort’ to maintain infrastructure until needed. The main
advantage of this solution is that it provides for a tailored solution for this specific situation. The
disadvantage is nonetheless that a more profound change to the existing legal regime will be required.
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WP4: CCUS as an element for large-scale energy storage and conversion

For the first time a full CCU chain for the production of the eFuel dimethyl ether (DME) from captured
CO,; and electrolytically produced H, was demonstrated in ALIGN-CCUS. In addition to the
development, construction and operation of the Power-to-DME plant, the demonstration comprised
also the successful use of DME as a fuel for peak and back-up power generation and of OME
(polyoxymethylene dimethyl ethers, which can be produced from DME) as a fuel for passenger cars.
Both objectives, to present the potential of CCU regarding climate protection and to demonstrate its
benefit and socio-economic value as an element for large-scale energy storage and sector coupling,
have been achieved. Two patent applications on the technical and economic optimisation of the DME
synthesis process and efficiency enhancement due to optimised integration of a DME-fuelled peak-
power generation into power plant processes have been applied for.

The ALIGN-CCUS demonstrator was erected next to the CO,-capture plant and in the immediate vicinity
of the CO; filling plant, so that the CO, which is captured from the flue gas of the 1000 MW power
plant unit could be used for the demonstrator (solvent in use was CESAR1).

The ALIGN-CCUS full chain CCU demonstrator at Niederaussem

The Power-to-DME demonstrator comprises RWE’s CO, capture and liquefaction plants and a CO;
storage tank, the alkaline electrolyser from Asahi Kasei (140 kW, 22 kg H,/d), Mitsubishi Power’s units
for CO; conditioning, gas compression and the DME synthesis (up to 50 kg raw DME/d), including a
catalytic combustion unit from FZ Jiilich for purge gas treatment and the gas supply system and tanks
for storage of raw DME and waste water.

The first step for the engineering of the innovative direct synthesis of DME was the development and
supply of a bi-functional catalyst by Mitsubishi Power. Both the formation of methanol as well as the
dehydration of methanol to DME occur simultaneously at the surface of the catalyst. In this way only
one reactor is needed for the DME synthesis, reducing the complexity and the number of components
of the synthesis unit compared to a conventional two-step synthesis. Afterwards, the designed CCU
synthesis unit was engineered, constructed, installed and commissioned by Mitsubishi Power at the
test site after the permitting process and ground preparation was carried out by RWE. RWE was also
responsible for connection of the demonstrator to the infrastructure for utility supply. Two
generations of catalysts for the direct synthesis of DME have been developed by Mitsubishi Power.
The first-generation catalyst was used in the small-scale “commissioning reactor” with approx. 5 %
capacity, whereas the second-generation catalyst is used in the main reactor (two lines, each 50%
capacity). The catalyst is coated on the surface of monoliths, which are integrated into the reactor.
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Monoliths show low pressure losses, a very homogeneous flow and very low back mixing, resulting in
a good mass transfer and they also allow an easy scale-up. Some sensitivity analyses regarding the
effect of the H,/CO, ratio on the yield, CO, conversion rate and product selectivity, process
temperature and pressure have been carried out for the small-scale reactor set up to test the process
in the industrial environment. It took one year to complete the mechanical work and commissioning
after installation. However, the highly automated electrolyser showed no system errors and no
irregular or additional maintenance work was necessary until now. During the commissioning, an
operation time of more than 200 hours was reached with more than 80 start-ups and shutdowns. The
advanced alkaline electrolyser can realize a wide operating range regarding the current density. While
in general, for conventional alkaline technologies a limitation of the operation range regarding the
current density is assumed (around 4.0 kA/m?), the electrolyser in ALIGN-CCUS is able to operate
efficiently between 1.0 kA/m? to 10.0 kA/m?. At a current density of 4.0 kA/m? an excellent DC power
consumption of less than 4.15 kWh/Nm3 H, could be achieved. A special highlight is the
implementation of a flameless purge-gas treatment system newly developed by FZ Jilich, as a flare
system was not allowed at the power plant site due to legal regulations. The selected system design —
consisting of 3 catalytic burners — allows to fulfil the local emission limits.

Since DME is gaseous under atmospheric conditions and has a lower heating value compared to diesel,
changes need to be made in the fuel supply system of the peak-power generator. The fuel tank is
pressurized at 5-8 bar depending on the ambient conditions. To determine the influence on the spray
characteristics, optical investigations have been carried out in a high-pressure chamber. High-speed
cameras revealed that the planned fuel injector with a two-piece injector needle connected via a
coupler did not open correctly and the variations in the opening behavior were prohibitive for the use
with DME. A new injector with a long needle was successfully used for further investigations and
showed a constant opening behavior. Computational fluid dynamics combustion optimization focused
on achieving a good air utilization at full load. Based on the results, a step-piston bowl was chosen.
Considering the pre-carved bowl in the blank piston, the possible shapes were restricted considerably.
Engine tests were first carried out with the standard diesel combustion system. For the DME
application the fuel system was adjusted and the injectors as well as the high-pressure pumps were
exchanged with new parts specifically designed for the use of DME. The fuel control system for the
high-pressure system was changed from a value-controlled system to a pressure controlled one. After
the first calibration of DME with the original piston bowls, the pistons were exchanged, and further
tests and calibrations were carried out. The CFD optimized piston bowl showed a faster and more
complete combustion and therefore better efficiency, but the resulting higher combustion
temperatures and thus higher NOx emissions could not be decreased as planned with higher exhaust
gas recirculation (EGR) rates. The EGR system installed at this engine is retrofitted and does not allow
high or even medium EGR rates. Since DME combustion has very low soot emissions, the Soot-NOx
conflict is eliminated and the EGR rate can be risen without emitting more soot and therefore the NOx
emissions can be reduced significantly. The maximum power of 250 kW of the engine operated with
diesel was also reached with DME. Due to the different combustion behavior of DME and diesel, the
surface temperature of the piston crown exceeded the design limit during peak load operation on
DME. The engine torque was limited to 1300 Nm (i.e. 204 kW @ 1500 rpm) afterwards. It is expected
that the engine can run continuously on DME at this load level, similar to diesel operation. Emission
measurements for DME showed much lower particle mass and particle count, as well as lower CO and
hydrocarbon emissions than diesel.

The physical and chemical properties of OME deviate considerably from those of conventional diesel
fuel, thus necessitating engine modifications for the passenger car. To determine the influence on the
spray characteristics, also here optical investigations have been carried out at an optical high-pressure
chamber. Therein it was found that the increased volatility of OME leads to a shorter liquid
penetration. Despite the high cetane number and thus short ignition delay, the lift-off-length is
increased with OME in comparison to diesel. In combination with the molecular oxygen, this leads to
a leaner mixture in the ignition zone and to a more concentrated heat release. CFD combustion
optimization thus focused on achieving a good air utilization at full load while also mitigating the risk
of damage from the high local spray-temperatures. Therefore, an open bowl without turbulence ring
was chosen, as to lower heat intake and improve heat dissipation away from the critical surface. Still,
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a good air utilization could be achieved by adapting the rest of the bowl. The results from the engine
tests with DME and OME have demonstrated that CCU is more than only climate protection.

Within ALIGN-CCUS reasonable process routes to produce alternative fuels were investigated and
analyzed. The larger framework is set by the power-to-fuel approach, which utilizes renewable
supplied hydrogen and recycled carbon dioxide. Especially for the synthesis of OME, a unique modeling
approach was developed, based on the differences in boiling points of the homologous series of OME.
The comparison of energy demands and power-to-fuel efficiencies show that the production of OME,
is not efficient compared to methanol and DME. Considering different production pathways there is
minor potential for further increase in efficiency and these potentials are not able to close the gap to
the simpler fuel alternatives like methanol and DME. The simulation study has shown that the two-
step synthesis of DME is slightly more efficient than the one-step approach. The calculations do not
take into account the special features of the reactor type with monoliths selected for the DME
synthesis plant, nor the optimization potentials with regard to product preparation and energetic
process interconnection of the overall system. Without further waste heat utilisation, the best Power-
to-Fuel efficiency for DME is 52.5%. All synthesis processes have in common that the energy demand
for the electrolysis is dominating the energy demands.
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The process simulations have been used to determine all required components as well as material
and energy demands of the selected synthesis pathways. Further on, all components needed to be
scaled so that appropriate cost estimations could be performed. The investment costs of the various
production pathways are unified by the production capacity of 300 MW:,. With the base case values,
the production costs of DME and OME, are estimated to be 1.94 €/Ipeand 3.87 €/Ipe. To upgrade DME
towards OME, the base case price is nearly doubled, indicating a huge price gap between these two
alternative fuels. The only effective way to reduce the overall production costs is to reduce the costs
of hydrogen supply. It can be stated that OME, is a high-cost alternative fuel.
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Sensitivity analysis (-50 % and +50 %) of production cost for DME and OME3.s (route C),
base case parameters (4.6 €/kgH>; 70 €/tCO;; 0.0976 €/kWh; interest rate = 8 %)

Even if the lower cost by using existing infrastructure for fuel transport, supply and utilisation in cars
are not considered, DME or methanol which are produced from CO; are already today cost competitive
when all subsidies and tax exemptions for other climate protection measures in the transport sector
are taken into account.

The cradle-to-grave Life Cycle Assessment (LCA) has taken into account all life cycle phases of the two
investigated use cases (peak-power generation, passenger car), their emissions and material flows in
and out of the system, starting from the natural resources and raw materials and ending with the end
of life of the plants and hardware and wastes. Potential recycling and interdependencies with other
products have been also taken into account. The LCA shows that global warming potential (GWP) of
back-up and peak-power production could be significantly reduced compared to diesel fuelled engines
or natural gas fired turbines. Prerequisite is that the stored energy comes from a source with low CO;
footprint such as wind power. Using only today’s grid electricity would increase the emissions instead.
Transport using OME as fuel and replacing diesel is not viable in comparison with electric cars or
conventional diesel fuelled cars regarding the GWP. However, DME produced from CO, of a lignite
fired power plant and hydrogen with low CO, footprint would result in a GWP in the same range as an
electric car supplied with wind power. The achieved results based on measured data assort well with
data from the car company FORD and show that some studies which are only based on literature data
are underestimating the positive potential of synthetic fuels. It was also shown that the mitigation of
SOy, NOy and soot emissions by the use of synthetic fuels is not represented by the GWP. Therefore,
also other impact categories should be taken into consideration (e.g. terrestrial acidification potential).
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Especially two measures for a further technical and environmental optimisation of the CCU chain have
been identified. Recycling of the exhaust gas of a DME fuelled power generator upstream of the
capture plant and integration of its heat into the power plant (or carbon capture) process allows to
significantly increase the overall efficiency and could reduce the GWP at the same time.

By CO enrichment of the feed gas the synthesis of methanol and DME can be greatly improved. Near
complete selectivity to CO was achieved from atmospheric pressure up to at least 29 bar(a) in
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experimental campaigns using new developed multifunctional reactive sorbents (comprising a solid
water sorbent impregnated with at least one metal capable of catalyzing the conversion of CO, from a
H, / CO, gaseous mixture) in the reverse water-gas shift reaction.

WP5: Targeted CCUS activities in industrial clusters

The work in WP5 has advanced the development of CCUS in six industrial regions across five European
countries. The work will support national and regional governments in future decision-making for
industrial decarbonisation strategies within the targeted regions but has also draw together synergies
from each case studies to help a more generic approach to cluster developments in Europe. Beyond
the work in each individual cluster region (Tasks 5.1 to 5.5), Task 5.6 has taken a more overarching
approach and utilised the research conducted in ALIGN-CCUS to develop more European wide advice
documents regarding the business case for hubs and cluster developments.

WPS5 overall has provided clarity on the future steps for hubs and cluster within the 6 industrial regions
studied. The results of the research conducted in ALIGN-CCUS into these clusters has also allowed for
modelling of embryonic CO, cluster infrastructure to be undertaken. Greater clarity can now be
provided on the expected investment requirements and benefits for public and private actors of hub
and cluster developments for CCUS.

Task 5.1 Teesside and Grangemouth

Work within Task 5.1, on the UK Teesside and Grangemouth cluster, has focused on the cost-reduction
potential beyond the initial planned projects. This will help in the long-term decarbonisation plans for
CCUS which are currently being developed by the UK government. The work in Task 5.1 has been
conducted in line with the UK government’s net-zero emissions plans and aims to support cost-
effective deployment of CCUS in Teesside by 2030 and Grangemouth by the mid-2020s. ALIGN-CCUS
has accelerated the ‘next steps’ to achieve capture and storage at tens of million tonnes CO, per year
by: simulating multi-site storage options; assessing liabilities and recommending business models; and
modelling cost-effective networks for transport and storage and CCS project business models. This
ALIGN-CCUS work will inform UK decarbonisation beyond the industry remit and provides a wider
perspective for policy and decision-makers. All deliverables were delivered as planned. CO, storage
capacity and operations were modelled for the next sites to provide a growing and mature UK CCS
industry to 2100 (D5.1.2a on Teesside and D5.1.2b on Grangemouth). Barriers to investment for CCUS
component industries (costs, liabilities, and risk sharing) were also identified (D5.1.3). Recommended
business models for public and private risk allocation and sharing for Teesside and Grangemouth were
provided (D5.1.3) and cost-effective & flexible options, constrained by geology and geography, to
inform choice of business model were also provided (D5.1.4).

Task 5.2 Port of Rotterdam

Task 5.2 regarding the Port of Rotterdam assessed the feasibility of developing a large-scale centralized
natural gas decarbonisation facility with CO, capture and storage. The role of hydrogen production in
potential decarbonization scenarios was reviewed and alongside potential production technologies.
This allowed for the outline of planning requirements and transport routes and locations to be
reviewed. Following the identification of potential hydrogen production scenarios, infrastructure
requirements in the port to allow for hydrogen use and a central decarbonization facilitiy were
identified. This work was developed alongside the existing H-Vision concept which has already been
developed by industry in the Port of Rotterdam and provides a plan for expected hydrogen production
and use development in the port. Overall, all deliverables were completed as planned: a description of
required technology deployment and scope of facilities (D5.2.1); necessary modifications of existing
infrastructure (D5.2.1); and modelling of the economic feasibility (D5.2.3).

Task 5.3 North-Rhine Westphalia

An assessment of possible CCU pathways in North-Rhine Westphalia, Germany, has also been
undertaken in Task 5.3. A database of over 110 CO, sources has been developed along with the
forecasting of DME demand until 2050. Modelling has been conducted to optimise DME plant location,
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CO, source selection and potential network development. This has allowed for an investigation into
the impact between developing a centralised on decentralised DME production facility. Major costs
have been identified and their impact investigated, e.g. the type of capture technology and electricity
supply requirements. Intermediate storage and the associated costs impacts have also been
assessed. Overall, the work in Task 5.3 was completed as planned and allowed for CO, and H, sources
to be identified and DME/OME demand to be reviewed (D5.3.1) and this has then allowed for CCU
pathways to be identified (D5.3.2). This work has been conducted in collaboration with WP4 and the
information collected from the demonstrator has been further developed.

Task 5.4 Grenland region

The design of a multi-user intermediate storage site in the Grenland region of Norway was investigated
in Task 5.4. Three sources are located in close proximity in this region (Norcem, Yara and EGE) and
ALIGN-CCUS has conducted a pre-feasibility investigation into the concept of a joint interim
CO, storage site in Hergya Industripark near Porsgrunn. The effect that different full-chain approaches
will have on the storage site design requirements have been assessed alongside a cost assessment of
the full CCS chain with an intermediate multi-user storage facility. The work in this task was delivered
as planned with the pre-feasibility design of an intermediate storage site (D5.4.1) and a follow-up
report on the impact of up and downstream variables and the economic impact (D5.4.2).

Task 5.5 Oltenia Region

Source and sink matching was conducted for the Oltenia Region in Romania as part of Task 5.5. As part
of this work major emitters in the region have been identified and data has been collected regarding
their annual CO, emission volumes. Alongside this, utilization and storage options in the region (both
on and offshore) have been reviewed. All this data allowed for an inventory to be produced, D5.5.1,
on the identification of sources and sinks. Following this initial source and sink identification CCUS
pathways were identified and potential transport options reviewed. This was then investigated in more
detail regarding potential transport links, with all options reviewed including by rail, road, pipeline and
ship in D5.5.2. All work was delivered as planned.

Tasks 5.1 to 5.5 focused on the six major industrial clusters and research was focused on making CCUS
developments at a national level. Outside of these clusters though, the learnings from this research
have a much wider benefit. Task 5.6 in ALIGN-CCUS was therefore intended to bring all these case
studies together and identify synergies between their findings. Following interviews with the
researchers involved with each of the Tasks 5.1 — 5.5, learnings have been developed regarding how
commercial models can be developed to support CCUS hub and cluster development. A toolkit for
action has been developed based on the overall learnings that can be taken for this hubs and
cluster research as a whole. This toolkit (D5.6.1) can be applied to any industrial region embarking on
a decarbonisation pathway. It is publicly available and designed to be used by governments and policy
developers. This work can help identify existing advantages as well as conditions and requirements
necessary to successfully provide access to the infrastructures and technologies required for successful
CCUs development. The learnings for hubs and cluster developments were also developed into an
easily digestible factsheet (D5.6.2) designed to be accessible to those with a less technical focus.

Overall, the work conducted in WP5 has been done in co-operation with all the other work packages
in ALIGN, where developments regarding capture, transport and storage has also been undertaken in
these WP5 cluster regions. These findings have been incorporated into the techno-economic modelling
and assessments produced for each on these industrial clusters providing conclusions based on the
most up to date data available. Although each of the industrial clusters has identified specific
development and research needs, they are all centred around developing full-chain CCUS projects and
have allowed for learnings to be defined relevant to all future CCUS hub and cluster developments.

WP6: Implementing CCUS in Society

The overall objectives of WP6 involved the reduction of non-technical risk for CCUS implementation
by:
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e Assessing public and stakeholder perception about CCUS, specifically towards industrial CCUS and
CO, utilisation projects (Tasks 6.1 and 6.3);

e Developing theory-based, evidence-based communication and compensation strategies that
instigate trust and have a positive effect on societal acceptance of CCUS (Tasks 6.2 and 6.3).

All WP6 deliverables and objectives have been successfully achieved incorporating additional linkages
and exchanges between the WP6 tasks, with WP0 and experts from other ALIGN-CCUS WPs, with input
from colleagues from other ACT/H2020 projects (e.g., ELEGANCY), as well as stakeholders from the
field. The additional interaction greatly improved the relevance and quality of the work conducted.

Overall, the WP6 results obtained provide insights in narratives and arguments used in the media,
relevant stakeholders and their perceptions, and determinants of public opinion — this will help in
making site selection decisions and developing effective public engagement strategies. Moreover, the
WP6 research provides a set of lessons and knowledge gaps for community engagement and
compensation in the context of CCS. These findings can provide a useful tool for researchers in this
field looking to close knowledge gaps as well as stakeholders (e.g., project developers; authorities;
community engagement managers) wanting to understand how to effectively make use of community
engagement and community compensation in the CCS context.

Task 6.1: Informed public opinion about industrial CCUS

Understanding public perceptions is important in de-risking commercial employment of CCUS. In Task
6.1 public opinion of industrial CCUS and relevant underlying explanatory variables have been
examined by means of an informed polling survey conducted among citizens in the UK and the
Netherlands (N = 1961). The information provided in the survey was drafted and revised by very helpful
feedback obtained through an expert consultation round with ALIGN-CCUS partners and external
experts.

The results of the survey show that citizens in the UK and the Netherlands have moderate awareness
and limited knowledge about industrial CCS. After receiving extensive information about the topic,
citizens’ opinions about industrial CCS on average were found to be neutral to slightly positive (see the
figure below). Awareness and knowledge were found to be somewhat higher in the UK than in the
Netherlands, and opinions about industrial CCS were found to be somewhat more positive in the UK
than in the Netherlands.

The study not only looked into opinions about industrial CCS, but also into which aspects and
associated outcomes of industrial CCS raise concerns or are valued by citizens, and how they affect
their opinion. The results of the survey show that citizens from both countries express concerns about
the safety of industrial CCS (the safety of onshore and offshore pipeline transport; the safety of
offshore storage). Given the negative perception of the safety outcomes of industrial CCS, alleviating
these concerns likely requires more intensive engagement between citizens and experts. For example,
this could involve co-creating monitoring systems and procedures together with citizens and other
stakeholders exposed to the (perceived) risks created by CCS infrastructure. Our findings further show
that citizens from both countries appreciate potential economic benefits of industrial CCS
implementation, and the impact on CO, emissions. These perceptions of environmental, safety and
economic outcomes of industrial CCS combined to an important extent predicted citizens’ opinion
about industrial CCS. Socio-demographic factors (e.g., age, gender, education) had relatively little
predictive value, by contrast, whereas opinions were significantly influenced by citizens’ trust levels in
industry and scientists. Our results show that citizens who have more trust in industry in the context
of industrial CCS, are more positive about industrial CCS. The results also how that citizens’ trust in
industry is not given and may need to be build.
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To what extent do you perceive the implementation of industrial CCS in the UK/The Netherlands
as positive or negative?

Very positive

Public opinion about industrial CCS implementation in the UK/The Netherlands (N = 1961).

Task 6.2: A fair distribution of costs and benefits: Designing effective engagement and compensation

strategies

Community engagement and community compensation are important instruments to build trust
relationships and foster public support for planned and future industrial CC(U)S projects. The main aim
of Task 6.2 was to identify and understand success factors and pitfalls in community engagement and
community compensation for CCS projects and to identify and close relevant knowledge gaps. We used

a three-step approach to reach this aim, using a mixed-methods approach.

As a first step, we conducted a desk-based review on compensation practices and guidelines for
subsurface activities, energy and infrastructure developments in EU and non-EU countries (among
which the Netherlands, UK, Germany, and Romania). This review resulted in four lessons and
knowledge gaps regarding the implementation of community compensation in the context of CCS,

summarized in the figure below.

Fit compensation with local needs
and concerns

Embed community compensétion
in wider public engagement
strategies

Leave room for negotiations when
institutionalizing community
compensation

Consider community compensation
for offshore CCS as well

Lessons on community compensation in the CCS context. Figure taken from Boomsma et al., 2020.

Step 2 was designed to close knowledge gaps coming out of the review in Step 1, to identify and
understand success factors and pitfalls in community engagement and community compensation, and
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to share and validate relevant findings with key stakeholders. To this end, we conducted 30 semi-
structured interviews with community engagement managers working on CCS projects (former or
current projects) and other relevant non-CCS projects in the Netherlands, the UK and Romania. A
follow-up workshop was held with the interviewees in the Netherlands to validate and share the
interview findings. The results of the interviews and workshop show that environmental engagement
managers have valuable expertise and experience when it comes to the implementation of local
projects. Related, the results also show that useful lessons can be learned from non-CCS projects when
designing engagement and compensation strategies in the context of CCS. The results from the Task
6.2 interviews and workshop further suggests that community engagement and compensation
preferences, views and practices as expressed by community engagement managers interviewed in
the Netherlands, the UK and Romania overlap to an important extent, but also that each project is
unique, and that country-specific and local contexts need to be considered.

Finally, Step 3 consisted of two experimental survey studies designed to close knowledge gaps and test
the effectiveness of different community compensation schemes in different European countries. The
first experimental survey study was conducted among citizens in the Netherlands, the second
experimental survey study was conducted among citizens in the Netherlands, the UK, and Romania.
The results of the experimental studies show substantial overlap in relative preferences for community
compensation measures among citizens in the Netherlands, the UK, and Romania, but also relevant
differences between countries when it comes to CCS acceptability and the evaluation of compensation
measures.

Task 6.3: Changing the conversation about CCUS in Europe

Task 6.3 consisted of two subtasks. Task 6.3.1 aimed at examining stakeholder perceptions of CCUS in
Europe, in particular in Germany and Romania: Task 6.3.2 focused on testing and developing new core
messages.

In Task 6.3.1 we examined stakeholder perceptions of CCUS in Germany and Romania. We did so by
means of desk research and 32 semi-structured interviews conducted in Germany and Romania. The
results show that in Germany, the stakeholders interviewed support CCU, especially for heavy
industries, but are negative towards CCS. In Romania, by contrast, the stakeholders interviewed
support both CCU and CCS, but CCS was considered more feasible and important for coal-fired power
plants. In both countries the stakeholder interviewed expressed concern about the high cost of
implementation of CCS and unclear political support. Stakeholders in both countries further indicated
that CCUS acceptance-building measures among the public are important.

In Task 6.3.2 we conducted a literature review, media analyses (in Germany, the Netherlands, and
Romania) and website analyses (in Germany, the Netherlands, the UK, and Romania) to identify current
and past conversation about CCUS in society. The results of the media and website analyses show that
coverage levels and type of discourse differ between the four countries. The results also show that
similar arguments are used for and against CCS. For example, proponents state that CCS is a sustainable
and proven technology, whereas opponents present CCS as not sustainable and unproven. This
potentially makes it difficult for the public to form an opinion about an already complex subject.
Further, results showed that CO; utilisation attracts little media coverage so far. With regard to the
creating and testing of new messages, based on the literature review and the media/website analysis
a focus group study among citizens in Romania was conducted, as well as a quantitative experimental
study on message framing (e.g., gain vs. loss framing) of industrial CCS among citizens in the UK.
Regarding the focus group study, the results showed that participants in the ‘industrial area focus
group’ considered both environmental and economic benefits (maintenance of industrial activity)
important, whereas participants in the ‘non-industrial area focus group’ considered environmental
benefits more important. In this study, we also tested four potential CCS messages, and found that
what was key for the focus group participants was that messages are clear, accessible, and appeal to
citizens’ personal interests.
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4. Project Impact
Project Impact of ALIGN-CCUS per country

The Netherlands
In the Netherlands the focus around CCUS is focussed on the Waste to Energy (W2E) sector and the
storage activities around the North Sea area.

The W2E sector is investing a lot into CO, capture. With AVR having the first full scale CO, capture
project running in Europe and Twence linking up with Aker Solutions to build a full-scale plant, the
sector is in the frontline of implementing CO, capture in Europe. Also HVC has a capture pilot plant
and is looking at scaling up. Many others have expressed their interest in capturing CO,. In the
Netherlands there is quite a unique situation that the greenhouses have a demand for CO; to increase
plant growth. Multiple projects are supplying CO; to the greenhouses which prevents that greenhouses
make their own CO; by burning fossil fuels. TNO and other Dutch companies are involved in multiple
projects to support the activities and to accelerate the implementation. Knowledge is shared in
workshops, where the sector exchange results and openly discusses issues. This knowledge sharing is
supported by RVO (the Dutch Enterprise Agency). In the work performed the knowledge gained in
ALIGN-CCUS is used and further developed.

Also, for CO; storage there are projects being developed in the Netherlands. The two most important
being: Porthos (https://www.porthosco2.nl/) and Athos (https://www. athosccus.nl). Porthos is
preparing a project to transport CO, from industry in the Port of Rotterdam and store this in empty
gas fields beneath the North Sea. Porthos stands for Port of Rotterdam CO, Transport Hub and
Offshore Storage. The Athos project aims to develop a public CO,-distribution network in the North
Sea Canal area, enabling the capture and transport of CO,, for usage or to be stored in empty gas fields
under the North Sea.

Athos is an abbreviation for Amsterdam-lJmuiden CO; Transport Hub & Offshore Storage. Companies
in the respective clusters can use the network to store their captured CO,.

In ALIGN-CCUS important work was done to support the development of these two projects. Recently,
the European Commission has nominated Porthos and Athos for a subsidy of respectively 102 and
about 15 million euro for further development.

The Dutch initiative VOLTACHEM (https://www.voltachem.com/) is developing technologies to utilise
CO; for the production of renewable fuels and chemicals like formic acid. A consortium lead by TNO
has recently won a H2020 project named TAKE OFF, with the aim to develop synthetic fuels for the
aviation industry. Some of the project partners now active in WP4 of ALIGN-CCUS have an important
role in that project.

Norway

The Norwegian partners have been involved in all WPs except for WP4, which is symptomatic for the
focus in Norway being more towards CCS than CCU solutions. However, it may change in the future as
utilization may become an alternative or combined with storage to make it more attractive for
economic reasons. Nevertheless, the work has been very important in many respects and will hopefully
get a longer-term impact through near term utilisation of the results. For the research institutes from
Norway the knowledge gained in dynamic operation and online measurements (WP1) is mostly taken
further in follow up projects like LAUNCH (ACT), NCCS and REALISE (H2020) as well as in a new project
initiative aimed at being funded by ACT3 (lead by SINTEF). Important lessons learned were in the CO;
transport (WP2). The findings have been further followed up through the CO2LOS Il project ending in
2020, and to be taken further in a CO2LOS Il project that is under preparation. The results have also
been used as input for an ACT3 application with TNO as lead. Regarding Storage, the Norwegian
partners in ALIGN-CCUS have outlined and discussed possibilities for a large CO; storage hub in the
region around the Northern Lights storage site. This Horda Platform CO; storage hub could likely serve
a significant fraction of the storage needs for Scandinavia and Northern Europe. The concept is already
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being further developed in ongoing work in NCCS. Acquired knowledge from the ALIGN-CCUS project
has already been used in the ACT2 REX-CO2 project and a proposal with wide industry support, recently
submitted to the ACT3 call. For the Longship project, the approach taken in ALIGN-CCUS has proven
useful. Locally the cluster, in cooperation with SINTEF, is developing a project application to CLIMIT for
how to capture and transport all the CO; in the region from a common hub. The tool Bellona has
developed in ALIGN_CCUS to follow when evaluating individual pathways to deploying CCUS is
expected to play an important part in Bellona’s future engagement on developing CCU and CCS
projects across Europe. A first instance for application is likely to be the ‘Building momentum for the
long-term CCS deployment in the CEE region’ project, financed through the EEA Norway Grants. Also,
the research conducted in WP6 has provided valuable information about the perceived role and
necessity for CCUS. As such, it will provide valuable background for the development of the messaging
intended for those same stakeholders in the future. For IFE the ALIGN-CCUS findings initiated more
testing in the KDC Ill project and are presently used in the design and construction of a new ECCSEL
infrastructure for testing, amongst other, ship transport conditions. For TCM the knowledge and
competence gained through ALIGN-CCUS is the cornerstone in their advisory activities. Building on the
knowledge gained from the ALIGN-CCUS project, TCM aims to test different flue gas sources and under
operating conditions that are of value for the industry in order to reach their climate goals. Some
projects have already performed specific tests at TCM to answer industry specific questions. The USN
Raman solvent monitoring tool was demonstrated for 540 operating hours at pilot scale operation
conducted by the Pilot-scale Advanced CO, Capture Technology (PACT) facilities, UK, in ALIGN-CCUS.
The USN Raman tool was upgraded for determination of CO; loading, amine strength and monitoring
of oxidative degradation products (heat stable salts). This upgrade was successful despite the rapid
and progressive solvent colour change of MEA (from transparent to dark brown). Both NORCEM and
Yara will utilize the results from ALIGN-CCUS in further work with CCS and a hub in Grenland for
collecting captured CO; from many of the industrial plants in the Grenland area may be realized
through future projects.

Germany

Especially the demonstration of the technical feasibility of the full CCU chain and the results of ALIGN-
CCUS attracted a lot of attention at German stakeholders. Especially the delivered facts about the
potential of synthetic fuels - which are produced from CO; - for climate protection, emission reduction,
long-term energy storage and security of supply contributed to the public discussion about the
transformation of the energy supply system in Germany. The project was successfully presented in
meetings with representatives of (inter alia) the Federal Ministry for Economic Affairs and Energy, the
Ministry for Economic Affairs, Innovation, Digitalisation and Energy of North-Rhine-Westphalia and the
Energy Agency of North-Rhine Westphalia.

The industrial partners of ALIGN-CCUS are strongly involved in further projects on Power-to-X
technologies and in the field of synthetic fuels. ALIGN-CCUS has contributed valuable input for future
projects targeting commercial large-scale applications, but also projects aiming to advance the
technology by using the lessons-learned in ALIGN-CCUS. All partners are involved in follow up-projects
of ALIGN-CCUS, like the EU-funded project TAKE-OFF on jet fuel production (using the ALIGN-CCUS
demonstrator) and national funded projects on the use of the synthetic fuel DME in fuel blends
(DMEplusX) and concept studies for large-scale Power-to-X plants.

United Kingdom

There has been marked increase in recognition and need for CCS to reduce process emissions from
industry and for domestic and commercial heating by large-scale reformation of hydrogen and CCS in
the UK during the ALIGN-CCUS project. ALIGN-CCUS proposed research, based on emerging concepts
and published strategies, has become of increasing relevance and interest with announcement of a
net-zero emissions strategy and government support for decarbonisation of industrial clusters in 2018.
Two of the five UK clusters, Teesside and Grangemouth, identified for industrial decarbonisation were
investigated in ALIGN-CCUS to reduce the cost of CO; transport and storage and assess a public-private
business case, including sharing of risks and liabilities. The research in ALIGN-CCUS has stayed very
closely in-step with UK emissions reduction ambitions, including incorporation of plans for CO, storage
by the Net Zero Teesside Project via TVCA and the H21 North of England Project from Equinor. Project
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results have been presented, at stakeholder request, to the Climate Change Committee and Qil and
Gas Authority.

The Storage Readiness Levels terminology is already in informal use, as noted at the CO; storage
plenary presentation by industry at the Mission Innovation meeting June 2019 in Trondheim. A journal
paper presented from the finalised ALIGN-CCUS deliverable was submitted to International Journal of
Greenhouse Gas Control. Revision of the submission in response to reviewer’s comments is
approaching completion. An abstract on the finalised SRLs framework was submitted and accepted for
oral presentation at the GHGT-15 conference in March 2021.

Early research findings on the investigation of the suitability of offshore infrastructure, development
of a methodology for screening for use and recommendations on data types and availability were
submitted to Oil and Gas Authority in September 2019. There has been stakeholder interest from
industry (Net Zero Teesside) and regulator (The Crown Estate) in the modelling of ‘next stores’ for the
UK ALIGN-CCUS clusters, and further strategic modelling to assess CO, storage for the Teesside and
Humberside industrial clusters included in research proposals. During confidential discussions an
industry contributor noted their future intentions for multisite storage beyond current plans would be
accelerated and cost reduced by research based on the ALIGN-CCUS selection, appraisal and simulation
of CO; injection. Equinor joined the ALIGN-CCUS project as a supporting partner in 2019 specifically to
contribute to and access the findings of the CO, storage assessment for Teesside to inform their work
for H21 North of England.

Emerging findings from the business case and sharing of risks and liabilities considered in the ALIGN-
CCUS UK case studies were submitted to BEIS in their consultation on CCUS business models in
September 2019. The finalised results have been of interest and presented to industry, National Grid,
and presented to the Cabinet Office in 2020.

Romania

In Romania, the use component in the CCUS chain is less present in the discourse of stakeholders, since
the variants of projects considered so far relied on onshore storage. Further, the engagement of
stakeholders in potential CCUS projects is modest, due to the fact that the decision factors are not
perceived as making a priority from the CCUS development. Moreover, the main challenge identified
by stakeholders referred to the important funds needed for the implementation of CCUS projects,
funds that could not be provided by the industrial units. Therefore, even if the greatest part of
stakeholders (among the 17 stakeholders interviewed in WP6) expressed their positive opinion and
support for CCUS, they also mentioned that they are sceptical with regard to the future perspectives
of CCUS in Romania.

However, the experimental survey findings among citizens in Romania proved that the Romanian
respondents presented a higher level of acceptability for CCUS implementation in comparison with the
respondents from other countries. Also, the focus group results showed that the implementation of
CCUS projects could be accepted by publics if clear and honest information is delivered in a proactive
manner.
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Update of impact table from the proposal on project impact

The expected results and foreseen impacts of ALIGN-CCUS are presented per WP in the table below:

of’
and
of

Complete characterisation
aerosol-based  emission
demonstration
countermeasures at TRL 6/7

Validation of the performance
of proposed countermeasures
for aerosols at industrial scale

Characterisation:

While there are still some gaps, this
has been achieved. NTNU’s model
gives reasonable prediction of aerosol-
based emissions, meaning the
mechanisms of growth are well
described. The countermeasures are
well described.

Demonstration:

Here we also have some gaps. The
tests performed at RWE were too
short to have conclusive, irrefutable
proof of the efficiency. But the
demonstrations and validation of
reduction in emissions and number of
particles were achieved.

Ensuring solvent consumption
below 0.3kg amine/ton capture
at TRL6

WP1. Capture

OPEX reduction
compared  with  published
solvent  consumption and
reduction of waste streams

Significant

For both tested solvents unique long-
term operation >12,000 h was
demonstrated. Without any
countermeasures, the solvent
consumption is slightly higher (0.45 kg
for CESAR1 and around 0.4 kg for
MEA), but with efficient emission and
degradation countermeasures it s
demonstrated that these numbers can
be reduced without drastically
increasing the capture costs.

Guidelines for reliable and cost-
efficient operation at varying
feed conditions and CO; product
requirements

Improved CO, capture plant
design for flexible operation and
niche applications.

We have achieved this. We have
looked into amine and ammonia
emissions. The cost-efficiency s
evidenced in D1.4.3. Also, the effect of
dynamics on solvent emissions and the
possible adaption of countermeasures
is done.

Adaptation of countermeasures does
not seem to be needed.

Derive cost estimates and
benchmarks for CO; shipping and
offshore unloading with reduced
uncertainty

WP2. Transport

Improved understanding of the
business case for shipping and
direct injection

Techno-economic analyses showed
that for all the studied configurations
the low-pressure option has slightly
lower cost than the medium pressure
option. For the Norwegian North Sea
example injection from ship was shown
to be the least cost option, followed by
injection from offshore pipeline while
FPSO options showed the highest cost.

Quantification of the impacts of
batch-wise injection on the
integrity of the storage system

Allow operational guidelines to
be developed for batch-wise
injection

Batchwise injection of cold CO, can
give rise to thermal contraction of well
materials, hydraulic fracturing of
caprock and precipitation of salt.

ACT —www.act-ccs.eu

NjCCus

=
L
(=]

26




Modelling has produced a basis for
identifying key performance indicators
for safe and efficient injection
conditions.

CO, specifications expected from
pilot-scale post-combustion
capture systems are evaluated in
dense-phase CO; corrosion lab

Allow the identification of an
optimum  balance between
stream composition and
transport infrastructure needs

Lab experiments and interaction
between work packages in ALIGN-
CCUS has produced "acceptable" CO,
specifications and pointed to the
capture end of the chain as being the
critical part regarding CO; quality.

A real-options multi-period CCS
network optimisation model
including capture from power
and industry, energy storage and
conversion is developed

Improved cost-benefit analysis
capabilities for planning full-
chain CCUS projects and CCUS
clusters

The real-options model considers
pipeline infrastructure in combination
with ships and lorries and
accommodate intermittency in CO;
supply and integration of small
sources. The model is in fact an
investment decision framework
supporting larger flexibility and cost
efficiency in the capture, transport
and storage networks.

Provide a classification
framework for storage readiness
levels benchmarked against
existing storage sites

Increased investor confidence in
timeframe and resource needs
for follow-on storage
development.

Application of the classification
framework  highlights  sites at
contingent storage resource and

permitted/permit ready sites in the UK
(4), The Netherlands (3) & Norwegian
(3) North Sea. The experience of site
investigation and permitting illustrates
to stakeholders and investors the
range of costs and timescale for
appraisal and permitting of a storage
site. In practise, the duration is
somewhat shorter (<2 to 4 months)
than published estimates (2 to 6 years).

A portfolio of selected storage
sites in the UK, Netherlands and
Norway to provide certainty on
storage for ALIGN-CCUS clusters

WP3. Storage

Enables FIDs on transport and
storage infrastructure and
supporting development plans
for storage roll-out.

Profiles for CO; supplied in the coming
decades from the ALIGN-CCUS industry
clusters in the UK, the Netherlands and
Norway, illustrate European need for
gigatonne-scale storage in the North
Sea. The options selected and
appraised for the four ALIGN-CCUS
North Sea clusters are all sufficient to
store captured CO; at rate of tens of
millions of tonnes per year.

An asset register of existing North
Sea oil and gas infrastructure and
assessments of their suitability
for re-use for CCUS projects

decommissioning
regulation for
and injection

Supports
policy and
transport
infrastructure.

A methodology developed in ALIGN-
CCUS has been applied to identify
infrastructure suitable for re-use of
hydrocarbon field stores for Rotterdam
and saline formations for the Teesside,
Grangemouth and Grenland clusters.
Technical methods have been defined
to address and manage temperature
and pressure constraints associated
with re-use of low-pressure depleted
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gas fields. Three legislative scenarios
have been identified to enable
infrastructure re-use. An interim entity
or ‘operator of last resort’ is proposed
to maintain selected infrastructure
until needed for CO, storage.

Demonstration of the full

CCS/CCU chain

Proven feasibility and viability
of a utilisation chain, increases
public awareness and
acceptance of CCS/CCU as a
climate protection technology

The worldwide first demonstration of a
full CCU chain and the use of the CCU
product DME for peak-power
production and OME in a personal car
attracted a lot of international
attention. A blueprint was provided for
carbon re-use and sector coupling as
an element of large-scale energy
storage with high energy density by
converting CO; into fuels.

Understand the additional multi-
sector benefits of establishing a
CCUS chain producing low-
emission transportation fuels

WPA4. Re-use

Quantifies the potential socio-
economic effects of CCS/CCU
beyond climate protection by
intelligent coupling of the
sectors energy, industry and
transport.

The techno-economic analysis in
ALING-CCUS showed the cost
competitiveness of CCU products like
DME or methanol in the energy and
transport sector with other climate
protection measures taking into
consideration tax exemptions and
subsidies for these technologies. It
was shown that CCU fuels would allow
an evolutive transformation of the
existing supply systems and traffic by
using the available infrastructure
instead of an expensive disruptive
approach.

Techno-economic
of the CCU
technology

optimisation
demonstrator

Enhances the chance for
accelerated implementation of
CCU due to better economic
performance.

The high potential to further optimise
the demonstrated technology
manifests in two patent application
(synthesis  optimisation by CO
enhancement in the feed gas by
multifunctional sorbents for the
adsorptive removal of water from the
processed gas; advanced integration
concept of DME-fuelled back-up power
production by CO; recycling and waste
heat utilisation).

Quantify the environmental
performance of a full CCUS chain
using data derived from actual
operation

Makes the advantages of CCUS
transparent in comparison with
other competing climate
protection technologies.

The “cradle to grave” Life Cycle
Assessment showed that the use of
CCU products like DME and methanol
which are produced from captured CO;
is competitive with other climate
protection measures regarding the
Global Warming Potential as long as
hydrogen with a low CO; footprint is
used (e.g. from electrolysis with wind
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power). Additionally, it was
demonstrated that the use of DME or
OME as fuels for combustion engines
could significantly reduce the local
emissions of soot, sulphur and NOx in
the traffic and energy sector.

Provide a set of actionable
development plans for targeted
CCUS activities in 6 key industrial
clusters across the EU

Supports national and regional
governments in decision-
making for industrial
decarbonisation strategies

All 6 industrial clusters have provided
development plans, or highlighted key
areas for future development as part of
numerous deliverables. All the clusters

g are at various stages of deployment
§ but the work conducted will help local
S governments develop well-informed
-g plans for CCUS cluster deployment.
é Develop commercial models for| Greater clarity on the expected| Task 5.6 has synthesised the work
£ |embryonic CO, cluster| investment requirements and| conducted in WP5 to provide clarity on
2’ infrastructure using results from| benefits for public and private| cluster development methodologies
= |pilot-testing and optimisation| actors and future requirements to form
modelling completed in ALIGN investment strategies. A decision
support tool is now publicly available
to support decision makers on cluster
development options.
Understanding of public and Provides tools for making site | - Insight in (underlying factors of)
stakeholder perception selection decisions and public perception of industrial CCS in
concerning CCUS projects in developing effective the UK, the NL and Romania through
industrial applications, including | consultation and (informed) survey studies.
CO,, utilisation communication strategies - Insight in (determinants of)
stakeholder perception of CCUS in
Germany and Romania through desk
research and stakeholder interviews.
Evidence-based insight in best The identified success factors Theory-based, evidence-based insight
practices regarding the use of and pitfalls support project in best practices and pitfalls regarding
compensation schemes for CCUS | developers and national community engagement and
projects governments in designing compensation: based on an academic
ey effective compensation and policy review; interviews
'§ strategies conducted with community
n engagement managers in the UK, NL,
-4 and Romania; a workshop held in the
S Netherlands; and experimental survey

studies conducted among citizens in
the UK, NL and Romania.

Development and testing of new
communication materials for
CCUs

Provides strategic elements for
a dialogue with society about
the need and necessity of CCUS

A literature review, media analyses
and website analyses provided insight
in past and present positioning of
CCUS in Germany, the UK, the NL and
Romania. Focus groups conducted in
Romania and an experimental survey
study conducted in the UK tested
specific elements in CCUS
communication among citizens,
providing relevant insights in the
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effectiveness of specific (new)
messages in the context of CCUS.

Gender equality in ALIGN-CCUS

Accelerating the commercialisation of CCUS is not gender sensitive. Nevertheless, the project, the
consortium and the participants’ organisations were committed to the promotion of equal
opportunities between men and women. In ALIGN-CCUS, the leadership of the R&D work packages
was balanced 50/50 between male and female project participants. WP1 (Hanne Kvamsdal), WP3
(Maxine Akhurst) and WP6 (Emma ter Mors) were led by female experts. The Work Package lead from
WPS5 has been taken over by a female expert (Lydia) in the last year of the project. In WP2, part of the
coordination has been picked up by a female expert (Ragnhild Skagestad). In meetings one third of the
participants were female experts.
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5. Collaboration

Cooperation within ERA-NET ACT

CCS Social Science Network

During the early knowledge exchanged meetings of the first round of ERA-NET ACT projects, it was
identified that all first-round projects have objectives with regards to social science and public
perception. Members of WP6 of ALIGN-CCUS identified scope for collaboration and coordination of
efforts, and the sharing of expertise, and thus initiated a quarterly teleconference between the
projects. By now, 13+ ACT/H2020 projects (e.g. ALIGN-CCUS, ACORN, ELEGANCY, ECO-BASE, ENOS,
STRATEGY-CCUS, PerCCSeptions, GENESIS, DIGIMON, C4U, REX-CO,) take participate in these calls, and
the Network has almost 70 members. A shared online environment has been established to allow
sharing of information between projects.

Cooperation with other ERA-NET ACT projects in the other Work Packages
Exchange of information is encouraged for all Work Packages. More specific, for WP3 there is
cooperation with ACORN, PreACT and ELEGANCY en in WP5 also with ELEGANCY.

European Trans-national collaboration on CCUS

A global rate of decarbonisation, consistent with the Intended Nationally Determined Contributions
(INDCs) of the 2015 Paris agreement will require rapid acceleration of greenhouse gas (GHG) mitigation
efforts post 2020 to retain warming to 2°C.2 The INDC submitted by the EU committed to a binding
target of at least a 40% reduction of GHG emissions by 2030, compared to 1990 levels.? This will require
the deep decarbonisation of not only electricity supply but residential heating, industrial heating and
process emissions, all areas where CCUS is anticipated to have a significant mitigation role.

INDUSTRIAL CLUSTERS

h GRENLAND (NO)

h ‘GRANGEMOUTH (UK)

u TEESSIDE (UK)

It roTrERDAM (L)
u NORTH RHINE-WESTPHALIA (DE)

OLTENIA
REGION (RO)
Industrial clusters covered in the ALIGN-CCUS project

CO; emissions are not limited by countries borders and it is evident that international collaboration is
essential to meet the goals mentioned above. In ALIGN-CCUS, the focus was to work on the individual
chain elements and to provide actionable decarbonisation blue prints in six industrial regions across
five EU countries (see figure above) in which CCUS enables low-emission industries, through geological
storage or through utilization of CO,.

Now ALIGN-CCUS is coming to it’s end we see a big increase in activity in the various specified regions:
Grangemouth and Teesside have advanced plans for decarbonisation of their regions. The important
Longship project in Norway has been granted. In the Netherlands Phortos and Athos are under
development and have received significant funding from Europe. In Germany there is a boost in

2 Rogelj, Joeri, et al., 2016. Paris Agreement climate proposals need a boost to keep warming well below 2 C. Nature,
534(7609), pp.631-639.

3 European Commission, 2015. Intended Nationally Determined Contribution of the EU and its Member States. Please see
here.
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research on CO; utilisation. Although still on a lower TRL level, there are many projects defined. The
H2020 project TAKE OFFF has quite some partners that were also active in ALIGN-CCUS. In Romania,
there is still work to be done to further accelerate the implementation of CCUS, but important steps
are made and the knowledge developed in ALIGN-CCUS is available to support implementation.
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6. Dissemination activities

TNO and experts from the Scottish Carbon Capture & Storage (SCCS) teamed up in delivering the
dissemination activities from ALIGN-CCUS. One of the first actions was to establish the brand ALIGN-
CCUS in the CCUS community. This was done by setting up an advanced website and using social media
like LinkedIn, Twitter. ALIGN-CCUS also has its own YouTube channel.

Besides keeping track of the dissemination activities like papers and conference presentations,
publication was also actively pursued by encouraging people from the consortium to write blogs for
the website. Also, several movies have been made to promote ALIGN-CCUS.

Approach

Effective communication and dissemination (C&D) were cornerstones of ALIGN-CCUS, with activities
and processes defined at the outset that allowed for flexibility and creativity throughout the project.
With the project now completed, the C&D record shows that ambitions were realised which,
additionally, set a benchmark for future projects. In some instances, the WP0O team took an
experimental approach. This proved invaluable when the COVID-19 crisis prevented public events,
which meant that final dissemination activities had to be reconfigured for a wholly digital arena. An
outstanding feature of the project’s C&D work was exemplary cooperation among the project partners,
borne out by a proactive approach to supporting the WP0 team and a willingness to share and develop
ideas to their conclusion.

Website & newsletters
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ALIGN-CCUS website

Oct 2017 - Oct 2020 ALIGHN (o

New users  Sessions Page views

& o 0 I B

Popular pages

. Home page

. About the project

. Project partners
Project outputs

. News feed

. Events feed

-
-
=1

UL WNE

Traffic: direct, organic searches, referrals and social media

Website attention

A dedicated website — www.alignccus.eu — was developed and delivered by SCCS, with unique project
branding and graphics created by the project lead, TNO. The website went live at the start of the
project and remained a focal point throughout the project for news and other developments, events,
project and partner information, funding details and social media links. In three years, over 42,000 new
users visited the site for more than 45,000 sessions. There were also more than 73,000 individual page
views by visitors from the project’s five target regions as well as Japan, the US, France, Italy and Spain.
The site now serves as an accessible repository with search functionality for all research outputs, and
a legacy for the project.
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There were a total of 17 news/feature stories, including:

. Building public support for CCS with community compensation (October 2020):
http://alignccus.eu/news/building-public-support-ccs-community-compensation

. Getting to grips with CO; transport for offshore storage (March 2019):
http://alignccus.eu/news/getting-grips-co2-transport-offshore-storage

. Capture milestone boosts CO,-to-fuel research goal (February 2018):

http://alignccus.eu/news/capture-milestone-boosts-co2-fuel-research-goal

There were a total of 5 blogs, including:

. Passing the ‘relay baton’: findings from our focus on CO; storage sites (May 2019):
http://alignccus.eu/news/blog-passing-%E2%80%98relay-baton%E2%80%99-findings-our-
focus-co2-storage-sites

. Why do public responses to CCUS matter if CO; is stored offshore? (August 2018):
http://alignccus.eu/news/blog-why-do-public-responses-ccus-matter-if-co2-stored-offshore

Newsletters
Branded e-newsletters were created using Mailchimp and circulated to around 230 subscribers
(gathered via website sign-up) every six months. A total of six newsletters were issued, which played
a key role in keeping interested parties up to date with project developments and knowledge sharing
events, such as webinars. The newsletter archive can be found here: http://alignccus.eu/news/past-
newsletters

Social media

Twitter (@alignccus) and LinkedIn (@ALIGN-CCUS) were key for attracting and building interest in
ALIGN-CCUS through sharing videos, news, research results and other media/material (see Project
Quarterly reports for greater detail). Both played a strong role in promoting events. They also enabled
“conversations” within wider networks and forums, particularly during partners’ attendance at high-
profile events, such as the GHGT conference series.

Twitter: an example

The number of followers increased steadily over three years to 456 followers. These included NGOs,
policymakers, research institutes and agencies, individual researchers, industry and other companies,
media outlets and EU and other CCUS projects. The Twitter channel averaged between 4000 and 5000
impressions (the number of times a tweet is seen) each month, with spikes in interest relating to
specific activities. For example, in August 2018, two web features (Expert interview: Could legal issues
prevent North sea oil & gas infrastructure being reused for CO; storage? and BLOG: Why do public
responses to CCUS matter if CO; is stored offshore?) resulted in a total of 15,300 tweet impressions.

ALIGNwiki

The ALIGNwiki site — https://wiki.alignccus.eu/ — developed by TNO, was launched in March 2020,
providing user-friendly access to project objectives and outputs for a non-expert audience. The Wiki
helped to deliver one of the key objectives of project C&D, that is, to disseminate findings and explain
CCUS in engaging ways that allow the public to understand and assess their broader significance.
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Project briefing

Produced at the start of the project, this full-colour, double-sided brochure provided a summary of

the project’s objectives and research focus, with details about each of the regions being studied. The
document could be printed or used in PDF format and proved useful for partners attending
conferences and other events, to help them quickly explain and promote the project and their role. It

also served as a point of reference.

www.alignecus.eu

The intarmational ALIGN-CCUS projact unitas sclance and
industry in the shared goal of transforming Eunopea’s industrial
regions into economically robust, low-carbon centras by
2025,

Owr partnarship of 31 research institutes and industrial
companias from five countries has secured European and
national funding for carrying out Interlinking areas of research
into capturing, utilising and permanantly storing carkbon
dioxide (CO,).

By axploring spacific issues faced by industry, we aim to
support the quick and cost-effective deployment of carbon
captune, utilization and storage (CCUS), enabling Europe's
industrial and power sectors to become part of a low-carbon
future while remaining economically viable,

through CO, geclogical storage and CO, utilisation.

on securing storage permits and planning future capacity.

North Rhine-Westphalia, Germany

Garmany's most populated state s a focal point for industry
and anergy production, including many marutaciuring
incustrias and lignite-fired power plants. We wil evaluate
carbon capture and utilisation as a means of tacking GO,
EMiSsions acrass the regian.

Rotterdam, the Netherlands

Rottardarm Part has five large refinerias, production plants for
hydrogan, industrial gases and chemicals, fossi fuel power
genaration and waste incineration. Our ressarch will suppart
plars for a *hub” for decarmaonising natural gas together with
affshare GOy slorage.

Grenland, Norway

Morcern's cament plant and Yara's ammenia plant are the
region’s largest GOy sources. Togather with EGE's waste
incineration plant in Oslo, they have been identified as ideal
for CCUS. Our project will provide plars for an CO, surface
storage facility.

A low-carbon transformation

Thie combinad results of our resaarch will be used to provide five industrial regions in Eurcpa
with blueprints to support and accelerate the delivery of low-emission industry clusters

Thie project will also provide a portfolio of storage options for each clustar, along with advice

Teesside, United Kingdom

Our three-yaar project, which draws on considerabila
axpertiza from the project's partners, will focus on:

= Optirmising and reducing the costs of CO, capturs technoiogy
= Flanning large-scale GO, transpaon

= Praviding sufficiant and safe offshore CO, storage

= Devaloping the use of GO, in enargy storags and conversion
= Supparting the social acceptance of CCUS

The project’s technical reseanch will maka wse of existing pilot
and demanstration projects, which are in various phases of
davelopmant. It will also focus on real-ife industrial clusters,
where companies have already identified COUS as a key
technology for reducing the emnvironmental footprint of their
oparations.

Oltenia, Romania

The bluaprint for this region will idantify the most feasible GO,
transport routes for future captured CO, from Oftenia’s industrial
clustar, and wil investigate suitable storage optians, including
tha use of OOy in enhanced ol recovery.

Grangemouth, United Kingdom

The fecus of ths clustar is a refinary complax for chamical
products and Scotland's only crude oil rfinery. It is the
proposed sita for Summit Power's Caledonia Clean Enengy

Project. We will identity possibla cost reductions through
shared infrastructure and optimised CO,, ransport and starage.

The Tees Valay is one of the UK's mest densaly clustared
sites of manufacturing industias, Fulure plans includa “claan
hydrogen” praduction using GO, capture and storage. Our
pregact will build on previous studies 1o identity cost reductions
thraugh shared transpart and storage infrastructure.

Download here: https://www.alighccus.eu/sites/default/files/Align-Leaflet-v3.pdf
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Videos

WP :
The 'black gold’ discovered and extracted from the rich and plentiful
oil reserves deep under the North Sea brought unimagined prosperity |
r S o,

e W &
5 =

A range of videos has been produced by the WP0O team and other project partners. These include
behind-the scenes visits to research facilities, a public engagement video on CO, storage and a time-
lapse video of RWE Niederaussem’s synthesiser unit taking shape. There is also a set of interviews with
partners and other experts at the GHGT-15 conference. The final dissemination event in October 2020
featured short videos showcasing the work of researchers in each work package (see Final
dissemination, below). The event kicked off with the first of two films, How industry responds to climate
change, and the role of CCS - An introduction, produced for WP6 by the film company MediaVoodoo.
The powerful narratives and imagery of these films have a relevance and use well beyond the
conclusion of ALIGN-CCUS.

All videos can be found on the project’s YouTube channel:
https://www.youtube.com/channel/UCEKgcldb7UghBJzIWI8Sadg/videos

Webinars

A total of seven knowledge exchange webinars have been held, chaired by project coordinator Peter
van Os and delivered by SCCS with the involvement of each work package team. The webinars, which
had good registration and attendance, featured WPs 1, 2, 3, 4 and 6 plus an additional pre-recorded
talk on offshore infrastructure reuse options. Post-event surveys have yielded good reviews. Webinars
have been recorded so, in addition to around 400 stakeholders joining the live events, more than 300
people have watched afterwards. Live polls and live Q&A panels ensured audience participation. All
webinar recordings, programmes and presenter details can be found on the Events feed:
http://alignccus.eu/events

Workshops, presentations & papers

ALIGN-CCUS researchers have taken part in and co-organised a variety of conferences, workshops and
online events. They have delivered around 70 oral presentations and 20 posters, and written more
than 50 papers (published or in preparation). There is a full list of these activities, including descriptions
and events further in the report.

Final dissemination event

Work package completion dates were pushed back due to the Covid-19 crisis and associated lockdowns
across Europe. As a result, the final knowledge sharing event, CCUS ALIGNED Equipping industry for
low-carbon success, scheduled for July was held during two half-day online sessions on 28-29 October
2020. This was a very successful event and the learning from this experience will be of value to future
projects. Full programme, materials and recordings: http://alignccus.eu/events/ccus-aligned-
equipping-industry-low-carbon-success
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The online event, delivered using the Zoom platform, used a novel format featuring:

. short “insight” videos of work package researchers and their focus;

. live presentations of project results by WP leads, using specially developed project
infographics;

. Q&A sessions;

. Meet the Experts sessions for each WP allowing a deep dive into results, discussion among

WP team members and an extensive Q&A with webinar attendees.

Day One was aimed at non-technical stakeholders while Day Two was more suited to an expert
audience. Collectively, the event attracted representatives from industry and business (including oil
and gas sector, manufacturing and refineries), regional large-scale CCUS projects, government
departments and agencies, including funders, academia and research agencies, and CCUS
consultancies.

Project infographics
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Ahead of the final event, a graphic designer was commissioned to create a set of infographics, one for
each work package. These comprised up to four individual infographics per work package, which could
be displayed as a single poster or as individual infographics, for example, for PowerPoint presentations.
The aim was to summarise the main research findings in a clear and appealing way, accessible to non-
specialist audiences. Given the nature of the research, the infographic format was valuable in that
maps, diagrams and other graphics could be combined with text, thereby explaining the findings more
fully and with greater impact.

They proved a useful tool: the outputs were used during the presentations at the final event, on the
project website and in social media. The process of creating them was also valuable in helping
researchers distil their findings — highlighting the key messages and outcomes — and prepare for their
public presentations. The full set of project infographics can be found in the appendix.

Dissemination and scientific conferences and events
Members of ALIGN-CCUS have been actively disseminating at scientific conference across the world,

in addition to relevant events and webinars. A record of dissemination activities has been made and
can be seen below (more than 145 instances).
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ALIGN-CCUS dissemination activities since project start

What | Where When Who Description
GCCSI CCS Hubs and Clusters Forum, . . L .
0 Rotterdam, Netherlands 26-10-2017 BGS ALIGN-CCUS project table, dissemination and project flyers
Forschungsnetzwerk Energie
PR Working Group 2 C‘O'Z-Technologles c.)f the . 08-11-2017 RWE Facts about the ALIGN-CCUS project, main focus on work in WP4.
German Federal Ministry of Economic Affairs
and Energyz, Berlin
0] CATO, Utrecht, Netherlands 23-11-2017 TNO General ALIGN-CCUS presentation at CATO day
Web 30-11-2017 PMT Accelerating low-carbon industrial growth through CCUS
PR 1-12-2017 ALIGN-CCUS NL, NO, UK, DE, RO
0] CSLF, Abu Dhabi, United Arab Emirates 3-12-2017 GeoEcomar General ALIGN-CCUS presentation
0 EERA-CCS, Brussels Belgium 14-12-2017 TNO General ALIGN-CCUS presentation
0] ZEP, Brussels, Belgium 22-2-2018 TNO General ALIGN-CCUS presentation
Po UK CCS RC conference, Cambridge, UK 26-03-2018 BGS ALIC.iN-CCUS project and collaboration between UK ERA-Net ACT
projects
. UEDIN . .
Po UK CCS RC conference, Cambridge, UK 26-3-2018 The role of ‘place attachment’ in CCUS acceptance
| 28-3-2018 £7 Julich AL.IGN-CCUS |nnovat|0|.'1: can methanol-based synthetic fuels
drive an energy revolution?
ERA-Net ACT projects and ALIGN-CCUS Accelerating Low-Carbon
0 All Energy, Glasgow 02-05-2018 BGS Growth through CCUS
B 14-5-2018 BGS Pooling European learning and expertise to protect our
atmosphere
Web 5.6.2018 WP4 Team CCus a.s an element for large-scale energy storage and
conversion
0] IEAGHG Newsletter 13-06-2018 WP4 Team News about WP4-Webinar
Vv University of Sheffield, United Kingdom 26-6-2018 NCCS at PACT Pre.parlr.1g for Iarg:e scale CO; Capture — ALIGN-CCUS at the
University of Sheffield.
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What | Where When Who Description
Participation in the ‘National Environmental Manager day’ in Den
WS Den Bosch, The Netherlands 28-6-2018 LU and TNO Bosch, Th.e Netherlands by LU and TNO to identify relevant
practices, issues and stakeholders.
Pa Newsletter GEO Energy 1-7-2018 ALIGN-CCUS General information on ACT program
- Y - —
0 IAPS 2018, Rome, Italy 11.7-2018 LU Great green bribe or good practice? Community compensation in
the context of Carbon Capture and Storage
Why do public responses to CCUS matter if CO;, is stored
B 15-8-2018 LU offshore? (Blog republished in/shared via the CATO newsletter,
the Leiden University newsletter)
| 29-8-2018 RUG !Expert |nterV|eW:. Could legal issues prevent North Sea oil & gas
infrastructure being reused for CO; storage?
0 BEHAVE 2018, Zurich, Switzerland 7.9-2018 LU P.ubllc debate on c.arbon capture and storage: statements and
visual frames used in Dutch newspapers
| Leiden University website/newsletter 18-9-2018 LU Expert interview: Psychologists test societal acceptance of
¥ underground CO; (republished in Carbon Capture Journal)
Forschungsnetzwerk Energie
0 Working Group 2 CO,-Technologies of the 18-9-2018 RWE Internationale CCS/CCUS-Téatigkeiten ,,Mission Innovation” und
German Federal Ministry of Economic Affairs SET-Plan and Status ALIGN-CCUS
and Energy, Darmstadt
Verfahren zum Betrieb eines Kraftwerkes zur Erzeugung von
— elektrischer Energie durch Verbrennung eines
Pat Patent application 24-9-2018 RWE kohlenstoffabhangigen Brennstoffs und entsprechendes System
zum Betreiben eines Kraftwerkes
Why do public responses to CCUS matter if CO; is stored
Pa 1-10-2018 L offshore? Carbon Capture Journal - Issue 65
WS Rotterdam, NL 13-10-2018 LU ALIGN-CCUS WP6 participation in ACORN Just transition
workshop
For UK CCS Association, London, response to
Pa CCus Cost Challenge Taskforce | 15-10-2018 BGS Re-use of North Sea infrastructure for CO, storage
recommendations
39
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What | Where When Who Description
For UK CCS Association, London, response to A framework to demonstrate progress in storage site
Pa | CCUS  Cost  Challenge  Taskforce | 15-10-2018 BGS . _Progress 8
. development: CO, storage site readiness criteria
recommendations
RWE, MHPSE, | Synthese des Dieselersatztreibstoffs DME aus abgetrenntem CO;
OPa KWTK 2018, Dresden, Germany 24-10-2018 AKAE, FZ Julich, | des Kraftwerks NiederauRem — Demonstration der gesamten
RWTH, FEV CCU-Kette und Sektorkopplungmany
Po GHGT14, Melbourne, Australia 25-10-2018 TNO, SINTEF IND, ALIGN-CCU.S: an ERA AFT project on_the. fu.II FZCUS c.haln to
BGS, RWE, LU accelerate implementation of decarbonisation in industrial areas
. BGS, SINTEF IND, | Steps to achieve storage readiness for European industrial CO;
OPa GHGT14, Melbourne, Australia 25-10-2018 NG source clusters, ALIGN-CCUS
OPa GHGT14, Melbourne, Australia 25-10-2018 TNO, TAQA Initiating large-scale storage in the Netherlands offshore
TNO, BGS, SINTEF
. IND, FZ Julich, . .
OPa GHGT14, Melbourne, Australia 25-10-2018 Targeted CCUS R&D activities in industrial clusters
GeoEcomar,
Bellona
OPa GHGT14, Melbourne, Australia 25-10-2018 TNO De—oxyge.natlon as countermeasure for the reduction of oxidative
degradation of CO; capture solvents
Lab scale investigation on the formation of aerosol nuclei by a
PoPa | GHGT14, Melbourne, Australia 25-10-2018 TNO Wet Electrostatic Precipitator in the presence of SO2 in a gas
stream
OPa GHGT14, Melbourne, Australia 25-10-2018 TNO In-situ experlmen.tal |nvestlgatlon on the growth of aerosols
along the absorption column in PCCC
PoPa | GHGT14, Melbourne, Australia 25-10-2018 HWU, TNO, RWg | 'MPact of transient operation on amine emissions at the
Niederaussem capture plant.
RWE, MHPSE, | Demonstrating the CCU-Chain and Sector Coupling as Part of
OPa GHGT14, Melbourne, Australia 25-10-2018 AKAE, FZ Julich, | ALIGN-CCUS - Dimethylether from CO; as chemical Energy
RWTH, FEV, TNO Storage, Fuel and Feedstock for Industries
PoPa | GHGT14, Melbourne, Australia 25-10-2018 RWE, TNO, USN, | MEA consumption — ALIGN-CCUS: Comparative long-term testing

HWU, SINTEF IND

to answer the open questions
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TNO

What | Where When Who Description
Aerosol growth in an absorber for a post combustion CO, capture
PoPa | GHGT14, Melbourne, Australia 25-10-2018 NTNU, SINTEF IND | using the 2-Amino-2-methyl-1-propanol/ Piperazine (CESAR 1)
solvent
OPa GHGT14, Melbourne, Australia 25-10-2018 USN Elect.rochemical Corrosion Measurements of MEA aqueous
solutions at elevated temperatures
. ALIGN-CCUS,
WS GHGT14, Melbourne, Australia 26-10-2018 CSIRO, Knowledge exchange workshop ALIGN-CCUS
Vv GHGT14, Melbourne, Australia 6-11-2018 BEIS ALIGN-CCUS@GHGT-14 - interview with Brian Allison, BEIS
Vv GHGT14, Melbourne, Australia 6-11-2018 CSIRO ALIGN-CCUS@GHGT-14 - interview with Graeme Puxty, CSIRO
Vv GHGT14, Melbourne, Australia 6-11-2018 TNO ALIGN-CCUS@GHGT-14 - interview with Peter van Os, TNO
Vv GHGT14, Melbourne, Australia 6-11-2018 TNO ALIGN-CCUS@GHGT-14 - interview with Tom Mikunda, TNO
v GHGT14, Melbourne, Australia 6-11-2018 BGS ALIGN-FCUS@GHGT—14 - interview with Maxine Akhurst, British
Geological Survey
B 23-11-2018 TNO Coincidence or just excellent planning?
Accelerating CCUS: A Global Conference to
Po Progress CCUS’ IEA/BEIS. International | 28-11-2018 BGS ALIGN-CCUS project
ministerial conference, Edinburgh, UK
Vv 28-11-2018 BGS Storing CO; in the subsurface
WS ENOS workshop, Oostvoorne, NL 13-12-2019 LU LU expert contribution in ENOS data collection workshop
0 Annual Norwegian CO2 conference arranged by 16-01-2019 SINTEF "Karbon fangst, transport og lagring fra indgstriklynger“, Carbon
TEKNA capture, transport and storage from industrial clusters
Forschungsnetzwerk Energie
0 Working Group 2 C.O.z-Technologies gf the . 12-02-2019 RWE Presentation about ,Status of ALIGN-CCUS”
German Federal Ministry of Economic Affairs
and Energy, Essen
Web 13-2-2019 WP2 Team Preparing for large-scale transport for offshore CO, storage
Decarbonisation and Resource Management .
Po workshop, BGS Keyworth, UK & 21-02-2018 BGS ALIGN-CCUS project
I Leiden University website 15-03-2019 LU Expert interview: Public perception of energy projects
A ICEP, Plymouth, UK 01-04-2019 LU, ECN part of | The importance of community engagement for underground CO,

storage: Lessons and insights from the field
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What | Where When Who Description

WS BGS, Edinburgh, UK 9-4-2019 RUG, BGS IL_JngaI issues stakeholder workshop on infrastructure reuse in the

0 CCUS leadership group, Scottish Government 25-4-2019 BGS, SCCS, Scot Ent Presentation of progress Fm storage and UK case study to Scottish
Government representatives
Conference presentation of ALIGN-CCUS Storage Readiness

OPo | All Energy conference, Glasgow, UK 15-5-2019 BGS, SCCS, Scot Ent Levels, ALIGN-CCUS project poster and panellist at CCUS session

12th Meeting of the expert group “Power-to- RWE, FZ lulich, | Presentation about status of ALIGN-CCUS and the work in WP4
0 Gas” of the Energy Agency North-Rhine- | 27-05-2019 ! !
. AKEU
Westphalia

Business case stakeholder meetings with INEOS, Scottish

WS BGS, Edinburgh, UK 12-6-2019 BGS, SDL, Scot Ent | Government, Scottish Hydrogen & Fuel Cell Association, Scottish
Enterprise

WS Scottish Gas Network 12-6-2019 BGS, SDL Business case stakeholder meetings with Scottish Gas Networks

Web | ENOS webinar June 2019 LU ALIGN-CCQS WP6 contribution (presentation + discussion) to
ENOS webinar
Is public debate around carbon capture and storage changing?

OPa TCCS10, Trondheim, Norway 19-6-2019 LU Exploring statements and visual frames wused in Dutch
newspapers

Opa TCCS10, Trondheim, Norway 19-6-2019 TNO De—oxyge.natlon as countermeasure for the reduction of oxidative
degradation of CO; capture solvents

OPa TCCS10, Trondheim, Norway 19-6-2019 TNO Networ!< design and flexibility for low-pressure depleted gas
reservoirs: hot or cold CO,?

OPa TCCS10, Trondheim, Norway 19-6-2019 TNO Planning CO, transport and storage infrastructure in the
Netherlands offshore

OPa TCCS10, Trondheim, Norway 19-6-2019 USN Corro§|V|tY of degraded MEA solvent and fresh solvent added
organic acids and salts

Po TCCS10, Trondheim, Norway 19-6-2019 USN Corrosivity of MEA solvent at stripper conditions

Po TCCS10, Trondheim, Norway 19-6-2019 IEE Rev.u.ew pf CO; specifications and experimental data used for
verification

OPa TCCS10, Trondheim, Norway 19-6-2019 SINTEF Storage resources for future European CCS deployment; A

roadmap for a Horda CO, Storage Hub, offshore Norway
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International Conference, Bucharest, Romania

What | Where When Who Description
FZ Julich, RWE, | . . L
A ICCDU2019, Aachen, Ger 25-6-2019 MHPSE, AKAE. Life CycIe.Assessrtnent of CCU-Chain Demonstration in the ALIGN-
CCUS project — Dimethyl Ether and Oxymethylen Ether from CO,
RWTH, TNO
WS Spijkenisse, The Netherlands 26-6-2019 LU Workshop Public Perception at CATO event.
0] ErTergy and . June 2019 SNSPA Participation/presentation by WP6 SNSPA team in the seminar.
Climate Change seminar
L LU, ECN part of | Two workshops on public perception, community engagement
WS/O | CATO event, Spijkenisse, the Netherlands July 2019 TNO and community compensation held at the CATO event.
WS Leiden, the Netherlands July 2019 LU, ECN part of | 6.2 stakeholder . workshop on community
TNO engagement/compensation
B ALIGN-CCUS newsletter item July 2019 LU Practising public engagement at North Sea CCUS event
WS September LU Participation in ECOBASE meeting
0 UK CCS RC Programme Conference, Edinburgh, 04-09-2019 BGS ALIGN-CCUS - Accelerating Low-carbon Industrial Growth
Scotland, UK through CCUS
VGB KONGRESS 2019 — Innovation in Power RWE, MHPSE, FZ | The prOJect.ALIGN-CCUS - A contribution to the ev_olutlonary
OPa . . 05-09-2019 Julich, AKEU, FEV, | transformation process of energy and raw material supply
Generartion, Salzburg, Austria .
RWTH through recycling of carbon
EU CCS Storage Research Projects Permanent geological storage of CO; captured at a UK industrial
0] . . . 10-09-2019 BGS
Science-Policy Showcase, Brussels, Belgium cluster: present day to 2100
Analysis of flexible operation of CO, capture plants: Predicting
A PCCC-5, Kyoto, Japan 18-9-2019 HWU, RWE, TNO Solvent Emissions from conventional and advanced amine
systems
ALIGN-CCUS: Results of the 18-month test with MEA at
A PCCC-5, Kyoto, Japan 18-9-2019 RWE, TNO, HWU the pilot plant at Niederaussem - solvent management,
emissions and dynamic behavior
A PCCC-5, Kyoto, Japan 18-9-2019 SINTEF IND Dynamic model development in ALIGN-CCUS
OPa Qualltat!ve Research in Communlcatlf)n 25-9-2019 SNSPA Paper.presentatlon Adapting a cross-coun.t.ry 'methodology to
International Conference, Bucharest, Romania investigate local CCUS stakeholder communities
OPa Qualitative Research in  Communication 25-9-2019 SNSPA Paper presentation 'Challenges and success factors of CCUS

implementation: A stakeholder approach/perception review'
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What | Where When Who Description
Ws ECO-BASE workshop, Bucharest September SNSPA Participation/presentation by SNSPA (WP6) in ECO-Base
2019 workshop
September LU, ECN part of | The importance of community engagement for underground CO,
Opa ICEP, Plymouth, UK 2019 TNO storage: Lessons and insights from the field
STEMM-CCS Storage Research Showcase, Presentation of ALIGN-CCUS WP3 for UK case study to industry,
0] . 10-9-2019 BGS
Brussels, Belgium researchers and EC stakeholders
0 Lyell Centre GeoEnergy Symposium, Edinburgh, 2-10-2019 BGS Presentation of ALIGN-CCUS WP3 for UK case study to industry
UK and researchers.
0 UK CCS RC conference, Edinburgh, UK 4-10-2019 BGS Presentation of ALIGN-CCUS WP3 for UK case study to industry
and researchers.
PreAct proiect stakeholder meeting. Brussels Presentations summarising ALIGN-CCUS and WP3 for UK case
0] . proj & ’| 10-10-2019 BGS, SINTEF, TNO | study, transport and storage networks for The Netherlands and
Belgium .
Norway, to industry, research and EC stakeholders
Opa CSM2019, Catania, Italy 15-10-2019 RWTH, FEV Optical spray investigations on OME3-5 in a constant volume high
pressure chamber.
“ALIGN-CCUS: Synthese des Dieselersatztreibstoffs DME aus
Opa KWTK 2019, Dresden, Germany 2223 October MHPSE' RWE, Fz abgetrenntem CO,; des Kraftwerks Niederaussem —
2019 Jilich . »
Demonstration der gesamten CCU-Kette
BGS. SCCS. TNO Development of CO2 storage networks for industrial clusters:
Web | ALIGN-CCUS Webinar 5 30-10-2019 ’ ! " | storage readiness; infrastructure re-use & network development
SINTEF
NL; development of a Horda Platform storage hub NO.
. Oral presentation on societal perception and acceptance of CCS-
0] CCS Knowledge Session, The Hague, The 31-10-2019 LU -focus on relevance of social science research, relevant research
Netherlands .
projects and lessons learned.
Paper published for publicationin International LU, UEDIN, ECN | Task 6.2.1 research/review paper "Community compensation in
Journal of Greenhouse Gas Control
. . 1-11-2019 part of TNO, | the context of Carbon Capture and Storage: Key debates and
https://authors.elsevier.com/sd/article/S1750- JUELICH. SNSPA current ractices” is published
Pa 5836(20)30553-3 ’ P P
. . Abstract submitted for oral presentation at the 2020 KLI
A Z(L)Izoconference, Zeist, the Netherlands April 11-11-2019 LU conference: "Understanding public opposition to infrastructure
and energy projects: The role of trust and fairness"
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What | Where When Who Description
RWE. Germanv. Inauguration ceremony at In the course of the inauguration ceremony at Niederaussem for
0] . v g y 21-11-2019 RWE, TNO the demonstrator (WP4): ,Neue Anlage erzeugt emissionsarmen
Niederaussem . . “
Diesel-Ersatztreibstoff.
PR Coupled to the ALIGN-CCUS meeting in 24-11-2019 RWE Commissioning of the ALIGN-CCUS demonstration plant has
Niederaussem (November 2019) started - Diesel substitute DME from CO2, water and electricity
0 Oil and Gas Authority, London, UK 25-11-2019 BGS BGS activities in supporting CCUS and infrastructure re-use
Climate Change Committee, London, UK 25-11-2019 BGS g:;‘j:: of emerging findings of UK case study, ALIGN-CCUS
Invited keynote presentation given at Scottish ALI.GN_CCUS project and UK.case §tudy emerglng.fmdlng.s, an
. . . . invited keynote presentation given at Scottish Alliance
0 Alliance Geoscience Environment and Society | 26-11-2019 BGS . . . .
. Geoscience Environment and Society conference, Edinburgh, 26
conference, Edinburgh
November 2019.
0 SAGES conference: Global Climate Challenges 7-11-2019 BGS Reducing atmospheric CO, emissions from industrial sources,
for a Blue Green Economy, Edinburgh, UK domestic and commercial heating in Scotland
Paper submitted for publication in VGB RWE, MHPSE, | Das Projekt ALIGN-CCUS - Ein Beitrag zum evolutiven
Pa PoSverTech P 15-1-2020 AKEU, FZ lJilich, | Transformationsprozess der Energie- und Rohstoffversorgung
RWTH, FEV durch Recycling von Kohlenstoff
Results on solvent degradation and management from long-term
0] UTCCS-5 29.01.2020 RWE, TNO testing of MEA and aqueous AMP/PZ solvent at the
Niederaussem pilot plant
A IEAGHG Newsletter 6-3-2020 WP4 Report about WP4 inauguration ceremony at Niederaussem
I Interview Peter van Os TKI Gas March 2020 TNO ALIGN-CCUS: Naar een koolstofarme Europese industrie
I Leiden University website/newsletter 30 March 2020 | LU Interview held with Emma ter Mors (LU), WP6 leader
Web | ALIGN-CCUS WP6 webinar 31 March 2020 ;L,\JI’SP;NO' SNSPA, ALIGN-CCUS WP6 webinar
Pa Journal of Greenhouse Gas Control 1-4-2020 RWE, TNO, HWU Results on 18-months MEA test at Niederaussem
Web | Re-invent webinar May 2020 TNO WP6 COI’lt.I’Ibl:ItIOI’l to Re-Invent webinar (Task 6.1 and Task 6.2
research findings)
I German federal report energy science 1-6-2020 RWE Report about WP4 activities at Niederaussem
Web | ALIGN-CCUS WP1 webinar 25-06-2020 SINTEF, TNO, RWE, | Preliminary results from WP1 presented by WP1 leader and Task-
HWU leaders of WP1.
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What | Where When Who Description
I,V Online-Portal Industrial Research», BMWi 1-7-2020 RWE Video about WP1 and WP4 activities at Niederaussem
Task 6.2 paper published in International Journal of Greenhouse
Pa International Journal of Greenhouse Control July 2020 LU, UEDIN, .TNO' Gas Control: Community compensation in the context of Carbon
SNSPA, FZ Julich .
Capture and Storage: Current debates and practices.
Pa Submitted to International Journal of August 2020 NTNU, SINTEF Aerosoll grovyth in .absorption columns, modelling and
Greenhouse Gas Control comparison with experimental results
I Interview Peter van Os for ENDS Europe 24-8-2020 TNO Importance of ALIGN-CCUS for carbon mitigation
ALIGN-CCUS: Synthese und Nutzung des
Mitsubishi Power, | Dieselersatztreibstoffs DME aus abgetrenntem CO2 —
OPa KWTK 20, Dresden, Germany 07-10-2020 RWE, FZ Julich Ergebnisse der gesamten CCU-Kette am
Standort NiederauBem
Solubility of CO2 in 0.1M, 1M and 3M of 2-Amino-2-methyl-1-
Pa Paper in preparation 17-10-2020 NTNU propanol (AMP) from 313 to 393K and model representation
using the eNRTL framework
. . Storage resources for future European CCS deployment; a
Pa Paper in preparation 17-10-2020 SINTEF IND roadr’iap for a Horda CO2 Storage HuE, offshore Nofwayy
Vv SINTEF, Trondheim, Norway 28-10-2020 SINTEF Tiller pilot plant
V| RWE, Germany 28-10-2020 II;/IV(\)/\IQE PV 5CCS At | \p1 and w4
. 31 October . . .
0] SDE++ meeting in The Hague, The Netherlands 5010 LU Public perception of CCS presentation held by LU (WP6)
Task 6.1 paper submitted for publication in ERSS: Public opinion
Pa Energy Research & Social Science December 2020 | TNO, UEDIN, LU of industrial CCS in the UK and the Netherlands: Effects of
outcome
perceptions, proximity and industry attitudes
15/18  March Process integration of advanced amine-based solvents in power
OPa GHGT15, Khalifa University, Abu Dhabi 021 HWU, SINTEF, TNO | and industrial plants: A new benchmark for post-combustion
carbon capture
15/18  March Analysis of flexible operation of CO2 capture plants: Predicting
OPa GHGT15, Khalifa University, Abu Dhabi 021 HWU, RWE, TNO solvent emissions from conventional and advanced amine
systems
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What | Where When Who Description
ALIGN-CCUS: Results of the ERA-ACT project on the full CCUS
OPa GHGT15, Khalifa University, Abu Dhabi 15/18 ~ March | TNO, SINTEF, BGS, chain to accelerate implementation of decarbonisation in
2021 RWE, LU . .
industrial areas
. . . . 15/18  March | TNO, NTNU, | Impact of Dissolved Oxygen Removal on Solvent Degradation for
OPa GHGT15, Khalifa University, Abu Dhabi 021 SINTEF Post-Combustion CO2 Capture
1518  March Aerosol Growth in a Post Combustion CO2 Capture Absorber
OPa GHGT-15 — online conference 2020 NTNU, SINTEF Using the 2-Amino-2-Methyl-1-Propanol/Piperazine (CESAR 1)
Solvent
. 15-18  March First Process Results and Operational Experience with CESAR1
OPa, | GHGT-15 —online conference 2020 ™ Solvent at TCM with High Capture Rates (ALIGN-CCUS Project)
1518  March Atmospheric emissions of amino-methyl-propanol, piperazine
OPa, | GHGT-15 —online conference 2020 TCM and their degradation products during the 2019-20 ALIGN-CCUS
campaign at the Technology Centre Mongstad
. 15-18  March . .
OPa, | GHGT-15 - online conference 2020 TCM CO2 Capture and work environmental sampling lessons learned
1518  March Best practices for the measurement of 2-amino-2-methyl-1-
PoPa | GHGT-15 — online conference 2020 TCM propanol, piperazine and their degradation products in amine
plant emissions
Communicating site technical, permitting and planning readiness
. . . . 15/18 March for CO, storage operations using the ALIGN-CCUS framework of
OPa GHGT15, Khalifa University, Abu Dhabi 2021 BGS, TNO, SINTEF storage readiness levels — Maxine Akhurst, Karen Kirk, Filip Neele,
Alv-Arne Grimstad, Michelle Bentham, Per Bergmo
CO; pipeline transport and storage network cost modelling and
Opa GHGT15, Khalifa University, Abu Dhabi 15/18 March IcL TNO multi-period multi-scenario stochastic optimisation — Zhenggang
! ’ 2021 ’ Nie, Anna Korre, Sevket Durucan, Denis Fraga, Tom Mikunda, Filip
Neele
15/18  March ALIGN-CCUS: Results of the 18-month test with aqueous AMP/PZ
OPa GHGT15, Khalifa University, Abu Dhabi 2021 RWE, TNO, HWU solvent at the pilot plant at Niederaussem - solvent
management, emissions and dynamic behavior
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What | Where When Who Description
15/18 March RWE, MHPSE,
OPa GHGT15, Khalifa University, Abu Dhabi 021 AKEU, FZ lJilich, | ALIGN-CCUS: Production of dimethyl ether from CO2 and its use
RWTH, FEV, TNO as an energy carrier - Results from the CCU demonstration plant
Life Cycle Assessment for full chain CCU demonstration in the
. . . . 15/18  March . ALIGN-CCUS project —dimethyl ether and polyoxymethylen
OPa | GHGTLS, Khalifa University, Abu Dhabi 2021 FZ Jilich, RWE dimethyl ethers production from CO2 and its usages in the
mobility and electricity sectors
OPa | GHGT15, Khalifa University, Abu Dhabi 15/18  March | ¢\ irer IND . S . .
2021 Design of a multi-user intermediate storage facility
OPa GHGT15, Khalifa University, Abu Dhabi 15/18  March IcL Multl-perloq cost optimisation of multi-mode carbon capture and
2021 storage chains.
52nd  “Kraftwerkstechnisches Kolloquium” RWE+ WP4 . o
OPa 2020 in Dresden, Germany 2020 partners General WP4 presentation/publication
Yvww.strgm-forschung.de,BMW|/PtJ 2020 RWE+ WP4 Article and photo's
PR information platform partners
Information about ALIGN-CCUS was provided
to the International Renewable Energy Agency RWE+ WP4 L .
(IRENA) and the Methanol Institute, which are 2020 partners Publication will be prepared.
A preparing a publication.

O = Oral Presentation, Web = Webinar, WS = WorkShop, V = Video, A = Abstract, B = Blog, | = Interview, Po = Poster, Pa = Paper, Pat= Patent application, OPa =
Oral presentation and paper, PoPa = Poster and Paper, PR = Press Release
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Social media attention

In addition to dissemination activities within the scientific community, ALIGN-CCUS has managed to

create a significant social media presence to provide access to the project’s activities to the general
public.

Twitter

« ALIGN-CCUS
314 Tweets

ALION cois

OIONCH -~

ALIGN-CCUS

@alignccus Follows you

The ALIGN-CCUS project unites science and industry to help transform Europe’s
industrial regions into economically robust, low-carbon centres by 2025

© Europe (& alignccus.eu Joined September 2017
363 Following 457 Followers

T Followed by LaunchCCUS, newestccus, and 26 others you follow

LinkedIn

Home My Network Jobs Messaging  Notifications Mew Workw for 1 Menth

m Q Search ﬁ == g ° -’- @ EEE Try Premium Fred

CLUSTERS STORAGE
CAPTURE NETWORKS

ALIGN cois

ALIGN-CCUS

Research - Delft, South Holland - 255 followers

The ALIGN-CCUS project unites science and industry to help transform Europe's
industrial regions into economically robus
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YouTube
Twenty-six videos have been published on
2020.12.24

Youtube with

1060 views registered in December

ALIGN-CCUS: Capturing
carbon at RWE Niederaussem

How industry responds 1o
climate change, and the role

How industry responds to

69 weergaven -
& dagen geleden

Ondertiteling

77 weergaven *
3 weken geleden

51 weergaven -
1 maand geleden

WP5 - Industrial Clusters /
CCUS ALIGNED Event

'WP0 - Dissemination / CCUS
ALIGHED Event

WP5 Industrial Clusters /

9 weergaven + 1 maand geleden 5 weergaven - 1 maand geleden

climate change, and the role

CCUS ALIGNED - Featured

6 weergaven - 1 maand geleden

WP3 - Storage [ CCUS
ALIGNED - Featured

6 weergaven * 1 maand geleden

WP4 CO2 Re use [ CCUS
ALIGNED - Featured

22 weergaven *

1 maand geleden

WP1 - Capture / CCUS
ALIGNED Event

WPO0 Dissemination / CCUS
ALIGNED - Featured

35 weergaven -
1 maand geleden

2 weergaven - 1 maand geleden

WP2 - Transport / CCUS
ALIGNED - Featured

g5

WP4 - CO2 Re use / CCUS
ALIGNED Event

5weergaven * 1 maand geleden 37 weargaven -

1 maand geleden

WP3 - Storage / CCUS
ALIGNED Event

WP - Society / CCUS
ALIGNED Event

WP6 Society / CCUS
ALIGNED - Featured

& weergaven * 1 maand geleden

LN,

7 weergaven + 1 maand geladen

How do rocks store CO2? Storing CO2 in the ALIGN-CCUS@GHGT-14 -

. subsurface interview with Brian Allison,
63 weergaven - 1 jaar geledan
Ondurtiteling 25 weergaven * 2 jaar geladen 27 weergaven * 2 jaar geleden

of Ji> 1
ALIGN-CCUS@GHGT-14 -
interview with Maxine

Meet the scientists at the
forefront of Europe’s low-

19 weergaven - 2 jsar geleden 487 weergaven - 2 jaar geleden

Sign:

Peter van Os, ALIGN-CCUS Coordinator

Date: January 10*" 2021

5 weergaven - 1 maand geleden

WP2 - Transport / CCUS
ALIGNED Event

10 weergaven =

1 maznd geladen

ALIGN-CCUS@GHGT-14 -
interview with Graeme Puxty,

18 weergaven - 2 jaar geleden

Q&A Session / CCUS
ALIGNED Event

PvO & ACT Introduction /
CCUS ALIGNED Event

7 weergaven + 1 maand geleden

11 weargaven *
1 maand geleden

ALIGN-CCUS@GHGT-14 -
interview with Tom Mikunda,

ALIGN-CCUS@GHGT-14 -
interview with Peter van Os,

24 weergaven * 2 jaar geleden 24 weergaven * 2 jaar geleden
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APPENDIX ALIGN-CCUS Infographics.

=
=
=1

PROJECT OVERVIEW HLEEFS

b » Fact based Information on emissions and cosis related to CO, caplure I

« Public p fonotccy | =

« Feaslbllity and
potential of

+ CO, quallty for CCU
+ Dynamic op
« Capture costs

Industrlal CCU

systems
TRANSPORT * STORAGE €O RE-USE “ "

STRIAL
STERS
* Gecloglcal I » CO, sterage avallablity |

* CO, specificalions
= Dynamlc operation
profiles

CAPTURE

Al Bakgnecusintegrophics designed by Smi_cgn

considerations for
batch-wise Injection

’ + Optl d shipping operat + Public perception
. for rt and sterag: J of Indusirlal CC5
and benefits
’ |0 Costs of CO, capture for Industry and power )
‘:_: ! ﬁ‘;m%m‘m?&nwo[M..I.GaﬂﬂmINOI.MUIWIMMIUUNHMMDVMMCMMMMHM CS [ACT). Grant. No 171
A ' =

FLEXIBLE & AFFORDABLE CARBON CAPTURE FOR INDUSTRY CLUSTERS ALID ngws mi
Rigorous testing of post-combustion CO, capture technotogies at four industrial pilot piants wil * Key technical chalenges addrested
suppor! development of large-scale CO, capture for clusters of industricl activity. . ce of poskc capture syslems

« Operational costs polentially reduced

Solvent management

Solvent emissions

Solvent degradotion
MEA ./
CESAR]
_.———'—__'___._.___'__-.
X s A novel technology (DORA|) for MEA degradation accelerated after
Solvent emission miligation Firs aerosol-based emissions
technologies fested at pilot scale characterisation In flue gas solvent mna%im::t:azevaloped and 8 menths. while CESAR] remained stable
Solvent Emissions Very low solvent consumption rates

50
of MEA used per fonne of CO, captured after
® 40 6,000 hours operation
3
= 0
& 5 CESAR 1 &
10 of CESARI used per tonne of CO, captured
- MEA 0.45 Kg affer 4,000 hours operation
0
Solvent lypes
o ] ACT ALGN-CCUS Projoct No 271501
% L= This project hos tecehed funding from BV (ML), Gossnowa (NG, UEFBSD (RO) and BES (UK} and k co- ¥ Ihes Eutops ther Horon : (=1 ACT). Geani Mo 691712

A Iolﬂl_l hn 51
ACT —www.act-ccs.eu UNCCus



FLEXIBLE & AFFORDABLE CARBON CAPTURE FOR INDUSTRY CLUSTERS HI.lU“]CCIJS | ni carmuRe |

. Successful demonstration of Advanced NorHinear Model
M cwe Niederaussem, Germany Predictive Control [NMPC)

EE TCM and Tiller Lab, Norway

4 pilot

planfs
aegs . . Low *specific rebeller duty during very large disturbances in
= PACT facilities, United Kingdom €O, flow and CO, gas composifion
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‘| 2 000 hours of operation with MEA and
- CESAR] (each] at RWE pilot plant
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COST-EFFECTIVE AND RELIABLE CO, TRANSPORT AND INJECTION
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IDENTIFYING CO, STORAGE CAPACITY & INFRASTRUCTURE FOR RE-USE

+ Eslablished oplions and potential timelines for CO: storage & fransport network.
development

Cur research confirms malched CO, storage copacity in the North Sea for the
ALIGN-CCUS industrial clusters and the steps needed to make sites operational anct

support large-scale CO, caplure.

Infrastructure re-use Right time, right place for re-use

ALIGN-CCUS has ranked published criferia for oll &
gas infrasfructure re-use by testing their eflectiveness

and ease of application.,

We then applied the criteria to the national storage

portiolios.

CO: sources

environment

hb+Fprm@® o

1. Location of infrastructure relative to

2. Timeline of availabllity
3, Rermmaining lifespan
4. Transport or welght capacity

5. Compalibility of malerials with CO_rich

&. Integrity of existing wells

7. Malerials used for wells

P m ACTAUGN-CCUS Project No 271501
el This progecl i TOCohgd uncing Iom VO (L), Gossnova (MO, UBFSCDS (RO and SES [UK] ond & CO-uncod Dy he European Comimsson under ot AACT), Geond Mo 91712

= Developed framework to show storage site readiness levels
= Applied and ranked published critera for ol & gas infrastructure re-use

We applied these re-use rankings to our study area.
Are sites & supporling infrastructure available when needed?

* Q&G fields being depleted at present, in
itable for ture c rslon

o CCS use e.g. Porthos Project (ML)

» Production ongoing. Limited possibiiities for
re-use of infrastructure for CCS In coming
decades e.g. Troll Feld (MO}

* Depleted O&G fields shut down and some
Infrastructure dismantied as feasible CCS
projects did not materialise in fime e.q. Milier
(UR), Frigg [NC), Q8- flelds (ML)

Areas studled:

B8 1. Horda Plattorm area

ZE 2. Grongemouth clusier

B 3. Teesside cluster

= 4. PORTHOS & ATHOS Projects

IDENTIFYING CO, STORAGE CAPACITY & INFRASTRUCTURE FOR RE-USE

Storage readiness levels Legislative scenarios for infrastructure re-use

ALIGN-CCUS reduces the

Uniquely, the project mokes recommendations on fit-for-purpose legisiation. If the

SUToU infrastructure is needed in, say, five years, who i responsible for it financially ond
mﬂgg l;;omge :?lng legally in the meantime?
readiness. SRL 1 - Initicl
identification of
Our new framewark showsa | storage potential «L:I_?—‘ » International law (Law of the Sea) requires removal of unused offshore
CO, storage site’s readiness of a geciogical i 1s: exact requirements may differ by country

level and the acfions needed
for it fo become operational.

» Qullines steps, limescales &
resources lo achieve each
stage

formation

ALIGN-CCUS has Idenfified three scenarlos:

'ﬁ » award of storage licence af end of O&G production: production
licence slil in place

+ Award of storage licence directly after production ceases: production
* Modelled on @ lcence Iupsesge 4
wel-gstablished Technology
Readiness Levels framework * * CO, storage fo take ploce several years ofter production has ceased;
production licence lapsed
= Applicable fo both saline SRLG-
formation & hydrocarbon “Confingent
Id storage '
et alte storage resource Third scenarlo the most complex due to fime gap:
= Bosed i
D mon experlar;ics : = Assumed states will play cruciol role as legally responsible for removal
planning & operating Morth el
Sea CO, stores of instal ns
SRL 8 - design & . '
+ Compatitle with and + Could appaint elther Interim entity or ‘operator of last resort” to
extends inaustry framework comnucon -ﬁi_ maintain infrastructure until needed. Requires more prafound change
T 1o leqal regime e.g. establishing which parly (state or operator)
* Applied framework to our storc';:';;é responsible for infrastructure, including removal ofter CO, storage

study areas

‘on operation’
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AN ENERGY REVOLUTION: SYNTHETIC FUELS FROM CO,

Our firsi-of-o-kind project has made the synthefic fuel DME from CO, and
hydrogen — produced using renewable energy — which could fransform how we
ive and work.

COs from power Renewable power, 4 4 Peck & bock-up
plonts and industry conventional power power & heat
£— Peak power
ccus generation
: 250kW_
Demonstration =
plant Electrolyser ome | 4
140kW
H.
2 kgia
C DME
' S0kgid OME
~ @D - Ul - e
CD; IZCJ_. One-step DME Transport
capture tank DME synthesis tank
ACTALGH-CCUS Project o 271501
o S -

(MO}, UBFSCDH (RO} and BB [UK] and & ¢o-undad by the FLEGRecn Commiston unader ih

RWE Power

Operates CO, copture
RWE rlont and demonstration

plant 24/7

Mitsubishi Power Europe
A DME synthesis and fullk-scale
plant study
Asahi Kasei
naanase Alkaline electrolyser for H,
production

RWTH Aachen Universiiy”

for DME/OME use

cCcus |E! €Oy RE-USE

FEV Evrope
Retrofitting of engine for
DME/OME use

TNO
Process optimisation
& DME synthesis

IFEV

O o

Forschungszentrum Jilich
Technical and economic

A jOLICH . %
S analysis, Life cycle analysis

Bosch

a0 Adaplation of diesel engine & BOSCH o injactor for

DME/OME

Fuelling the fransition

DME [gimethyl @ther] s @ low-carbon, high-energy fuel, made from CO, and H, offefing a fransition
ture.

from fossil fuets 1o a cimate neutral fu

Long-term chemical storoge

ol electricity produced by
surplus renewable energy

Long-distance fransport

ol
u

Secure energy supply
Existing infrastruciure used

Feedstock for the chemicals
indusiry

(a3 PALT), Carant AQe Mo 491712,

AN ENERGY REVOLUTION: SYNTHETIC FUELS FROM CO,

Power generation with DME

NO_ emission at 204 kWe Soot emission at 204 kWe

ccus | E Oy RE-USE

Transportation with OME

NOx emission at high load

Soot emission at high load
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AN ENERGY REVOLUTION: SYNTHETIC FUELS FROM CO,

Cost comparison

M Cost savings by use of existing infrastructure
DME and methanol are cost-competitive with e-mobiiity in the transport

sector, taking into account benefits and subsidies for *e-mobility.
* movement of peopie and goods via elecinc vehices
7,100
suitable for DME

conversion

14,500

ﬂlmg;rtnoun%nvs in 1 0 0

Hydrogen
filing stations

DME production cost is lower

Considering benefits & subsidies for typical electric cor (>€3 per litre of
diesel-equivalent), DME could be the cheaper option.

|

|| sechic cars3g

Estmoted producton cost

[4/0re Oiosel- squivalent]
5 =k

Mt DME OME.

ACT AUGN-CCUS Froject No 271501
= ! s project (LTS

OME, A}

| UEFSCIN (RO and BES [UK]

Solution for existing vehicle fleets

Diesel engines can be converted to use DME. avoiding wholesale
replacement of vehicles and supporting a gradual transition.

Adaptation of engine
L — P o
Diesel DME
I . =] BrandnewH
ﬁm . powered veﬁicl‘e
Hydrogen
Power-to-fuel efficiency
140 [ +80%
=4 = o
i - .il o e
B o g 2
" it T = e
iEEE
% { b

T Rovle A

WukC ) Meityi Maltional  DME [Zakeg)

@ Beciiei ) €O, caplue

) Bocncoterergy | @ HPsoom (@MP reom (1P simom i Power o fuet

AN ENERGY REVOLUTION: SYNTHETIC FUELS FROM CO,

Energy value of DME

thes Eutopean G oo (ACTL

MO SFITIE

ﬁﬂﬁ“ ccus m
Energy content

1 Lifre of liquid DME contains 10 fimes the energy

Gaseous hydrogen Liquid DME of compressed hydrogen
Although a H, fuel cell car is 3 times more efficient
’ fhan a DME car, the driving range is only ¥4
H ﬁ
Storage Sforase -
Geological 9
o - &%
Going the distance
Storage 200 bar 5 bar
pressure synthetic fuels or elechrification?
Energy 1.9 MJ/I 18.4 MJ/I ‘ E -!
density
Battery 25 lonnes 200,000 fonnes 4,400 fonnes
welght
Denslh( 15 HII'I 670 gm‘“” Transport 27 tonnes 52,500 tonnes 37 tonnes
capachly
E ! ﬁmmmm’%ﬂ V0 [HL], Gassnona [HOH, UERSCOH (RO and BES [UK) Ery thay Europeron C [ACT], Geont NG AITIZ
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DEVELOPING FULL-CHAIN CCUS FOR EUROPEAN INDUSTRY

ALIGNois =

Our research has identified the steps needed fo develop full-chain CCUS in six = Examined specific infrastructure, technology, commercial & societal conditions
needed.

industrial regions, helping seclors such as cement, chemicals and steel undergo o

fundomental franstormation in line with the EU's net-zero emissions goals. * Crealed decision-making ool to evaluale prerequisites for cluster development.

» Developed cluster & hub approoches to reduce costs ond commercial risk.

Industrial clusters

EE Grongemouth and Teesside, UK
» Flotted CO, capture rafes identified & smulated

storage capacity for CCS projects planned to 2055 and
anficipated to 2100

= Recommended business & investment moedels for CCUS
storage clusters, including barmiers & risks, applied to
both clusters

» Modelled cosls and oplimal CO, fransp
storage network development for business cases

1 &

BB Grenland, Norway

= Conducted pre-feasibility shudy of an intermediate
CO, storage site in Granland including lechnology.
engineering. operational, spafial & financial
requirements

* Hub approach might reduce cost of CO, network due
to larger volumes but requires c tion beh 1
source companies on CO, impurities and logistics

* A shared pipeline fo the reservolr could also become
economically vioble through the hub approach,

enabling continuous injection instead of balched
which is beneficial

g -

ACT AUGH-CCLUS Progect No 27 1501
This et hat recelved handing

11 ©itenla, Romania

= Conducted source & sink matching for Oltenia
including evaluation of necessary infrastructure and
fransport & storage routes. Bght CCUS pathways
Identified

* Region's mojor CO, emissions lolalled almost 15 Mt in
2018, nearly 38% of Romania's total indusiral emissions

* Most viable option for CO, fransporiation is via pipeline
between sites and then shipping o Black Sea storage
via Danube

== Port of Rotterdam, Netherands

= Significant potential for hydrogen use: 25% hydrogen
can olready be co-fired in existing notural gos lurbines
with imited modifications

= Cumrent strategy. named H-Vision, estimates storage
requirements for 288 Mt of CO,: over 700 Mt capacity is
estimated fo be avalable on Duich Continental Shelf

* Pathways include the use of CCSin the refining,
pefrochemical and power sectors

frem BVO [NL). Gosneva (NO). UEFSCON (RO and BES (UK) ond i ¥ car e

! North Rhine-Wesiphalla, Germany

= Complled database of nearly 120 CO, sources
including sector, amounts, impurities and location

* Produced forecast of DME demand untll 2050 &
maodelled optimised plant location, CO, source
seleclion & network development

+ Techno-economic optimisation process also
investigoted the impact of renewable energy input into
the system and the impact of a ceniralised vs.
decentralised DME facility

DEVELOPING FULL-CHAIN CCUS FOR EUROPEAN INDUSTRY

INDUSTRIAL |
CLsTERs. |

Project factors & conditions

ALIGN-CCUS has developed a d

H
factors & conditions needed for successiul CCUS projects & industrial
decarbonisation.

ACTAUGH-CCLS Froject No 271501

i\_:

ool o help 1

B 7 oot has recanvea furnding rom RV (MU, Gassneva [NOJ. UEFSCON (RO) and B85 (UK) and
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~ Shalegic |
drivers

Social
gcceplance |

By M,
| High Limited (B
potential & limifed potential & high N
L d d demand

) v ’

|- -
'l' Re-use of fossll
«_Infrashructure

L condifions I—b[ Intand ,_'i €O, slorage |

| {onshora) |

= T | [ co,storage |
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DEVELOPING FULL-CHAIN CCUS FOR EUROPEAN INDUSTRY ﬁﬁﬁﬂzﬁ'r

Cluster and hub approach
Taking a cluster and hub approach reduces costs and commercial risk =
for many projects: lﬂ
1
« A cluster of emitters fransport CO, to a single collection eniaoicey darige
hub for storage industrial
processes

= Collecting relatively small volumes of CO, into o bigger
infrastruciure gives economy of scale

-
=
+ Purification needed before permanent storage can be m
done at lower cost at hub than at individual emission —
sources Paower
generalion “ Iq
= Hubs can incorporate a blending system fo fulfil injection W'ﬁ;lon
Clusier of
€O, sources
—

site's quality requirements “
.-

+ A hub which collects CO, from several sources is more ciie L
flexible If an unplanned break in €O, deliverles accurs i —

production Flpeline Ship
ransport wanspor

+ Hubs can also be beneficial when CO, is fransported by
ship os infermediate buffer storage ks needed to store YV
captured CO, when the ship is nof ot the harbour &

6 E
o

Sher O, To permanent
sources
“:’:‘?‘ storage site(s)
— ACT AUGN-COUS Project No 271501
g Tris project has RVO (MLl - UERSCON (RO and GBS [UK] and s co-funded by ihe Eveopean Commizsion under ihe Host: =1 (ACT). Grant Ha 601712

0 1Ir_
BUILDING SUPPORT FOR INDUSTRIAL CCUS CoUs g, socn

* Perceptions & coverage of industrial CCUS differ within the four countries.
[ ] * Key to tailor engagement to local needs & offer communities a meaningtul voice.
T * Compensation important but not a substitute for good community engagement.

Increasing societal acceptance is important as opposition

has the potential to slow down imp
both onshore and offshore projects.

Public perceptions Stakeholder views

+ Citizens have derat & limited k ledg * In Germany, most stakeholders support CCU especially for heavy
industries but negative towards CCS.

* After iving inf tion, most are tral to slightly positive.
* In Romania, support for both CCU and CCS,but CCS considered more
» Concern about safety but appreciation of ic benefits & feasible & important for coal-p d electricity producers.
impact on CO, emissions.

= Concern about high cost of implementation & unclear political

« Atfitudes towards CO, capture more positive than towards transport support.
and storage. .
» Stakeholders aware CCUS accep e-building are
+ Opinions significantly influenced by citizens' trust levels in industry & important.
scientists.
by ACT ALIGN-CCUS Project No 271501
-3 ! This project has received funding from RVO (NL), Gassnova [NO). UEFISCDI [RO) and BEIS [UK) and is co-funded by the Eurcpean C: the Horizen 2020 i CS jies (ACT). Grant A it No 691712,
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BUILDING SUPPORT FOR INDUSTRIAL CCUS ALIONCCUS { Iy, socie
Testing & creating core messages Community engagement & compensation

], .0 -,
"

« Coverage levels & type of discourse differ in media & website + Community compensation not a substitute for good engagement.
coverage in the four countries. Netherlands, Romania & UK: focus is

on capture & storage. Germany: str focus on transport & on + Engagement & compensation rec ded for both onshore &
perceived safety risks than elsewhere. offshore developments.

+ Similar arguments used for/ inst CCS. P ts say sustainabl + Dealing with internal & government stakeholders important but
& proven technology, opponents say not sustainable and unproven. community engagement managers indicate can be challenging.

Makes it difficult for the public to form an opinion on already

+ Key to tailor engagement to local needs & offer communities a
complex subject.

meaningful voice.

+ CO, utilisation attracts little coverage but providing information about

it may help Increase publlc Inferest & support for CCUS. + Institutionalised but flexible approach to compensation may prevent

perceptions of bribery & pi te project ph

ACT ALIGN-CCUS Project No 271501
Tris project has received funding from RVO (NLJ, Gassneva [NO), UEFISCDI (RG) and BES [UK) and is co-funded by the Ewropean Commi the Herizon 2020 ing CCS (ACT), Grant No 691712,
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	TNO and experts from the Scottish Carbon Capture & Storage (SCCS) teamed up in delivering the dissemination activities from ALIGN-CCUS. One of the first actions was to establish the brand ALIGN-CCUS in the CCUS community. This was done by setting up a...

