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Abstract 

Denmark is committed to a 70% reduction of CO2 emissions in 2030, compared to the 1990 level, and to be net-zero 
by 2050. A strategy for carbon capture, utilization and storage has been put forward as key enabler to meet these 
climate targets. Denmark has the potential to become a major provider of CO2 transportation and permanent geological 
storage services in Europe benefiting from underground storage potential from future depleted oil and gas fields and 
saline aquifer structures. Besides, the country has existing onshore and offshore facilities (wells, offshore facilities, 
pipelines) that could be converted for this purpose, a central location for national and European emitters, and a highly 
skilled workforce with vast experience in offshore operations. 

The Bifrost project aims at providing CO2 transportation and permanent geological storage capitalizing on existing 
facilities in the Danish North Sea. The Bifrost concept leverages the assets owned by the Danish Underground 
Consortium (‘DUC’, consisting of TotalEnergies, Noreco, and Nordsøfonden) and plans to progressively convert 
depleted gas fields starting with the Harald West field with a first phase targeting circa 3 million tons per annum over 
a 15-year period. The “all-offshore” development concept for this first phase entails the technical qualification of an 
innovative floating storage and injection unit for CO2 injection in depleted gas reservoir and associated offshore 
offloading system for ship-to-ship CO2 transfer. Bifrost project aims at de-risking CO2 injection in Harald East chalk 
reservoir, a potential play opener for storing CO2 in chalk that is the main reservoir type of the oil and gas fields in 
the Danish North Sea. Bifrost project will also assess the potential conversion of existing gas pipelines owned and 
operated by Ørsted for CO2 transportation to connect onshore to offshore CO2 storage sites. In addition to the 
technological development, Bifrost will investigate monitoring technologies and protocols as well as improve 
understanding of the socio-economic aspects associated with carbon capture and storage technology. 

This article describes the current work-plan of project Bifrost as carried out with the support of the Danish Energy 
Technology Development and Demonstration Programme (EUDP) by TotalEnergies, on behalf of the DUC partners, 
Ørsted and DTU, over a two-year period (2022 and 2023). 

Keywords: Project Bifrost, Denmark, North Sea, CCS, Offshore, CO2 storage, CO2 monitoring, CO2 transportation, CCS acceptance and 
preferences 
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1. Introduction 

The two-year study for project Bifrost is carried out structured into 11 Work Packages (WP) over two project phases, 
starting with a preliminary phase (first 6 months) followed by a conceptual phase (following 18 months). Of the 11 
work packages, 2 of them (WP 1 and WP 2) focus on project management, administration, and communication. This 
paper therefore concentrates on the presentation and elaboration of the ongoing research for the work packages 3 to 
11 (Fig. 1). The 9 work packages to be addressed in this paper are spilt into the following four main categories: 

1. Engineering demonstration of the offshore storage conditions in Harald West sandstone reservoir (WP3) and 
Harald East chalk reservoir (WP4), and well design and drilling towards CO2 injection in those fields (WP5). 

2. Offshore surface facilities engineering and operation (WP6) and their interface with cryogenic shipping 
(WP7). 

3. CO2 transportation through pipelines (WP8) 

4. A wide variety of activities related to CCS safety and their socioeconomic impact, including 

a. health, safety, environment and societal (WP9), monitoring (WP10) and  
b. socio-economic assessment (WP11)  

Fig. 1. Bifrost project collaborative work package overview as carried out for the EUDP study 

2. Bifrost study 

2.1. Engineering demonstration of the offshore storage conditions in Harald West sandstone reservoir (WP3) and 
Harald East chalk reservoir (WP4), and well design and drilling toward CO2 injection in those fields (WP5).  

Work package 3: Validation of Harald West storage potential and capacity (TotalEnergies)

Objectives: Subsurface activities performed in two stages: 

1. Preliminary stage - firstly confirm the storage potential of Harald West (sandstone). This phase covers 
assessment of other potential fields accessible through the Harald facility (Harald East chalk reservoir) to provide 
insight on potential development expansion, including facility sizing. It will also cover a review of legacy wells 
to assess potential integrity threats and remediation actions. 

2. Conceptual stage – provided a positive outcome of preliminary study, a more detailed comprehensive evaluation 
of the risks and resources associated to the selected concept is carried out.  

The Harald West field data was reviewed, and pre-existing reservoir models were re-calibrated to match the latest 
historical production and pressure data in the highly depleted middle Jurassic sandstone gas reservoir. Furthermore, 
the models were converted to thermo-compositional simulation models to evaluate temperature effects and simulate 
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the compositional changes and interactions between reservoir fluids and the injected CO2. The storage capacity is 
constrained by the produced volume, injection rates determined by well design and geomechanical constraints on 
injection pressure. Containment related risks and risks of injectivity loss were evaluated at preliminary level. Based 
on the high level of depletion, the strong cap rock, a very low chance of fault reactivation and line of sight to a 
manageable injection plan, the preliminary conclusion is that safe and permanent CO2 injection into the Harald West 
store can be achieved. 

Work package 4: CO2 storage in Harald East chalk – subsurface studies (DTU Offshore) 

Objectives: Chalk is the predominant lithology for hydrocarbon fields in the Danish North Sea. However, for CO2

storage purposes, chalk is considered a less mature lithology compared to sandstone. The aim of this work package is 
to perform the subsurface studies needed to confirm CO2 storage potential in the Harald East (HE) chalk reservoir. 
CO2 storage in HE chalk would be an upside to the primary target of storage in the Harald West sandstone reservoir. 
And importantly, it could be a play opener, unlocking larger storage potential in the Danish North Sea chalks. 

The HE chalk studies build on the State-of-the-Art study conducted by DTU Offshore and published in the report 
“CO2 storage in Danish Oil & Gas fields” [1]. 

In the first phase of the project, a synthesis of existing HE data provided the input for a preliminary view on the CO2

injectivity and storage capacity potential of the chalk, including an evaluation of the reservoir and cap rock integrity 
during CO2 storage operations and mapping of the main risks and uncertainties.  

The HE dynamic reservoir model, data from historical production, wells and seismic were used to evaluate relevant 
subsurface properties. A compositional reservoir model and a geomechanical model were built for the assessment of 
CO2 storage capacity, injectivity and the integrity of the reservoir and cap rock [2,3,4]. Further, the leakage pathways 
were assessed by reviewing the properties of the seal, reservoir and faults. At this stage, results indicate that the HE 
chalk reservoir can provide safe containment with sufficient injectivity. Thus, no showstoppers to CO2 storage in the 
HE chalk have been identified, provided that the Harald East gas production wells can be converted to CO2 injectors 
and that there are no serious integrity issues with the legacy exploration wells. The preliminary conclusions and 
learnings will form the basis for the next phase of research studies. 

Work package 5: Well design and drilling (TotalEnergies) 

Objectives: Study dedicated to the design of Harald West wells upper and lower completion to ensure consistency 
with reservoir injectivity and surface constraints under the assumption of a continuous injection of non-cryogenic 
pressurized CO2 at the wellhead. These injection conditions do not bear shortcomings of batch CO2 injection which 
results in frequent expansion of CO2 during injection stops and the associated extreme low temperatures that pose 
threats to well integrity and flow assurance specific problems and operating challenges. The range for injection 
pressure conditions will be considered in coordination with subsurface work of WP 3 to cover anticipated re-
pressurization of the reservoir during the life of the project. 

A preliminary review of the integrity of platform and legacy wells (abandoned exploration wells on the structures) 
has been conducted. These 5 wells supported the conduction of five technical studies across the feasibility phase 
including well integrity assessment study, geomechanical analysis preliminary results, casing design check for 
conversion of producer well to injector well, and well re-completion work over feasibility and basic design 
engineering.  

All 3 abandoned legacy wells presented at least one barrier set across the targeted storage structure cap rock. Although 
full lateral coverage, test and qualification information of the elements composing these well barriers are only partially 
available as these exploration wells have been drilled at least 10 years before production commencement, their ability 
to withstand the initial reservoir pressure is proven.  
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The integrity status of the two producing wells, from Harald West A platform, is assessed for possible re-usage as 
CO2 injector well with a focus on the integrity of the annular cement isolation to allow for conversion to CO2 injector. 

2.2. Surface facilities engineering and operation (WP6) and their interface with cryogenic shipping (WP7). Surface 
facilities engineering and operation (offshore offloading and Harald platform) 

Work Package 6: Surface facilities and operation (TotalEnergies) 

Objectives: 
1) Assess the Harald facility platform towards its gradual conversion from gas production to CO2 injection, and 
2) Perform preliminary and conceptual designs of a new offshore facility dedicated to the offloading of CO2

from vessels (Cryogenic CO2 tankers) and exporting conditioned (treated) CO2 to the Harald platform. The 
nature and extent of the CO2 conditioning pre-injection is a key aspect of the study. 

Additionally, a structuring design element is the ability to maintain and operate wells under pressure and temperature 
compatible with reservoir conditions throughout the injection period. For this reason, operating envelops, philosophy 
and energy efficiency requirements are clarified at preliminary project stage. 

Fig. 2. Bifrost full offshore shipping concept 

The preliminary phase of project Bifrost has investigated the feasibility a CO2 transportation and injection chain 
aiming at a continuous injection of CO2 via two platform wells into the Harald West reservoir. This chain comprises 
a fleet of medium pressure (MP) cryogenic shuttle tankers of offshore offloading capacities, a floating unit for CO2

buffer storage and conditioning and integration modifications on the Harald West facilities (Fig. 2). The vision 
developed is driven by the opportunity to gradually convert the Harald platform for CO2 injection while maintaining 
hydrocarbon production from reservoirs distinct from the one sustaining the CO2 injection.  

Tankers sizing and technical requirements have been completed as well as a preliminary design of the floating unit 
including, process, CO2 tanks, conditioning equipment while pursuing a zero-routine-release of CO2 and GHG 
emission minimization. On the existing facility side, the feasibility of the integration of CO2 injection equipment and 
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connection to the CO2 transportation chain was established. The needs for qualification of a series of equipment over 
the whole chain was identified and under investigation. Several areas of improvement are identified (including hull 
design, power sourcing…) and will be studied in the next project phase along with and assessment of alternate 
concepts of offshore offloading chains. Safety of the installation and integrity of the containment will remain a priority 
for concept selection. Full-chain operability of the transportation from terminals to the permanent geological store 
will be an important selection criterion also aiming at minimizing the environmental footprint in operation.  

Work package 7: Cryogenic CO2 shipping (TotalEnergies) 

Objective: Screening and selecting ship design and interface with the new offshore offloading facility (described in 
WP6). 

The work performed capitalizes on experience gained from on-going projects – Northern Lights (Norway, under 
construction) and Aramis (the Netherlands, in Conceptual study). While ships for those projects are designed for 
onshore loading and onshore offloading, some incremental work is nevertheless required to assess suitability and 
potential design modification for offshore offloading in the frame of the full offshore concept studied in WP 6.

Based on a Danish CO2 sourcing scenario (onshore liquified CO2 terminals), a logistic study was completed to size 
the shuttle tankers fleet, temporary storage requirements (onshore and offshore) and overall injection chain 
availability. Relying on decades of metocean time series, the study has issued a recommendation for a fleet of 3 shuttle 
tankers designed for 12,000m3 in MP conditions, offloading system requirement via flexible hoses to the floating unit 
able to operate with maximum Hs of 3.5m and a buffer capacity of 30,000m3 on the floating unit. Those inputs were 
factored into WP6 for the floating unit preliminary design. The study also recommended storage capacities on the 
onshore terminal sizes of 55,000m3 distributed over the two sites to reach a maximum tank-top emission lower than 
1% of transported quantities. Alternate shipping scenarios were also conducted in line with WP8 in the context of an 
offshore pipeline transportation solution. 

Dynamic positioning capacities and bow off-loading requirements are key elements that are being further investigated 
in the next project phase. 

2.3. CO2 transportation by pipelines (WP8)   

Work package 8: Offshore pipeline (Ørsted)

Objective: Assess the existing large diameter gas-producing offshore pipelines and assets, that connect the DUC 
fields to the existing Nybro onshore gas terminal, for operation in CO2 service. Further to frame a generic concept that 
connects existing assets in Nybro, with a new onshore CO2 offloading facility, interim onshore storage facility 
(presumably near Esbjerg), via an in land routed pipeline. The aim is to identify all risks scenarios and have mitigations 
in place, when going forward detailing the project. 

The concept including an offloading terminal with an onshore temporary storage facility, an onshore pipeline 
connecting the terminal facility to the offshore pipelines connecting Nybro to Harald platform is analyzed and found 
feasible (Fig. 3). 

The study did not identify any high technical risks associated with the conversion of the existing pipelines designed 
for offshore gas transportation, to cover dense phase CO2 transportation. Some minor technical challenges have been 
identified, that requires a more in-depth fitness for service evaluation, such as rubber seals used in existing valves and 
the reliability of internal pipeline coatings. 
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Fig. 3. Bifrost offshore pipeline connection to onshore facility concept 

It is found that the pipelines integrity is highly depended on the purity of the CO2, where the risk of running ductile 
fracture in some conditions could be present. The required CO2 purity is aligned with the cryogenic shipping chain 
contemplated in the current study, and similar to other CO2 storage projects. The flow and pressure capacity envelope 
in the pipelines has been analyzed, and detailed. It shows that flow rates beyond 16 million ton per annum is 
achievable, though dependent on the required arrival pressure at the interface to the platform. 

The health and safety risks, associated with the CO2 handling is under evaluation and is, for now, not subject to any 
major concerns. The existing legislations covering the handling, and storage of large volumes of CO2 is being revised. 

2.4. Health, safety, environment and societal (WP9) 

Work package 9: HSSE and stakeholder management (TotalEnergies) 

Objectives: Implement high HSSE technical standards for the project by 
1) Ensuring full life-cycle management of HSE hazards including identification, assessment, and feedback into 

the design to ensure residual risks are as low as reasonably practicable (ALARP). 
2) Ensuring the design complies fully with Danish regulation, Parties requirements, and international codes and 

standards. 

The new facilities and modifications to existing facilities shall be designed such that methods of risk reduction 
commonly used to ensure acceptable HSE performance and qualities are inherent in design, construction, 
commissioning, and operation. 

A Permit and consents Register was created to detail all permits and consents believed to be applicable throughout the 
design, construct, operate and decommissioning phases of project Bifrost. This will be a live document that may be 
updated along the project life in line with regulations on CCS. Permitting is a key aspect of projects as often in the 
critical path of their execution. The next phase of the study will perform Environmental and societal baseline surveys. 
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2.5. Monitoring (WP10)  

Work package 10: Monitoring Plan (DTU) 

Objectives: Monitoring of geological storage facilities, from pre-injection baseline surveys to final handover of the 
facility to authorities, is central to demonstrating safe and permanent containment, to prevent and mitigate potential 
leakage, and to build public acceptance. Identifying the right monitoring technologies is therefore key to the success 
of any CCS project. This work package includes activities to develop a CO2 monitoring strategy for project Bifrost 
before engaging in the elaboration of an actual monitoring plan.  

A world-wide review of monitoring, measurement, and verification (MMV) plans for offshore CO2 storage projects 
was performed. A variety of monitoring technologies have been proposed for offshore storage projects; many of them 
proven and well known from the oil & gas industry. All available information on MMV plans for existing and planned 
offshore CCS projects was included in this review, the relevance for project Bifrost was evaluated, and technology 
gaps were identified to direct the further research into developing new monitoring technologies and concepts. 

Based on the learnings from the review, a concept is being developed for monitoring CO2 injection and storage in the 
Harald reservoirs. The MMV strategy for Bifrost is closely linked to the understanding of the subsurface and therefore 
to the studies on the Harald storage reservoirs being performed in WP 3 and WP 4. The MMV strategy will be 
developed and refined along with the subsurface development studies as it will be adapted to the storage concept and 
the detailed mapping of risks and uncertainties in the subsurface. 

In parallel, research is currently ongoing at DTU Offshore to mature two new and innovative monitoring technologies 
as part of Bifrost. The first one is a digital twin concept, which utilizes advanced machine learning methods with the 
aim to automate and optimize the monitoring and verification of the subsurface CO2 behavior. Continuous monitoring 
has the potential to generate substantial data flows that may be difficult to handle, and this needs to be considered for 
long-term monitoring of storage sites. The concept has been tested and will be further studied for application on the 
Harald fields.  

The second research project involves the development of new highly sensitive, stationary, specific chemical sensors 
for continuous monitoring of the storage site, to enable environmentally safe permanent offshore storage of CO2. Fiber 
optics are often proposed as distributed temperature and acoustic sensors for leak detection using indirect indications 
of anomalies compared to base cases, mostly in wells. Similar there are several chemical sensor proposals for seabed 
deployment in the literature or as semi-commercial offers. These are mostly at the early TRL level with very few real 
deployment cases reported. The above analysis of technologies has pointed at several issues needed to be addressed 
by the new continuous monitoring system. One issue in chemical sensing of seabed deployment (e.g. in trenches 
around potential “weak spots”) is the reference base case which due to the natural occurrence of CO2 and seasonal 
variations can be challenging in early warning scenarios. The new sensor system is designed to take this into account. 

2.6. Socio-economic assessment (WP11)

Work Package 11: Socio economic assessment (DTU) 

Objectives: 
1) Estimate economic effects of CO2 storage on the Danish economy. 

2) Gather and analyze perceptions and acceptance of carbon storage among key stakeholders. 

3) Gather and analyze perceptions, acceptance of – and preferences for CO2 storage among the Danish general 
population and specifically targeted groups. 

4) Disseminate the results from WP 11. 
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The study has carried out a national survey reaching out to 50,000 households. More than 8,000 respondents answered 
questions about acceptance of CO2 storage at different locations and willingness to pay for CCS of 5 million and 
10 million ton/CO2/year. The acceptance and willingness to pay survey included 3 information experiments related to 
the respondents’ level of knowledge about CCS.  

In addition to the survey, stakeholder interviews have been carried out and is still ongoing. The interest to participate 
has been supportive. Preliminary results from the stakeholder interviews suggest an overall acceptance and support of 
CCS among stakeholders from the industry and green organizations. However, different stakeholders also express 
concerns about specific elements related to CCS, such as environmental issues, costs, regulation needs and value chain 
uncertainties. 

3. Conclusion  

The preliminary phase of project Bifrost was successfully finalized confirming the opportunity to build a CO2

transportation and storage chain to permanently store CO2 in the Harald reservoirs in the offshore Danish North Sea. 
The project has moved forward to its next phase. The conceptual phase will study the project in more details with the 
objective to confirm the robustness of Bifrost concepts for safe and permanent CO2 transportation and storage. As 
acceptability is a cornerstone of the deployment of carbon capture, utilization and storage technology, the results of 
this large-scale national survey will be closely followed-up. 
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Bifrost project aims at maturing offshore CO2
storage potential in the Danish North Sea by 

leveraging existing oil and gas assets.

Bifrost project performs the groundwork necessary for 
derisking CO2 transportation and permanent 

storage in the offshore Harald reservoirs 
(sandtone & chalk), kick-starter for potentially 

unlocking larger storage capacities offshore Denmark.

• Qualify Harald depleted gas reservoirs (sandstone and chalk) for CO2 permanent 
storage – Store integrity including geological seal and legacy wells – Injectivity

• Design an offshore floating receiving facility for buffer offshore storage, CO2
conditioning and injection – Specify CO2 project integration into existing facilities

• Define scenarios for cryogenic shipping to transport CO2 to the offshore storage 
site including carriers design and fleet  sizing

• Study the repurposing of hydrocarbon pipelines for offshore CO2 transport.
• Develop innovative offshore subsurface monitoring technologies.
• Analyse socio-economic impacts of developing a CCS chain in Denmark.
• Analyse perception & acceptance of CCS among key stakeholders and the general 

population in Denmark.

WP3-4: Subsurface CO2 storage (sandstone and chalk reservoirs)

WP8: Re-use of offshore pipelines for CO2 transport

WP7: Cryogenic shipping

WP6: Surface facilities

FSIU

WP5: Wells

CO2 storage

WP9-11: Environment, monitoring and socio-economic assessment

A study by Funded by

Bifrost project collaborative work packages overview:

The authors thank the Danish
Energy Technolog Development 
and Demonstration Programme 
(EUDP) for funding this work 
through the Bifrost project

WP3-4: Reservoir qualification
• Joint analysis of geosciences & engineering disciplines and specialties 

concludes that safe CO2 storage on Harald sandstone field is highly 
likely. First pass on modeling and resources quantification done, further 
assesment and uncertainties modeling ongoing for a robust development

• Preliminary studies have not identified any show-stoppers for CO2 storage in 
Danish chalk reservoirs. Harald East chalk reservoir is being matured as a 
complement to the sandstone store & may be the first step to unlock a 
significant storage potential offshore Denmark

WP11: Socio-economic and perception
• A national survey reaching 50,000 Danish households and with 

over 8,000 respondents has been carried out together with dedicated 
stakeholder interviews to assess the perception & acceptance of CCS in Dk.

WP5-6-7: Full offshore shipping concept
• Feasibility of a fully offshore offloading concept for a 3Mtpa injection rate

- Central activity: Well conversion and completion design 
- Challenge: Injection in depleted fields > Best design definition for 

changing operating conditions with ~600 bar reservoir repressurization 
- Mature: Identification of technological gaps, engage vendors 

and initiate qualification programs (wells, flexible lines, process...)
• Integration on Harald platform, full chain flow assurance in SIMOPS*

*Simultaneous Operations

WP10: Monitoring technologies
• Research is ongoing to develop new and innovative technologies for 

monitoring offshore CO2 permanent storage. As part of Bifrost:
A monitoring digital twin concept (utilizing an advanced machine 

learning method) has been tested and will be studied for an application on 
Harald fields to optimize prediction of CO2 plume migration

& new highly sensitive stationary specific chemical sensors are developed 
to enable environmentally safe permanent offshore storage operations. 

WP9: Safety, Environment, Societal
• Implement high HSE technical standards for Bifrost.
• Define permit and consent register in compliance with regulations in place
• Permorm Environmental and Societal baseline surveys (EBS & SBS)

a TotalEnergies SE, 2 place Jean Millier, 92400 Courbevoie, France
b Technical University of Denmark (DTU), Department of Technology, Management and Economics, Sustainability Division, Produktionstorvet 424, 024, 2800 Kgs. Lyngby, Denmark

c Ørsted Salg & Service A/S, Kraftværksvej 53, Skærbæk, 7000, Fredericia, Denmark 
dTechnical University of Denmark (DTU), Danish Offshore Technology Centre (DTU Offshore), Elektrovej 375, 2800 Kgs. Lyngby, Denmark

WP8: Offshore pipeline
• Re-use of existing pipelines is a key lever to optimize costs and 

reduce carbon footprint. Bifrost studies the potential re-use of the 
existing offshore hydrocarbon pipelines.

• No major show-stoppers identified after the preliminary study, to use 
existing pipelines for CO2 transport in dense phase, providing:
• Offshore pipeline CO2 specifications in line with cryogenic spec. (>99%)
• Max operating pressure constraint with enough capacity for Bifrost

BFT-PRE-WP02-COM-TEN-021
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