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Executive Summary 

The ENCORE Project final report outlines the successful development and testing of a novel 
Direct Air Capture (DAC) technology. The report presents key findings from the ENCORE 
project, funded under the UK Government's Net Zero Innovation Portfolio Greenhouse Gas 
Removal Innovation Programme, and offers actionable recommendations for policymakers and 
stakeholders. 

The test campaign proved the concept validity of the DAC technology: 

▪ Health and safety: The technology can be operated safely to capture CO2 from the 
atmosphere. The absorbent chemistry is safe and non-toxic. 

▪ Performance: The DAC demonstrator achieved a CO2 capture rate exceeding 180 tonnes 
per year, demonstrating the viability of low-temperature liquid sorbent technology for 

large-scale applications. 

▪ Energy efficiency: The design is energy efficient with a low regeneration temperature, 
such that the system can make use of renewable energy or waste heat for CO2 capture. 

▪ Operational stability: The system has proven capable of unmanned operation, indicating 
a high level of reliability and efficiency under various environmental conditions. 

▪ Risk management: Comprehensive hazard assessments and robust safety protocols 
were established, ensuring safe handling and operation of the DAC technology. 

▪ Cost effective: The technology concept unlocks a path toward a cost of removal below 
200 GBP per tonne of CO2 accounting for all associated and embedded emissions. 

▪ Scale-up potential: This liquid-based approach is particularly geared toward large-scale 
industrial deployments benefiting from economies of scale toward million tonne per year 
plant capacities. 

The report serves as a foundational document to guide future efforts in carbon capture and 
removal, aligning with the UK's climate goals and commitment to achieving net-zero emissions. 
The report highlights the importance of the following factors to drive commercialisation and 
deployment of the DAC technology at scale: 

▪ Policy and regulatory support: Establish favourable regulatory frameworks that promote 
the development and deployment of DAC technologies. 

▪ Investment in infrastructure: Encourage investments in renewable energy sources and 
CO2 storage solutions to unlock the economic viability of DAC projects. 

▪ Public engagement: Foster public understanding and acceptance of DAC technologies. 

▪ Collaboration with industry: Promote partnerships between government, industry, and 

research institutions to accelerate innovation and address challenges in scaling DAC 
technologies.  
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Abbreviation 

▪ AI: Artificial intelligence 

▪ BEIS: Department for Business, Energy & Industrial Strategy (former UK government 
department until 2023) 

▪ CAD: Computer-Aided Design 

▪ CAPEX: Capital Expenditure 

▪ CO2: Carbon Dioxide  

▪ COTS: Commercial-Off-The-Shelf (components) 

▪ DAC: Direct Air Capture 

▪ DESNZ: Department of Energy Security and Net Zero  

▪ ENCORE: Environmental CO2 REmoval  

▪ ETS: Emissions Trading System/Scheme (EU ETS, UK ETS) 

▪ FTIR: Fourier Transform Infrared Spectroscopy 

▪ GA: General Assembly 

▪ GBP: Great British Pound 

▪ GHG: Greenhouse Gas 

▪ HAZOPS: HAZard and OPerability Study 

▪ HMI: Human-Machine Interface 

▪ IEA: International Energy Agency 

▪ IPCC: Intergovernmental Panel on Climate Change 

▪ LCA: Life Cycle Assessment 
▪ ML: Machine Learning 

▪ MRV: Measurement (or Monitoring), Reporting, and Verification 

▪ OPEX: Operational Expenditure 

▪ PFD: Process Flow Diagram 

▪ P&ID: Piping and Instrumentation Diagram 
▪ PPORD: Product and Process Orientated Research and Development (EU law) 

▪ PPE: Personal Protective Equipment 

▪ REACH: Registration, Evaluation, Authorisation and Restriction of Chemicals (UK law) 

▪ TRL: Technology Readiness Level 

▪ tpa: tonnes of CO2 per annum 

▪ UNFCCC: United Nations Framework Convention on Climate Change 

▪ USD: US Dollar 

▪ VAT: Value Added Tax (UK tax applied on purchases)  
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1 Introduction 

The primary objective of Project ENCORE1 is to develop a large scale integrated Direct Air 
Capture (DAC) system such that the requirements of the Department of Energy Security and 
Net Zero (DESNZ) programme can be achieved, namely TRL6 and demonstration of a carbon 
dioxide (CO2) capture rate of at least 100 tonnes per year2. Project ENCORE was conceived in 

an earlier UK project (Phase 1) funded by BEIS (a predecessor of the DESNZ department). This 
involved a paper study to determine a design for a direct air capture demonstrator. 

The project has been funded in two phases as part of the Net Zero Innovation Portfolio 
Greenhouse Gas Removal Innovation Programme. This report is a summary of Phase 2 of the 
funding received. Phase 1 delivered a design and delivery plan for DAC a demonstrator system, 
and Phase 2 was awarded to execute that plan, and to build and test the ENCORE 
demonstrator.  

This process uses a novel liquid solvent chemistry to capture the atmospheric CO2 with contact 
between the liquid and air facilitated by a commercially available ‘cooling tower’ geometry. The 
CO2 is then released from the solvent via a heater and desorber configuration with the now 
CO2-lean solvent being returned to the contactor flow and the CO2 stream directed to a 
separate location. Liquefaction and storage of the CO2 stream was originally intended to be 
investigated and enacted should a viable solution be identified; however, this is no longer part of 
the work scope. The DAC plant hardware is located within a re-purposed Rolls-Royce test bed 
(previously used for gas turbine testing) located on the main Rolls-Royce Derby campus. 

In April 2024, Equinor acquired the DAC technology intellectual property and assets developed 
by Rolls-Royce. As part of the transaction, Equinor novated the Project ENCORE contract with 
DESNZ. The test programme has since continued with Rolls-Royce as a test operator and 
Equinor as the new contract owner. 

The overall programme can be summarised in the following key phases: 

▪ Test bed preparation, hardware purchase, and delivery 

▪ Assembly and installation 

▪ Plant commissioning 

▪ Experiments studying solvent and system performance 

▪ Endurance operation 

▪ Final reporting and project closure 

The ENCORE programme to date has been a remarkable success, achieving a capture rate of 
almost double the target under certain conditions, and with the system being stable enough to 
achieve fully unmanned operation. The full operational time for end-to-end CO2 capture was 
over 350 hours, with an additional 350 of experimental work without active CO2 capture. The 
demonstrator acts as a key proof point to enable subsequent development of the technology 
and evidence to support a larger scale prototype. There have also been valuable learnings from 
ENCORE which are being incorporated into the wider technology development programme. 

 

1 ENCORE, or Project ENCORE, refers to the Environmental CO2 Removal DAC demonstrator sponsored by DESNZ. 
2 Throughout the report, CO2 ccapture rates and plant capacities are expressed in tpa as in CO2 tonnes per annum (unless otherwise specified). 
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Key areas of validation achieved by ENCORE have been the CO2 capture rates, the behaviour 
of the system and absorbent at scale, and the drift profile at the outlet of the absorber, and at 
scale operational considerations. These key risks have been mitigated by the ENCORE 
programme, which gives good evidence for the continuation of the technology development. 

The main areas identified for potential improvement on the existing ENCORE system are 
absorber design, plant layout, inventory management, and energy use. These are areas of 
focus and technology development outside of the ENCORE programme, contributing to a final 
DAC product. 

The project was launched in May 2022. The project timeline is described below. 

Phase Period 

Programme launch & system detail design May 2022 

Long lead time components ordered July 2022 

Test cell ready to receive equipment Dec 2022 

Absorber delivery and installation Feb 2023 

Desorber delivery and installation May 2023 

Mechanical installation Feb 2023 – Jan 2024 

EC&I design and cabinet manufacture Sep 2022 - Sep 2023 

Test cell electrical installation Aug 2023 - Mar 2024 

Steering Committee approval to test Dec 2023 

Air commissioning  Feb – Apr 2024 

Water commissioning and 1st steam May – Sept 2024 

Sorbent commissioning and 1st CO₂ Oct 2024 

Parametric studies Oct - Nov 2024 

Preparations for endurance operation Dec 2024 – Jan 2025 

Endurance operations Jan – Mar 2025 
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2 System design and development 

2.1 Architecture 

A Process Flow Diagram (PFD) describes the overall system architecture and design. The 
architecture was motivated by selecting equipment that provides flexible and safe operations 
but are available in short timeframes. As such, commercial-off-the-shelf (COTS) equipment or 
near-COTS equipment was selected to minimise lead-times and take advantage of known 
behaviour.  

The system’s arrangement is broadly consistent with the description provided in the Project 
ENCORE’s phase 1 report3 with further developments on understanding. Specifically, the key 
features are: 

1. A re-purposed near-COTS counter-flow evaporative cooler used as the CO2 absorber 

from an established vendor. The exception to the vendor’s standard options is the larger 

than typical height of heat transfer pack to accommodate CO₂ capture rates. 

2. A CO2 desorber/stripper column designed to industry standards. Certain properties such 

as volatility, viscosity, density, CO2 rate must be considered when designing equipment 

and introducing alternative sorbents. 

3. The use of COTS indirect electric heaters as reboilers that vaporise water allowing 

extraction of CO₂ from the liquid and warming the system. 

4. Desorber/reboiler integration using a “once-through” gravity-driven principle whereby full 

liquid flow passes down the column to a collection tray, exits the column to the reboiler 

heater where a proportion of water is vaporised, and then reintroduced to the column. 

This eliminates the need for higher temperature pumps and risks with active control. 

5. Recirculatory absorber and desorber flow configurations that ensures: 

▪ large flow rates to the absorber to achieve wetting of its large surface area 

▪ smaller desorber flow rate resulting in reduced size hardware yet still delivering target 

CO₂ flow rates. 

6. A rudimentary heat exchanger configuration allowing recovery of heat to reduce reboiler 

energy demand and meet design temperature limits of components. 

7. Liquid control philosophy to fix liquid inventories in system except for buffer tank with 

automatic flow rate on absorber & desorber feed, level control on desorber drain and 

absorber basin. 

8. Air flow and absorber fan controlled to fixed fan speed. 

9. CO₂ valve control based on automatic valve position to fix column pressure.  

10. Heat input control based on choice of fixed heat and fixed column temperature control. 

11. Segregated and independent basic process control and cell safety interlocks systems. 

12. Instrumentation to deliver: 

 

3 ENCORE interim report (Project ENCORE: direct air capture) 

https://assets.publishing.service.gov.uk/media/6281f3428fa8f5562179576b/rolls-royce-encore-project.pdf
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▪ equipment operating points (e.g., pumps, heat exchangers, desorber)  

▪ global inventory (fluid), energy, CO₂ and H₂O flow balance through the system. 

Additional equipment is also needed for non-steady operations (i.e., start-up, shut-down, 

emergency stop, and initial filling) as well as to compensate for concessions arising from space 

limitations within the test bed: 

13. A buffer tank to measure and correct for volume changes of the absorbent arising from 

evaporation of water to air and aerosol drift in the absorber. 

14. An overflow tank to hold the full liquid inventory of the system whilst in a non-running 

state. This accommodates uncertainty in volume of liquid held in the absorber packing. 

 

Figure 1 - Simplified process flow diagram for ENCORE demonstrator. 

2.2 Hazard assessment and management 

Safety has been considered continuously through the engineering lifecycle of the demonstrator. 
Two hazard assessments events were conducted on the demonstrator design using the Hazard 
and Operability Study (HAZOPS) format: at the early preliminary design stage and at the 
detailed design stage. The hazards, their contributing threats, and the mitigation strategies 
employed were identified, recorded, and assessed for sufficiency using the Bowtie method. 
Rolls-Royce’s own Health Safety and Environmental Control Standards were also applied for 
the hazards identified. 

Risk management strategies for each hazard were established based on the size and number 
of threats for each hazard. In general, the hazards were managed by combinations of: 

▪ inherent limitations and isolation of the threat through the design philosophy of the 

demonstrator 

▪ containment of the threats within the test cell 

▪ limitation of the evolution of a threat by competent control of the system 

▪ application of independent safety interlocks on unsafe states through automatic system 

stop 
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▪ security and access controls 

▪ personal protective equipment 

In terms of chemical safety, the absorbent substance underwent a thorough assessment 
appropriate for the volumes of substance being handled. Specifically: 

▪ The substance was assessed by the supplier and appropriate authorisations obtained for 

UK import of its constituents and supply of the final product. Primarily this involved 

obtaining an authorisation for using a limited volume of absorbent solution for this 

application under REACH legislation (PPORD). 

▪ Completion of a safety study by an independent third party. 

▪ Review of experience and lessons learnt both internally and from resources published by 

relevant institutions and agencies. 

▪ Compilation by the supplier of chemical safety data sheets and creation of safety data 

sheets for used absorbent based on the learning described above. Application of this 

data to chemical and task focussed risk assessment (including PPE specifications). 

▪ The use of a periodic gas and liquid workplace sampling and analysis to verify 

continuous safe operation. 

An internal safety assurance and steering committee panel was formed of experienced 
individuals. This provided the project team with oversight of its risk management and 
authorisations to proceed into new phases as levels of risk evolved. 

Leveraging experience from post-combustion CO2 capture systems, Equinor has been able to 
bring across significant lessons learned on chemical and process safety onto the programme. 

2.3 Facility upgrade 

The demonstrator has been installed in one of Rolls-Royce’s circa-1960 gas turbine engine test 
facilities that became redundant following the evolution of Rolls-Royce’s products. 

The test facility has features relevant for the testing of the DAC demonstrator. These include: 

▪ Large indoor space sufficient to house the equipment. 

▪ Large air inlet flow area providing access to representative volume of air under realistic 

environmental conditions. 

▪ Large outlet flow area providing opportunities for exhausting process air and/or general 

facility ventilation. This also helps to produce good natural ventilation. 

▪ Access to sufficiently large electrical and water supplies. 

▪ A secure concrete structure that contains undesired hazardous events. 

▪ Secure perimeter preventing access to employees. 

▪ Segregated, safe control room space for the project team allowing control of the plant 

without exposure to hazards. 

▪ Fire detection and alarm systems. 

▪ Supply of sufficiently pressurising and clean compressed air. 

To fully accommodate the demonstrator, the following features were added: 
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▪ Removal of some structures used for gas turbine testing to make space for the 

demonstrator. 

▪ Upgrade of the electrical supply infrastructure. 

▪ Addition of a penetration through the concrete wall to accommodate outlet of the 

absorber tower with securing features for times where the plant is not in use. 

▪ Creation of a duct to contain and exhaust the absorber air flow out through the wall. 

▪ Formation of a secure bund by sealing the floor, walls and inclusion of a barrier to 

segregate this from access and egress routes for the demonstrator and local chemical 

storage. 

▪ Updated fire detectors to suit different environmental conditions, particularly where 

aerosols may be present. 

▪ Inclusion of a gas detection heads for CO2 and possible degradation products. 

▪ Inclusion of forced ventilation to dilute and remove possible chemical contaminants from 

the cell workplace. 

▪ Inclusion of emergency washing facilities in the event of chemical contact. 

▪ Inclusion of process vents for CO₂ process flows and pressure relief. 

▪ Update of emergency exits, with egress routes adequate for emergency recovery of 

individuals. 

▪ Inclusion of a de-mineralised water plant to process towns water before addition to the 

plant. 

2.4 Detail design 

2.4.1 Operational philosophy 

The demonstrator is designed to run in a broadly autonomous mode. This goal was achieved 
via successful unmanned endurance testing with a system stable enough to achieve fully 
unmanned operation. 

The aim of the control system is to hold the DAC plant in a quasi-static condition. This is 
achieved by a number of control loops holding key parameters to operator-specified set points. 

2.4.2 Mechanical 

The P&ID provides detailed information of the system design. This, in conjunction with the PFD, 
facilitates collaboration between teams across the project. A 3D CAD model has been 
developed using models of real components within the system. The 3D design of the system 
has been produced from the PFD and P&ID. Evolution of the 3D model took place in parallel 
with pressure loss calculations and simulations to ensure the pipe lengths are correctly set to 

meet the ranges of flow rates required.  

Design reviews took place with key stakeholders including manufacturing service, test facility, 
and test operations teams to evaluate space and access around the plant sufficient for build, 
maintenance, and inspection. Design follows Rolls-Royce internal design standards and 
industry-wide design codes that ensure compliance with regulations. 
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The location of all hardware has considered existing layout of the test bed. The absorber is 
located closest to the front to allow free flow of atmospheric air from outside the test bed 
through existing test bed baffles. This location of the absorber and desorber avoids the existing 
test cell infrastructure at ceiling level that would otherwise clash with them at height. The 
existing structures in the ceiling are re-used by adding support structures, thereby increasing 
stability. Equipment that processes steam and CO2 from the top of the desorber are located at 
height using the same structures to ensure that pipelengths between components are short. 

 

Figure 2 - 3D General arrangement showing absorber, desorber, reboiler, air 
circulation, and test bed constraints. 

2.4.3 Electrical 

The electrical instrumentation and control system consists of a PC providing a Human-Machine 
Interface (HMI) located in the main control room. The PC displaying the HMI is acting as a 
remote desktop into the real-time control chassis which is located in the Instrument Control 
Centre (ICC). The HMI in turn provides an interface to the three main control system cabinets. 
All three cabinets are installed within the test-cell. 

2.4.4 Control system 

The control system has three main purposes: 

1. Enable Operation of the DAC plant 

▪ Manual control 

▪ Automatic control 
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2. Monitor and record system parameters 

▪ Understand DAC plant performance 

▪ CO2, water, and absorbent tracking throughout the plant 

3. System safety 

▪ Diagnostics 

▪ Loss of containment (steam, water, absorbent) 

▪ Dedicated safety interlock trip string 

 

  

Figure 3 - Generic control system architecture. 

There are four main groups of actuators on the DAC plant: 

1. Fans: Absorber fan and facility ventilation fan. 

2. Pumps: Various, controlling flow rates and tank fluid/chemical levels. 

3. Heaters: Electric heating, solvent vapour/steam raising for extracting CO2 gas from 
absorbent. 

4. Control valves: Controlling flow around the DAC plant. 

The controller records a large number of system parameters at each time-step and writes the 
data to a csv log file. The system parameters include: 

▪ Continuous level measurements, discrete level switches 

▪ Flow meters, flow, and status 

▪ Valve positions and commands 

▪ Pressure and temperature measurements 

▪ Pumps commands, status, and feedback 

▪ Fan commands, status, and feedback 

▪ Heater commands, status, power, and temperature feedback 

▪ Various system health information 

Data logging automatically starts when the software starts, and a new file is created every 
6 hours. The file path can be selected from the HMI, and logging can be started and stopped 

from the HMI. 

2.4.5 Instrumentation 

The demonstrator has been instrumented to a greater degree than would be required on a 
typical production plant. In order to validate system or component design and diagnose issues 
arising during operation, additional instruments were used beyond what is needed for 
Measurement, Reporting and Verification purposes. 
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In principle, instruments are located around each unit: absorber, desorber, reboiler, pumps, and 
tanks. This allows the state of each equipment to be determined (typically flow rate, 
temperature, and pressure). Where appropriate, liquid level, energy use, and composition are 
also specified. The instrumentation enables the following system level validation: 

1. General mass balance 

▪ Air side 

▪ Absorber and desorber loops 

▪ CO2 product 

2. CO₂ balance 

▪ Air side absorption 

▪ Liquid side loading 

▪ CO₂ released 

3. Water balance 

▪ Air side humidity 

▪ Liquid inventory 

▪ Desorbed CO₂ in steam & CO₂ product stream 

4. Energy balance 

▪ Electrical power 

▪ Desorber liquid/gas enthalpy balance 

▪ Absorber liquid enthalpy balance 

▪ Air enthalpy balance 

2.5 Manufacture and installation 

The 3D model has been treated as the master document of the plant layout. From the 3D GA, a 
geometry for pipework that requires manufacture was developed, including the design of 
support framework for all required hardware, and the locations of all units to be assembled. 
When tying in with the delivery dates of all hardware, this provided a plan of when hardware 
should be fabricated and assembled. 

Assembly of the absorber was completed in early 2023 by lifting specialists due to height and 
size limits within Test Bed 52 (Figure 4). Rolls-Royce Manufacturing Services team completed 
all other hardware installations.  
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Figure 4 - Absorber assembly 

Rolls-Royce Manufacturing Services have fabricated, pressure tested, and installed all pipework 
and fabricated all support frames following schematics, PI&D, and the 3D GA. 

Build of the plant was completed in Q4 2023 (Figure 5). Differences between reality and design 
exist where hardware was not possible to install or was made easier to install by modifying the 
original design. For example, in order to allow for the absorber to be assembled (to make room 
for hydraulic lifts) the absorber had to be moved slightly, the desorber had to be moved 
rearwards to avoid existing features in the test bed, and some pipework had to be re-routed 
such that it could be easily assembled. 

 

Figure 5 - Reboiler loop (left) and DAC plant (right) 
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2.6 Challenges of design and development 

As discussed, an instrumentation philosophy was chosen to measure CO₂ through the air, the 
absorber, and in the CO₂ product gas line. This gives three independent measurements of the 

same parameter to prove system thermodynamics and help diagnose issues. 

This presented the following challenges: 

▪ Measurement of the volumetric flow of air through the absorber at high airflows. 

▪ Measurement of absorbent and CO2 concentration in the absorbent liquid. 

Rolls-Royce was able to leverage its unique expertise in fan design to address air flow 
measurements. Through knowledge of published performance details of the fan and 
measurement of the pressure rise associated with the fan, a measurement of flow can be 
determined. This was then verified by correlation with other air measurements. This proves 
effective provided leaks and low-pressure differentials are considered in the measurement 
equipment selection and design. This measurement, in conjunction with CO₂ concentration, 
allows calculation of the CO₂ removal from the air. 

In addition, two independent methods were developed to measure the absorbent and CO2 
concentration in the absorbent solution. These, in conjunction with measurement of flow into 
and out of the desorber, allow calculation of the rate of CO₂ leaving the absorbent. Both 

methods were calibrated against a set of fluids with varying yet known absorbent and CO2 
contents. This approach allows the process mass balance to be determined. 

Product CO₂ is provided in the form of a low CO₂ concentration in steam. As such, significant 

quantities of steam are produced as a by-product of the process. In order to reduce water 
consumption this water is returned to the system using a simple separator and conventional 
stream valve trap design.  

2.7 System cost 

The following system costs encapsulate the hardware and software costs associated with the 
primary plant and are not inclusive of those costs incurred regarding general facility 
infrastructure upgrades and modifications to enable operations, for example the installation of 
replacement electrical distribution boards. The only exceptions to this are for items necessary 
for operational safety, including gas detectors and emergency decontamination shower. 

Itemisation of each item purchased is not appropriate for this report so only the primary 
components are defined and ancillary hardware (e.g., pipes, flanges, nuts, bolts, gaskets etc.) 
are summarised as a total value. It should be noted that these are component costs only and 
are not inclusive of internal labour costs associated with design, procurement, or installation. 
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Table 1 - Primary plant cost summary. 

 

From initial system commissioning through to extended operations, some architectural 
modifications were required to ensure successful system performance.  

  

System Item Cost (ex VAT)

Desorber Column £65,595

Desorber Column Internals £15,029

Absorber £145,200

Heat Exchangers £6,334

Pumps and drivers/ inverters £36,139

Recirculation boilers - 4 off (inc 1 spare) £81,443

CO2 Separation Tank £8,912

Valves £19,988

Ancillary hardware £197,789

Fluid sampling hardware £25,817

Demin Water Unit £9,430

Control System (hardware, software, Instrumentation) £427,723

Primary Electrical Infrastructure £48,260

Control system installation & Commissioning £65,411

Inventory management & storage tanks £20,685

Extraction Fan £8,384

Emergency Shower £13,528

Fire Detection £10,665

Gas Detection £5,072

£1,211,404
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3 Test results from commissioning, parametric, and endurance testing 

3.1 Key statistics 

▪ Time operating at condition: 353 hours 

▪ Total amount of CO2 captured: 4378 kg 

3.2 Water commissioning 

The commissioning operations followed the following steps: 

▪ Absorber fan commissioning (with and without ducting) 

▪ Absorber loop water commissioning (with and without fan operation) 

▪ Desorber loop cold water commissioning. 

▪ Full system water heater commissioning 

▪ Fully system water air-assisted heating (representation of CO2 production) 

▪ 24-hour (unmanned) water low power and unpressurised commissioning 

▪ 24-hour (manned) water air-assisted heating commissioning 

3.3 First CO2 captured – functional testing 

After the initial sorbent commissioning running the absorber to build the CO2 loading of the 
liquid, high temperature runs were performed to test the desorber running capability of the 
system. To enable more capture, CO2 must be released from the liquid by raising steam in the 
desorber. The CO2 capture/release rate from the second of these runs is shown in Figure 6. The 
rate starts off low as operating temperature and pressure are reached and increases. The sharp 
peaks on the plot are due to minor experimental issues which were resolved later on in testing. 

 

 

Figure 6 - CO2 desorbed mass flow rate, 24th October 2024 
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3.4 Parametric studies 

After the system was fully commissioned with sorbent and the system run to gain a better 
understanding of performance, controls and operations, parametric studies were performed to 
understand absorber and desorber performance: 

In particular, the following output variables are monitored and described in more detail in the 
following sections: 

▪ Drift loss 

▪ Flow rate, pressure loss, and fan energy use 

▪ CO2 capture into absorber, as well as CO2 release from desorber 

▪ Absorbent condition 

▪ Vapour-liquid equilibrium data 

3.4.1 Absorber performance 

Drift loss is measured using a DustTrak Aerosol monitoring system at the fan outlet to monitor 
ejection of chemical into the environment with a sensitivity down to 0.001 mg/m3. Steady state 

observation shows the emissions rate was extremely low. 

The air drawn through the absorber needs to be sufficient to provide a source of relatively high 
ppm CO2 (relative to outside air) but not use too much energy or cause too much drift. 

Figure 7 shows the fan characteristic showing the rise in pressure provided by the fan verses 
the volumetric flow of air flowing through the absorber at different fan speeds.  

 

Figure 7 - Fan characteristic showing pressure rise provided by fan vs. gas 
volumetric flow rate through absorber 

3.4.2 Desorber performance 

To establish desorber performance, de-loading of the sorbent was performed with the absorber 
switched off. To a first order approximation, the highest CO2 partial pressure occurs at the 
higher loadings which leads to the lowest energy usage in the desorber per tonne of CO2 
evolved. However, the lean loading which is achieved at the desorber bottom exit has a 
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significant impact on the energy per tonne of CO2; a lower lean loading requires more steam 
which requires a lot of desorber energy. 

Vapour-liquid equilibrium is the condition at which liquid and vapour are in equilibrium at a given 
temperature, sorbent concentration, sorbent loading and pressure. This is the key component of 
estimating the quantity of CO2 evolved in the desorber given an input flow rate and energy. 
Typically, the higher the temperature, pressure, loading, and/or concentration, the greater the 
quantity of CO2 has evolved for a given energy consumption.  

The energy use in the desorber is heavily dependent on the vapour equilibrium performance of 
the sorbent. At operating conditions, the total pressure was higher than expected from a model 
based on literature data due to the higher-than-expected CO2 partial pressure which leads to a 
more efficient desorption process than predicted. 

The absorbent did not degrade sufficiently to have a measurable impact on performance during 

plant running. 

3.5 Endurance operation 

The final stage of the testing programme is endurance running which began in 2025 after 
system maintenance and checking took place after the parametric tests. Here, the aim was to 
understand: 

▪ System behaviour under long duration running. 

▪ Obtain steady state in terms of CO2 loadings within the confines of external weather 

conditions.  

▪ Longer-term behaviour of the absorbent in the system. 

▪ Impact of changing weather conditions. 

The results from the first endurance run maintained a steady capture rate over 70 hours at 

condition averaging over 100 tonnes CO2 per year rate. This was enabled by automated running 
unmanned overnight. 
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4 Key learnings 

4.1 Successes 

Table 2 - Notable successes. 

Experience Commentary 

1. Installation of the demonstrator on an 
industrial site within existing infrastructure 
eliminated the need for planning processes. 

Using existing industrialised locations can 
reduce and simplify planning processes. 

2. Avoidance of steam as heat supply for 
reboiler use and instead selection of 
indirect electrical heating gave a high 

degree of operational flexibility, was 
reliable, easy to control, and avoided 
hazards and regulations associated with 
steam. 

Other heat supply and/or heat transfer fluids 
were considered and might also be 
appropriate for these applications. 

3. Instrumentation strategy that demonstrates 
mass balance through air, liquid and gas 
throughout the process. 

Provided system understanding and 
confidence in results preventing inadvertent 
misunderstanding of plant performance. 

4. Operational resilience during operations in 
different environmental conditions. 

Reduced risk of missing project deliverables 
through a range of weather conditions. 

5. Achieving a control strategy, needing 
minimal assistance and establishing stable 
operating condition over longer test 
durations. In particular the ability to run the 
system unmanned. 

Always take this into account early in design 
during the control system architecture and 
safety case. 

6. Fan pressure drop gives an inexpensive 
method for flow measurement provided 
care with instrumentation. 

Recommend continued future application. 
Also, an indicator of loss of performance. 
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4.2 Lessons 

Table 3 - Lessons learnt. 

Experience Recommendation 

1. Effectiveness of passivation of metal 
components compromised due to 
approach of carrying out once built in-situ. 

Passivation would be more effective and with 
greater confidence if done at time of 
manufacturer or specified during component 
selection. 

2. The cautious material selection strategy/list 
prevented use of alternative and potentially 
cheaper and more effective materials 
choices. 

Opportunities can be taken to consider 
alternatives to stainless steels for pipework 
that may acceleration manufacture and 
installation. 

3. Solvent has a propensity to leak through 
connections, particularly of COTs 
components. This creating contact risks 
and system leakage. 

More investigation to determine what would 
be effective seals. 

4. Selected pumps did not auto-prime. 
Priming implemented as a semi-manual 
activity with residual contact risks. 

Consider self-priming/auto bleed in pump 
selection. 

5. Absorber is classified as a cooling tower 
that needed registration with local council 
under legionella legislation. This also 
demands risk assessments and likely 
mitigation through inspection. 

Consider this in contactor design. 

6. Equipment elevation in the test bed was 
constrained by ceiling height. This resulting 
in the inclusion of drain pumps on both 
absorber and desorber systems. 

Consider relative elevations of equipment 
that can eliminate need for additional 
components and control complexity. 

7. Reliability of instrumentation for air flow 
measurement is a challenge at low 
pressure differentials and that its failure 
modes will always give over optimistic 
answers. 

Minimise points of failure, minimise length 
and joints or instrument pressure lines. Avoid 
reuse/dual use of pressure taps creating 
additional points of failure. 

8. On-line liquid and gas FTIR measurement 

presented reliability challenges. 

Review measurement systems available and 

ensure robust to fault modes. 

9. Compression & purification is expensive at 
small scale. Difficult to find providers at 
such scale. 

Likely redundant as future plants will be at a 
large scale. This is a common challenge of 
early-phase pilots. 
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4.3 Optimisation and efficiency gains 

The design and operations of the ENCORE demonstrator showed areas of potential 
improvement regarding the following considerations to support DAC scale-up: 

1. The absorber deployed at ENCORE used COTS equipment via a re-purposed cooling 
tower. Optimised designs will intend to maximize the contact between the air and the 
absorbent, directly affecting the capture rate, energy consumption, and operational costs. 

2. The ENCORE test provided test results under a range of climatic conditions which are 
valuable to understand and optimise future system operation. 

3. Operational resilience is an important driver to maximize run time and plant efficiency. 
Future efforts may enhance the reliability of critical components, such as pumps and 
valves, and implement rigorous stress testing protocols to ensure they can withstand 
prolonged use.  
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5 Benefit assessment 

5.1 Lifecycle costs 

Lifecycle costs were analysed using a mix of incurred costs from ENCORE and an economic 
assessment of a production plant. The economic assessment of the production plant includes 
the physics, chemistry, and sizing estimates from the direct capture process combined with 
estimates of the resulting CAPEX and OPEX spending required to satisfy these targets. This 
assessment accounts for embedded scope 1, 2 and 3 emissions from manufacturing, operation, 
and decommissioning of the plant via a full Life Cycle Assessment (LCA). 

Figure 8 shows lifecycle costs (excluding embedded CO2) for the ENCORE system assuming a 
25-year lifetime and then net lifecycle costs for subsequent 100 ktpa first-of-a-kind and 1 Mtpa 

nth-of-a-kind plants. Note that the 25-year life for ENCORE, whilst outside of the scope of the 
pilot, has been used to ensure like-for-like comparison with the other systems. The 100 ktpa and 

1 Mtpa plants have been costed assuming a 90% uptime and so have a nameplate capacity of 

approximately 111 ktpa and 1.11 Mtpa, respectively. 

Individual costings are provided under the following assumptions: 

▪ CAPEX: ENCORE was built through off-the-shelf products. For a 1-Mtpa plant, building 

an absorber at scale with a bespoke design will result in lower CAPEX. 

▪ Maintenance: it is expected that there will be a higher maintenance burden in the early 

systems. As understanding of the product is improved, maintenance will be reduced 

accordingly. 

▪ Sorbent costs: costs are expected to decrease through purchase of higher quantities, 

improved sorbent technologies, and more efficient use for larger plant sizes. The sizing of 

the absorber is heavily dependent on the chemical properties. 

▪ Energy: this relates to energy required to power fans and pumps as well as to regenerate 

the CO2. Reducing energy is a key part of ongoing system development. 

▪ Water costs: These are a reasonably low component, but it is acknowledged low water 

use is key for system sustainability. 

▪ Energy source: it is imperative to use low-carbon sources of energy (e.g., solar, wind, 

nuclear) to reduce the net removal costs. 

Whilst it is expected that a chemical plant of this nature could physically last 40-50 years, a 
plant lifetime of 25 years is assumed here. 

In terms of net CO2, the 1 Mt NOAK plant is predicted to remove in excess of 85% of what it 
captures when accounting for embedded emissions for all scopes (1, 2 and 3). 

The reduction in CO2 capture cost is driven by economies of scale, improvements in supply 

chain, design improvements, operational resilience, and maintenance philosophy. 

Note that for future plant forecasts, a range is given to account for uncertainties in achievable 
technology performance, location uncertainty, and variation of performance under a range of 
operational conditions. Cost forecasts include an estimation of storage cost for onshore 
underground storage of CO2. 



 

 

Page 26 of 43  

Classification: Open       www.equinor.com 

 

For the ENCORE system, only gross capture costs are illustrated as the system is a capture 
and release demonstrator, however for the commercial systems the full removal costs are 
modelled, which including accounting for embedded lifecycle CO2 within the system. 

 

Figure 8 - Levelised cost of gross capture in GBP/tCO2 for ENCORE, and levelised cost of 
net removal in GBP/tCO2 for 100 ktpa first-of-a-kind, and 1 Mtpa nth-of-a-kind plants 

5.2 Future product lifecycle considerations 

Embedded emissions will improve with DAC scale-up. The proposed design for a commercial 
system should permit in excess of 85% of what is captured to be classed as net removals once 
all embedded emissions are considered (covering Scopes 1, 2 and 3).  

Embedded emissions will reduce in the following areas: 

▪ The demonstrator emissions included all engineering effort including significant one-off 
activities and learning. This skews the Scope 3 emissions in a way that is not 
representative of a mature plant design. Accounting for multiple engineers and operators 
driving to and from site every day for years is one of the main drivers of embedded CO2 
in an R&D system. This will be a much smaller contribution for a product system. 

▪ The hardware portion of the CAPEX for the demonstrator was not optimised and future 
costs would be significantly lower. Larger capacity plants will additionally benefit from 
economies of scale. 
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▪ The supply chain was not selected based on Scope 3 emissions and it is expected that 
good supplier engagement will build mature low carbon supply chains with improved 
reporting and decarbonisation efforts beyond the global decarbonisation trajectory. 

▪ Maintenance is assumed to be a percentage of project cost applied to each year of 
operation. When the project cost per tonne reduces as plant sizes scale-up, the emission 
associated to the maintenance activities will be expected to reduce commensurately. 

▪ Additional effort around the supply chain for chemical absorbent (extraction, production 
and disposal) would lower the operating carbon intensity. 

▪ Contractually bought low carbon electricity or direct on-site connection to low carbon 
electricity would lower the operating carbon intensity, in particular the Scope 3 emissions 
associated with electricity supply.  

▪ Establishment within an industrial CCS cluster to access shared infrastructure and a 
pipeline for transporting stored CO2. 

The embedded emissions in the supply chain will be unique for each customer, plant, and 
application, and will need to be assessed for each product. 

5.3 Process risks 

The methodology discussing hazard identification and management has been discussed in 
Section 2.  

The hazards identified in this project would be expected to be present in a scaled-up system 
albeit with differing emphasis on the threats that contribute to them and likely different levels of 
consequence based on the resulting size of a production plant. 

A fuller description of Project ENCORE safety hazards, threats and mitigations strategies can 
be found in section 2. Quantitative assessment of these risks has used Rolls-Royce corporate 
risk assessment standards. This is purely for the purpose of the demonstrator plant located 
within Rolls-Royce test bed 52 located in Derby. 

Production plant would reflect the owner/operators own corporate risk management strategy 
and such a plant’s architecture and location. Furthermore, production plant process risk 
assessment extends more fully into asset protection and loss of CO₂ production risks. To 

adequately protect against such risks requires a fuller risk assessment approach involving 
techniques such as Failure Modes, effects and criticality analyses (FMECA) and environmental 
impact studies. The outcome of such study is expected to influence equipment selection and 
specification, equipment redundancy, etc. As part of project ENCORE, a FMECA has been 
compiled to help capture the understanding gathered in the course of the project. 

5.4 Measurement, reporting & verification (MRV) methodology 

Measurement, Reporting and Verification (MRV), sometimes referred to as Monitoring, 

Reporting and Verification, is the process by which the flows of greenhouse gas emissions by 
sources and greenhouse gas removals by sinks are accounted for internationally. The UNFCCC 
established the current system of MRV, and it has been widely accepted by international bodies 
including for CO2 removal accounting by the IEA. For direct air capture with geological storage 
as the ultimate sink, quantifying the net removal is necessary for the entire chain from air-to-
sink: the physical or gross removal at the plant minus the embedded emissions (including 
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upstream energy emissions) and downstream fugitive emissions as detailed by the lifecycle 
analysis reported earlier.  

5.4.1 MRV frameworks 

A suite of MRV frameworks have emerged from private companies and governmental 
organisations with many advocating for similar considerations of public reporting, permanency 
in storage, lifecycle CO2 analysis, baseline/counterfactual consideration and wider 
environmental sustainability consequences. These include, but are not limited to, guidance 
issued by the IPCC, the Oxford Principles and the GHG protocol, standards defined by 
Puro.Earth, and draft legislation from the EU in carbon removal certification.  

The first part of MRV is to reliably measure the gross capture rate at point of CO2 delivery out of 
the plant (the primary output) and to measure all the inputs including the key ones of power, 
water, absorbent that produce this CO2 flow rate. Integrated over time this is the mass of carbon 

dioxide ready to be sent to storage and the energy used as well as absorbent solution and 
water consumption. Measurement uncertainty analysis is used to establish a rigorous approach 
to measurement and the treatment of errors (both random and systematic) with particular 
emphasis on minimisation of systematic errors since this is where deviation could lead to 
discrepancies in carbon removal volumes over time.  

On the demonstrator, the outlet stream CO2 measurement is a derived measurement from two 
physical measurements: the flow rate and CO2 purity of this stream. The FTIR (Fourier 
transform infrared) spectrometer identifies the volumetric proportions of CO2 and water in the 
vapour offtake stream. Individual CO2 and water volumetric flow rates are then calculated using 
the total volumetric flow rate measurement. Temperature and pressure measurements then 
allow conversion of volumetric measurements to a mass basis. These instruments are 
positioned at the latest stage of the demonstrator pipework before the product CO2 would be 
transferred to a storage or other processing facility. This is a key consideration to ensure that 
the measured result is inclusive of any fugitive emissions which may have occurred at any point 
in the upstream system. This philosophy will also be applied to the future production plant 
design. 

The lifecycle assessment uses measurements of power over time and carbon intensity of that 
supplied power to establish the indirect emissions associated with the consumed energy. 
Greater fidelity for a product would require live carbon intensity to be recorded at the same time 
as power consumption is measured. This recording of concurrent grid carbon intensity with 
power drawn would be suitable for carbon accounting using either a location-based approach or 
a market-based approach where the carbon intensity of the transmission and distribution loss 
element of the supply is still technically shared across the grid. This could be simplified in a 
future production plant if power were supplied on-site or via a private wire arrangement.  

5.4.2 Future product MRV considerations 

Robust measurement delivers confidence in net negative emissions for the customer. A 1% 
measurement error in a Mtpa plant, with a CO2 price of USD 180/t, could be worth USD 1.8 
million per year to the plant owner. The practical optimum is a balance between low 
measurement uncertainty and low instrumentation costs. A mature design with a validated 
operational model will be capable of inferring system behaviour and performance while 
physically taking measurements from fewer stations and potentially at more sparse intervals.  
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As in the approach taken with the demonstrator, assessment of captured CO2 will be targeted at 
the latest feasible stage in the system before the product CO2 is passed to the next responsible 
enterprise (to account for any fugitive emissions which may have inadvertently occurred in the 
system). The measurement scheme for MRV in a commercial system will be application 
specific, since a particular customer may require product delivery to an ISO pipeline standard, 
storage specification or require liquefaction. The state, temperature, pressure and other 
physical characteristics of the product CO2 as defined by the customer requirements will define 
the specific instrument types and standards installed.  

Discrete assessment checks at a defined time interval may be more cost effective than 
continuous monitoring, while still providing a sufficiently reliable indication of system 
performance, but this will depend on plant and measurement technologies and infrastructure in 
the specific plant, interfacing organisations and specific durability risks to the equipment. This is 
likely to apply to a purity assessment of the CO2 product stream for example to identify any 
trace species, where specialist equipment which contribute significantly to the cost of the plant 
could be brought in as required rather than introducing high CAPEX as an intrinsic part of the 
plant. Experience and verification gathered during development and continuous operation of 
these plants will incrementally provide justification for the frequency of monitoring in service that 
is required. 

5.5 Environmental impacts 

The DAC technology is intrinsically designed to reduce atmospheric CO2 levels, thereby helping 
mitigate the impact of climate change. DAC is essential in offsetting emissions from hard-to-
abate sectors such as aviation and heavy industries as well as addressing past emissions that 
have raised global temperatures. 

DAC plants should be powered by low-carbon energy sources to maximize the net CO2 removal 
efficiency. The low regeneration temperature enables the system to use renewable energy or 
waste heat for CO2 capture and does not require fossil fuels to power the system. 

DAC operations often consume water as part of the process. The water use depends on 
ambient conditions - primarily humidity - and systems performance. It is important to conduct a 
water life cycle analysis and assess its impact when considering deployment in arid regions with 
limited to no access to fresh water. 

The physical footprint of DAC installations can potentially disrupt land use and local habitats, 
necessitating comprehensive environmental impact assessments to address potential 
ecological disruptions. As part of the deployment work, studies will be undertaken to explore 
potential use of land required for the plant which is not directly accommodating equipment. 

Addressing these environmental considerations is critical to optimizing the benefits of DAC 
while minimizing potential risks, ensuring that the technology contributes positively to global 

climate goals. 
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5.6 Social impacts 

5.6.1 Social benefits 

DAC presents social advantages by combatting climate change and offering geographic 
flexibility as it addresses a global problem. It also poses social risks that require careful 
management through strategic planning, regulatory oversight, and technological enhancements. 

DAC facilities generate employment opportunities in engineering, manufacturing, operations, 
and maintenance, fostering economic growth, particularly in underprivileged areas not typically 
associated with high-tech industries. This decentralisation can spur economic development in 
rural or economically disadvantaged regions by providing new income streams. 

Addressing climate change necessitates diverse local actions aligned with global strategies. 
DAC's implementation interacts with both local and international regulations, influencing climate, 
technology, and environmental policies. While DAC could enhance global cooperation on 

climate strategies, it might also spark tensions if the distribution of responsibilities and benefits 
is uneven among nations. 

5.6.2 Risk mitigations and key considerations 

The IPCC scenarios consistent with limiting the temperature rise to well below 2°C show that 
removing CO2 from the atmosphere is essential and complements the implementation of 
emissions reduction policies.  

The energy requirements of DAC may intensify competition for energy resources, influencing 
energy costs and availability. This could worsen energy inequality, particularly in regions with 
existing energy shortages, affecting the affordability and accessibility of energy for vulnerable 
communities. Conversely, scaling DAC could catalyse further investments in renewable energy 
and mitigate the impact of climate change, also benefiting these communities. 

The costs associated with DAC technology and operations might redirect funds from other 
crucial social and environmental initiatives, potentially creating economic disparities. 

Public scepticism towards DAC might arise from concerns about its long-term environmental 
impacts, disruptions to the landscape, or fears that it may hinder immediate emission reduction 
efforts. DAC should complement, not replace, existing CO2 reduction measures. Investments in 
DAC must not defer or detract from established carbon management practices like point-source 
capture, fuel conversion, and energy efficiency improvements. 

The Equinor DAC technology is currently forecast to enable significant reductions in the energy 
usage compared to existing DAC systems, and ongoing development of the technology will 
enable further reductions in both energy and water use. 

It is important to engage with policymakers early on to ensure DAC is deployed in the most 
sustainable way, so that it does not take priority for low carbon energy or water in areas which 
still need to decarbonise or experience water scarcity. 

Overall, while DAC offers promising benefits for climate action and social development, it 
necessitates a balanced approach to integrate effectively into the broader climate strategy 
without causing social or economic harm. 
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5.7 System scalability 

The selected DAC technology is a low-temperature liquid sorbent approach. The approach 
draws on established principles from the point-source CO2 capture industry. This technology is 
particularly suited for centralized, large-scale operations. The design leverages economies of 
scale, optimizing a single, centralized desorber tower for industrial-scale efficiency.  

This centralized model is highly compatible with CO2 processing, conditioning, transport, and 
storage, maximizing the benefits of economies of scale. It also aligns with the requirements of 
permanent CO2 sequestration sites, which typically have storage capacities exceeding 1 Mtpa. 

5.8 Knowledge dissemination 

The DESNZ-funded programme de-risked key aspects of the DAC technology and set the stage 

for the next steps of development. These include scaling up the technology for commercial use, 

further reducing costs through technological innovation, and expanding into new markets. 

Public acceptance is key to achieve adoption at scale, and knowledge dissemination contributes 

to the public education on an emerging technology and market. Equinor intends to continue 

public engagement post completion of the DESNZ-funded programme. 

Throughout the programme, Rolls-Royce and later Equinor welcomed delegates from the 

government to visit the ENCORE demonstrator, including from DESNZ, DSIT (Department for 

Science, Innovation and Technology) and the Environment Agency. Learnings were also 

communicated at the following events, either by formal presentation or by event attendance and 

informal communication: 

a) International Energy Agencies GGR conference (Oct 2023) 

b) Brussels CCS conference (June 2023) 

c) NZIP GGR kick-off event 

d) NZIP Innovation showcase (June 2024) 

e) Business Models for UK NZ-GGR – delivered by CO2RE 

f) GGR Roundtable event hosted by DESNZ (June 2025) 

Finally, Rolls-Royce hosted four work experience students to shadow members of the 
operations team on ENCORE to learn more about the importance of greenhouse gas removal 
technologies. 
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6 Business plans 

6.1 Business plans overview  

The DAC technology under development is one of the key technologies to deliver on the energy 
transition and provide credible routes to net zero. When combined with permanent geological 
sequestration, DAC provides the highest-quality carbon offsets available on the market.  

However, not all DAC technologies are equal in their ability to scale and achieve commercially 
attractive capture costs. Equinor has looked for a technology that demonstrates the potential for 
scalability combined with a viable pathway to low energy consumption and low levelized cost of 
capture. With decades of experience in developing capital-intensive projects, alongside a 
growing business in CO₂ transport and storage, Equinor has the capability and competence to 

extend the carbon management value chain into carbon removal, and DAC in particular. 

6.2 Compliance & voluntary carbon markets  

Negative emissions have a crucial role to play within the energy transition and the route to net 
zero4. Most scenarios indicate a demand of between 5-20 billion tonnes of CO₂ of carbon 

removal required by 20505. Currently, the compliance market accounts for ~24% of global GHG 
emissions across 89 different compliance schemes, with the largest comprising the European 
Union Emissions Trading System (EU ETS), launched in 2005. It oversees emissions from 
industrial operators across in 31 countries and operates to progressively tightening emissions 
caps to drive continuous reductions in GHG emissions. In 2024, the compliance carbon markets 
were estimated to be USD 800 billion, with a record revenue of USD 104 billion in traded 
assets. 

In contrast, the voluntary carbon market is an incentive-based market that enables individuals 
and businesses to purchase carbon credits to offset unavoidable GHG emissions on a voluntary 
basis. This mechanism is particularly important for industries with hard-to-abate emissions or for 
companies with aggressive net zero strategies. Demand for voluntary carbon credits is set to 
rise by a factor of 15 by 2030 and with the need of more than a 100-fold increase to achieve net 
zero by 20506. The voluntary market is challenged by the quality of offsets due to potential over-
representation of the amount of removal by providers and the lack of quantifiable data 
associated with many offset projects (particularly in nature-based approaches).  

In contrast, DAC technologies can provide the highest-quality carbon removals in terms of 
scalability, transparency, permanence, and verifiability. While the technology is still considered 
nascent, DAC can play a critical role to delivering net zero. 

6.3 Competence & capabilities 

Equinor is developing a strong technical and commercial team to allow for deployment of DAC 

technologies that is safe, efficient, scalable, measurable, and cost effective. Expertise across 
heat and airflow management, chemistry and chemical engineering, systems modelling, and 
iterative design is focused on delivering a technology that matches the design criteria for scaled 

 

1 Global net zero commitments, 2021 (parliament.uk)  
5 The state of CDR (2023) 1st Edition 
6 The mission to mend the voluntary carbon offset market (2022), Taskforce on Scaling Voluntary Carbon Markets 
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deployment. In addition, Equinor’s expertise in broader CO₂ management, transport, and 

sequestration is helping to steer optimal solutions toward capture processes.  

6.4 Routes to commercialisation 

The maturity of both the technology, market, and regulatory framework around both carbon 
removals and specifically DAC means that there is significant uncertainty in identifying the most 
commercially attractive route to market. However, as both a technology developer and potential 
project developer, Equinor can explore numerous options to commercialise this technology. It is 
crucial to understand final use of the captured CO₂ as this can have a significant impact on the 

design and required specifications of the system. For example, if the CO₂ will be primarily for 
sales as carbon offsets and storage in sequestration sites, the CO₂ will need to achieve purity 

levels determined by each facility (e.g., Northern Lights CO2 specifications as of 20247). If the 
CO₂ is delivered for utilisation purposes, the requirements can be vastly different as some 

impurities (e.g., water) can be beneficial or tolerated in the next phase of the process.  

6.4.1 Products and services  

The CO2 product captured from DAC may be used in multiple products and services, with 
distinct growth opportunities based on market preferences. 

▪ Carbon removal credits: high-quality carbon removal credits provide a reliable method to 
help buyers offset emissions and meet regulatory requirements. 

▪ Low-carbon fuels: DAC-sourced CO2 can be used to produce synthetic fuels, including 
methanol, diesel, and jet fuels. 

▪ Building materials: Captured CO2 can be converted into carbonates used for producing 
concrete and other building materials. 

▪ Beverages and food: CO2 is used in the carbonation of beverages. It is also employed in 
the production of dry ice for food preservation and transportation. 

▪ Agriculture: Enhanced levels of CO2 can boost plant growth in controlled environments 
like greenhouses. Captured CO2 can be used to enhance crop yields, which is especially 
useful in regions with high demand for food production. 

▪ Plastics: Researchers are exploring methods to convert captured CO2 into plastics, 
providing a more sustainable source of materials for the polymer industry. 

▪ Chemicals: CO2 can be transformed into a variety of chemicals, including polyols for 
polyurethane production, which are used in many applications. 

6.4.2 Location  

The development of DAC technology will remain headquartered in the United Kingdom. Local 
conditions will enable access to the right technical competences, the growth of crucial 

partnerships towards technology development and deliver potential pathways to 
commercialisation. In addition, there are locations that will enable pilot test facilities to be 
developed and deepen the collective knowledge and capabilities towards DAC in the UK.  

 

7 https://norlights.com/wp-content/uploads/2024/06/NorthernLights-GS-co2-spec2024.pdf 
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For DAC deployments to grow beyond the pilot scale (> 1ktpa), it will be critical to find locations 
which have access to large-scale storage options in addition to abundant, low-cost renewable 
power. In addition, governments and local authorities will need to be supportive toward this new 
industry, developing supportive regulatory frameworks that deliver clarity and help grow the 
robust CO₂ infrastructure required for substantial sequestration and/or CO2 post-processing for 

utilisation in low-carbon products such as sustainable aviation fuels.  

6.4.3 Job creation 

DAC is not only a tool for reducing atmospheric CO2 levels but also a driver of job creation. 
Building DAC plants have a direct impact on employment, from direct roles within the plants (in 
particular during construction) to indirect jobs in associated industries and supply chains. 

DAC plants are complex operations that necessitate a diverse range of roles. Direct jobs include 
technical positions for engineers, plant operators, and maintenance staff. The technological 
specificity of DAC requires a workforce skilled in chemistry, process engineering, and systems 
engineering. The indirect jobs are generated in sectors like construction, equipment 
manufacturing, and transportation, supporting the broader supply chain. Additionally, induced 
jobs arise in local communities where increased spending by employees boosts the service 
sector, such as retail and hospitality as the industrial deployment spur new investments locally. 

The introduction of DAC plants can bolster local economies. For instance, a single industrial 
plant of 1 Mtpa capacity might directly employ 200 workers, with another 500 jobs supported in 

ancillary businesses. 

Government policies play a crucial role in accelerating job creation in the DAC sector through 
incentives such as tax breaks, subsidies for technology development, and direct investment in 
public-private partnerships. These initiatives not only promote job growth but also encourage 
continual advancements in DAC technologies. 

The development of DAC plants stands as a robust avenue for job creation, offering varied roles 
across multiple sectors and contributing to economic growth. As the world leans more on 
technology to combat climate change, the strategic development of a skilled workforce to 
support DAC technology is not only necessary but imperative for sustainable progress.  
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7 Market assessment  

7.1 Market overview  

The carbon market value chain can be subdivided into several end-user categories operating on 
both the compliance and voluntary markets at a variety of scales. The compliance market is by 
far the largest operating market, trading more than USD 100 billion in 2023 across carbon taxes 
and emission trading schemes with more than USD 40 Billion from the EU Emissions Trading 
System (EU ETS) and USD 5 billion from the UK ETS. As various compliance mechanisms 
continue to tighten emission allowances, it is likely to lead to an increase in demand for carbon 
removals especially in industries where abatement options are neither commercial nor mature. 
To date, reduction-based credits have been more prevalent in purchase agreements for credits, 
but longer-term trajectories infer the growth of carbon removal credits. 

7.2 Target customers 

Customer segments can be separated into buyers looking for high-quality carbon removal 
offsets and buyers looking for a non-fossil-based CO₂ feedstock for utilisation purposes.  

Among potential buyers of carbon removal credits, computing-heavy industries (e.g., data 
centres, AI/ML companies) have been the most eager to purchase high-quality DAC credits with 
Microsoft dominating the volume of purchases so far. Google, Meta, Stripe, and other also 
prospective customers. 

7.2.1 Industries with hard-to-abate operations and/or high emissions  

▪ Shipping and transportation 

▪ Aviation 

▪ Cement and concrete production 

▪ Oil and gas  

▪ Petrochemical and refineries 

▪ Steel manufacturing 

▪ Digital technologies 

7.2.2 Industries with a need for a green CO₂ feedstock for utilisation 

▪ Food and beverage companies 

▪ CO₂ cooling 

▪ E-fuels and/or sustainable aviation fuel producers 

These represent a non-exhaustive list of potential customers for developing DAC business 
models and can also represent potential partnership and collaboration options.  

7.3 Market analysis  

The IPCC state there will be a need to annually remove 5.6 Gtpa CO2 by 2050 to meet the 

<2.0ºC climate change target. While nature-based solutions may be able to account for 
2.1 Gtpa CO2, there is a shortfall of 2.7 Gtpa where DAC and other technology-based solutions 

will be required. When including hard-to-abate industries which may look to utilise offsets as 
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part of their net zero transition, the total addressable market for carbon offsets is considerably 
larger. 

Currently, DAC offsets are only being used on the voluntary carbon market, which has seen a 
small reduction in total market size from nearly USD 2 billion in 2022 to USD 1.7 billion in 2024, 
but with an expectation that this market will grow significantly as 2030 net zero targets for many 
companies become more prominent and as compliance market allowances increase pressure 
on industry decarbonisation.   

7.3.1 Competition & challenges 

Private investment in DAC technology has been a catalyst for growth with there now being more 
than 100 DAC companies, with a large proportion of those being US-based, looking to take 
advantage of regulatory support through the US government Inflation Reduction Act and the 
Bipartisan Infrastructure Law. While there are abundant startup companies, only a few have 

reached pilot phase and fewer still that have proven the technology above the kilo-tonne scale. 
Of the leading DAC companies, Occidental Petroleum, who acquired Carbon Engineering, and 
Climeworks are the most mature, with the largest deployments to date. 

Each technology choice faces its unique challenges in delivering cost-competitive capture. As a 
pre-requisite, DAC technologies require access to renewable power which could result in a 
bottleneck to scalability. The rapid growth of other industries (e.g., data centres) will limit the 
availability require infrastructure investment and this comes in addition to the need to build out 
power infrastructure. Furthermore, as with all new technologies, early deployments are likely to 
be only marginally economic (at best) resulting in high demand for regulatory or governmental 
support to mature through the development phase.  

The technology type developed in ENCORE is believed to have a unique advantage compared 
to competitors due to the inherent scalability of a liquid-based approach in combination with low 
temperature requirements normally associated with a solid sorbent method.  

7.3.2 Pricing and sales  

Currently, prices of direct air capture removal offsets remain high and a niche market for 
companies willing to pay high premiums to help develop the technologies and to access high 
quality offsets early. In particularly, digital technology companies and financial institutes are 
driving early purchases from DAC (e.g., Microsoft, JP Morgan). Volume sales remain small 
(<2000t per sale) and purchases from earlier DAC developers indicate sale prices of between 
USD 800-1200 per tonne.  

The high cost of direct air capture remains the largest challenge to growing the market of 
potential buyers. Analysis indicates that there are cost thresholds which will ‘unlock’ new 
potential customers and industries. For instance, if the levelised cost of capture of DAC reach 
USD 300/t, it would access a potential 8 Gtpa removal market.  
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Figure 9 - Goldman Sachs research, “Carbonomics” (October 2024) 
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8 Deployment strategy 

8.1 Scale-up journey 

The pilot phase of the DAC technology programme has successfully demonstrated the viability 

of capturing CO2 directly from the atmosphere using a low-temperature liquid absorbent. As the 

programme transitions from pilot to scale, the next stages involve expanding the technology’s 

capacity, optimising efficiency, and deploying systems in locations with competitive access to 

low-carbon power, CO2 offtake, land, and market incentives. 

ENCORE today achieves a proof of concept of the underpinning technology at scale, proving 
that it is viable to be deployed at a large-scale system. However, its design is not representative 
of a cost-competitive production scale plant. 

The scale-up of the DAC technology is planned to occur in three phases: integrated product 
representative prototype of the smallest scale that de-risk all key technology features, first-of-a-
kind commercial plant, and multiple industrial plants deployments. 

8.2 Site selection 

The selection of new sites for DAC plants will be based on several criteria: 

1. Low-carbon power availability: Locations with abundant solar, wind, nuclear, and/or 

geothermal energy will be preferred to ensure operations are powered by renewable 

sources. Critically, the use of a low-temperature liquid sorbent enables us to access low-

temperature heat without relying on natural gas or hydrogen. 

2. CO2 offtake: Areas must have suitable geology for safe and permanent CO2 

sequestration or access to pipeline infrastructures toward CO2 processing plants. 

3. Regulatory environment: Favourable regulatory frameworks that support carbon capture 

and storage innovations will be crucial, in particular to secure early deployments. 

4. Economic impact: Sites where DAC deployment can support local economies through job 

creation and technology development will be prioritised. 

5. Environmental conditions: Certain climatic conditions will favour different technologies 

with regards to performance and cost. 

Given these criteria, the UK has suitable climatic conditions, access to offshore storage sites, as 
well as a relatively low carbon intensity grid, and therefore is a viable location for DAC. Industrial 
clusters in the UK are combining the build of CO2 transport and storage infrastructure with new 
energy solutions (e.g., hydrogen) and therefore provide further synergies in the carbon 
management value chain. Equinor is present in two of these clusters (‘Net Zero Teesside’ and 

‘Zero Carbon Humber’) and future deployments will look to optimise across the value chain. 
Other likely locations for the next DAC plants include regions in the Southwestern United 
States, which offer vast solar energy potential; parts of Northern Europe, known for their 
progressive environmental policies and wind energy capacity; and areas in Canada and 
Australia, which have both renewable resources and suitable geological formations for CO2 
storage. These locations will enable the programme to efficiently scale up while adhering to 
environmental and economic sustainability goals.  
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Regulatory support is vital for the growth of new technologies, with one prominent example 
being the introduction of the Inflation Reduction Act (2022) in the USA which contained a 
number of measures to promote decarbonisation. Specifically, the 45Q framework enables DAC 
project developers to claim tax credits of USD 180 per tonne of CO2 permanently stored at a 
significantly reduced capacity requirement. Favourable policies such as these help de-risk the 
financial exposure to technology maturation, whilst providing time for the market to develop.  

As DAC technology scales, engaging with policymakers and the public will become increasingly 

important. The programme will aim to influence favourable policy frameworks that support the 

widespread adoption of DAC technology and ensure public acceptance through transparency 

and education about the benefits and safety of the technology. The strength of the industrial-

public partnership, and the appetite from customers, will largely dictate the location of industrial 

deployments. 

Early deployment locations are therefore dependent on balancing the idealised environmental 

conditions, access to sites which allow for planning consent of industrial-scale new 

technologies, low-cost green power, access to low-cost storage, regulatory support and clarity, 

and public acceptance.  

8.3 Technology roll-out 

To achieve the scale necessary for impact, technological enhancements are crucial. The next 
development phase will focus on implementing patented and patent-pending technological 
innovations for reducing both capital and operational costs. Moreover, integration of supply 
chains for system optimisation will play a critical role in enhancing the manufacturing and 
efficiency of the plants, thus allowing for larger-scale deployments at lower capital costs. 

Scaling DAC technology will require substantial investment. The programme plans to leverage a 
mix of private investment, public funds, and innovative financing mechanisms such as 
government-backed incentives and carbon removal credits. A sizable portion of the funding will 
be directed towards research and development to keep reducing the cost per tonne of CO2 
captured, making the technology not only more efficient but also more accessible and resilient 
under different geographies / climate conditions. 

To facilitate the global roll-out of DAC technology, the programme will seek to establish 

partnerships with international governments, private sector players in the energy and 

technology fields, and academic institutions. These collaborations will focus on sharing 

knowledge, aligning technical standards, and co-developing projects that can accelerate the 

deployment of DAC technology worldwide. 

The ultimate goal of scaling DAC technology is to establish a significant number of plants 

worldwide, each contributing to the collective target of removing gigatons of CO2 from the 

atmosphere annually. This aligns with international climate goals and the urgent need for 

scalable carbon removal solutions. 

The next stages in the development of DAC technology under the programme are ambitious but 

necessary for meeting global climate targets. Through technological innovation, strategic 

scaling, and strong partnerships, DAC can transition from pilot projects to being a cornerstone 
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of the global strategy to combat climate change, highlighting the programme’s commitment to a 

sustainable and net-zero future. 

8.4 Leveraging information collected during Project ENCORE 

The pilot phase of DAC technology programme has successfully demonstrated the viability of 
capturing carbon dioxide directly from the atmosphere using a low-temperature liquid sorbent. 
Notably, the programme demonstrated key features of the technology: 

1. Safety: the chosen chemistry can be operated safely.  

2. Plant performance: the design exceeded the 100 tpa capture rate, even exceeding 

expectations toward 180 tpa capture rate.  

3. Absorbent performance: the chemistry does remains stable over several hundred hours 

operation, and it can be monitored, handled, and discarded safely. 

4. Operations: the system architecture, including control systems, is conducive to 

unmanned operations down the line. 

5. Resilience to weather: the system was demonstrated to operate across a range of 

different climatic conditions, and learnings around cold weather operation have been 

incorporated into the product design 

6. Future design: the overall concept of the technology is sound, and the testing campaign 

outlined improvement opportunities for the absorber design, chemistry, and heat 

integration. 

Overall, the programme successfully de-risked key elements of the DAC technology and inform 
a comprehensive risk assessment that enables the team to de-risk the technology and map 
improvement areas for future iterations of the technology. Thanks to ENCORE, the team 
compiled an extensive list performance indicators and risks that can be de-risked according to 
the programme highlighted in the technology scale-up journey. 

8.5 Dependencies, uncertainties, and assumptions 

The ENCORE programme shed light on key dependencies, uncertainties, and assumptions to 
be further tested in order to progress technology validation and the commercial deployment 
journey. The progress in DAC technology validation and commercial deployment heavily relies 
on several critical dependencies: 

1. Technological advances: Continuous improvements in capture technology, particularly in 

capital cost, absorbent efficiency and energy usage, are important for continuing to 

reduce the levelised cost forecasts of DAC technology and for the system to be 

competitive in a future market. Component standardisation and effective systems 

integration would also drive cost down and enable larger-scale deployments. 

2. Affordable renewable energy integration: DAC operations require substantial energy 

inputs, making their sustainability and carbon neutrality contingent on the availability and 

integration of renewable energy sources. The scalability of DAC technology is thus linked 

to advancements and investments in renewable energy infrastructure. The cost of this 

energy is a significant driver towards the cost of captured CO2. 
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3. Regulatory support: Government policies and regulations play a crucial role in the 

deployment of DAC technologies. This includes support for research and development, 

subsidies, carbon pricing mechanisms, and specific regulations that facilitate large-scale 

projects. 

Several uncertainties could impact the progression from technology validation to commercial 

deployment: 

1. HS&E: The technology must be safe and environmentally friendly. This is even more as 

important as the output of DAC plants is released to the atmosphere as opposed to 

conventional chemical process plants where the output is controlled within the 

boundaries of the plants. This is an area that is continuously assessed and monitored, 

and engagement with the UK Environment Agency is ongoing, and will continue 

throughout the technology development. 

2. Cost reduction strategy: While technological advancements will drive down costs, the 

rate and scale of these reductions remain uncertain. Achieving cost-effectiveness 

comparable to other carbon reduction strategies is crucial for widespread adoption. 

3. Public and political acceptance: The deployment of DAC technology on a large scale 

involves land use and infrastructural developments, which may face public opposition or 

slow political endorsement. The social acceptance of large-scale carbon capture facilities 

and the perceived environmental impacts could influence deployment timelines and 

locations. 

4. Permanent sequestration: The long-term storage of captured CO2 poses technical and 

regulatory challenges. Uncertainties about the availability, capacity, integrity, and 

acceptance of geological storage sites can affect the viability of DAC projects. Ensuring 

safe and permanent storage is critical to ensure credibility and gain public acceptance. 

5. Climatic variations: In traditional processing plants, the feedstock / inputs are controlled 

and known. In DAC plants, the inlet conditions change over time throughout the day and 

seasons. 

The development and deployment of DAC technology are based on several assumptions that 

need further testing and validation: 

1. Technological scalability: It is assumed that current pilot-scale technologies can be 

effectively scaled to commercial levels without significant losses in efficiency or increases 

in costs. It is assumed that the cost per tonne will go down as plant sizes increase via 

economies of scale. This assumption needs rigorous testing through expanded pilot 

projects and prototype developments. 

2. Market viability: There is an underlying assumption there is a market for carbon removal 

credits and/or captured CO2 that will develop and expand, including uses in synthetic 

fuels, beverages, and other industrial processes. The economic models of DAC are 

predicated on these markets providing continuous revenue streams, which are yet to be 

fully realised at scale. 
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3. Climate policies: The assumption that global climate policies will increasingly favour 

negative emissions technologies and set more stringent carbon reduction targets is 

central to the DAC business model. The pace and nature of these policy developments 

are, however, variable and depend on international cooperation and national policy 

frameworks. 

Addressing these dependencies, uncertainties, and assumptions is crucial for the successful 
validation and commercial deployment of DAC technology. Each factor represents an area of 
focus for ongoing research, policy advocacy, and strategic planning. Evaluating these 
assumptions and mitigating uncertainties through robust pilot projects, partnerships, and policy 
engagement will be essential in moving DAC from a promising technology to a viable option as 
a global carbon reduction strategy. This approach will not only help in fine-tuning the technology 
but also in building the necessary framework for its integration into the broader climate change 
mitigation portfolio. 
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9 Conclusions 

9.1 Summary 

The ENCORE testing campaign marked a pivotal step in advancing the understanding and 
implementation of this new low regeneration temperature liquid-based approach to direct air 
carbon capture. The test campaign focused on evaluating the effectiveness, efficiency, and 
scalability of the proposed technology under various operational conditions. It also provided a 
comprehensive assessment of risks and key performance indicators to consider as the 
technology evolves toward broader commercial deployment. 

The DAC testing campaign successfully demonstrated the technology's potential to capture 
carbon dioxide from the atmosphere at a rate of over 180 tonnes of CO2 per year. The tests 

confirmed that the selected chemistry could be safely handled and could deliver satisfactory 
capture efficiency. The tests also showed that the proposed low-temperature DAC technology 

could be paired with renewable energy sources, highlighting the feasibility of sustainable, large-
scale deployment. Moreover, the campaign provided valuable data on the energy requirements 
and environmental impacts of DAC operations, crucial for future optimisations. 
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