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Abstract - Leveraging digital technologies in CCUS
represents a transformative approach to production
operations by integrating data management systems,
reservoir analysis software and production intelligence
platforms into a unified digital ecosystem. Applying
technologies such as Atrtificial Intelligence (Al), Machine
Learning (ML), loT sensors, digital twins, and advanced
data analytics enables optimization from planning through
monitoring and reporting. This convergence supports
seamless data flow and cross-domain collaboration,
improving  efficiency, reducing downtime, and
strengthening proactive asset management. In CCUS,
digital technology unifies data, models, and decisions to
enable decarbonization, optimization and compliance.

Index Terms - Carbon Capture, Decarbonization,
Optimization

. INTRODUCTION

The global energy sector remains dependent on
fossil-based resources, making CO, emissions a persistent
driver of climate change. To offset this, many regions are
utilizing CCUS to remove carbon associated with existing
assets. CCUS captures CO, at target sources and either
stores it or uses the gas as a process input which allows
operators to extend asset life and cut emissions. CCUS
reduces emissions by capturing CO, at the source and
transporting it for long-term geological storage or beneficial
use, providing a bridge technology toward a sustainable,
resilient energy system.

CCUS in the energy sector helps in several ways, and
supports the transition toward a low-carbon global energy
system.

Key energy related applications include:

Bioenergy with Carbon Capture and Storage (BECCS) -
net-negative energy systems through BECCS, where
biomass energy is combined with carbon capture to
remove CO, from the atmosphere.

Fossil-fuel power generation — lowering emissions allowing
existing plants to operate with significantly reduced CO,
output.

Low-carbon hydrogen (blue H;) production - capturing CO,
generated during hydrogen production from natural gas.

Enhanced oil recovery (EOR) by using captured CO, to
increase extraction efficiency while storing the CO, utilized
to do so underground at the same time.

The decarbonization of natural gas processing - CO, is
removed from raw gas streams and permanently stored
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rather than vented.

Synthetic fuel production - using captured CO, as a
feedstock for carbon-neutral fuels.

Reduce the emissions from energy-intensive digital
infrastructure, including data centers, by pairing their power
sources with CCUS-equipped generation facilities. (see [1])

Together, these applications make CCUS an enabling
technology in the global shift toward cleaner, more
sustainable energy systems.

Further to the energy production aspect of CCUS,
carbon capture is widely used outside of energy
production, and in many cases, plays an equally important
or even larger role in reducing industrial emissions. Major
non-energy sectors where carbon capture is routinely
applied are shown for 2023 in Fig. 1 below [2].
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Fig. 1 CCUS projects in 2023 - Source: CaptureMap [2].

A. Cement

Cement production is a leading industrial emitters of CO,
because CO, is released chemically when limestone
(CaCO:s) is converted to lime (Ca0O). CCUS is used to
prevent these unavoidable process emissions from
entering the atmosphere.

B. Steel and Iron Production

Blast furnaces and direct reduced iron (DRI) processes
generate concentrated CO, streams. Carbon capture is
increasingly deployed to decarbonize these hard-to-abate
industrial processes.



C. Chemical

Several chemical processes produce CO, as a
by-product. This includes ammonia production (via steam
methane reforming), hydrogen production and ethylene
oxide processing. Carbon capture allows these facilities to
maintain output while significantly cutting emissions.

D. Refineries

Oil refineries release CO, during gas processing,
hydrogen production and fluid catalytic cracking. Carbon
capture is used to clean up these emissions and support
low-carbon fuels.

E. Natural Gas

CO, is often naturally present in raw natural gas
reservoirs. Processing plants remove CO, to meet pipeline
quality standards and capturing it prevents venting this to
the atmosphere.

F. Bioenergy with Carbon Capture

While related to energy, this is unique because it can
produce net-negative emissions. Biomass absorbs CO,
while growing. Carbon capture prevents re-release during
conversion This becomes a negative-carbon industrial
process.

G. Waste to Energy and Incineration

Municipal solid waste incinerators emit fossil and
biogenic CO,. Carbon capture is increasingly proposed for
these facilities to reduce urban emissions.

H. Direct Air Capture (DAC)

While not tied to a specific industry, DAC captures CO,
directly from ambient air, allowing carbon offsets, synthetic
fuel production and long-term storage. DAC is considered
essential for hard-to-abate sectors.

I. Pulp and Paper Mills

Chemical pulping generates a CO,-rich flue gas during
biomass combustion. Carbon capture enables
decarbonization of an industry that relies heavily on
bio-based feedstocks.

In many of these sectors, CO, emissions come from
chemical reactions, not combustion-so carbon capture is
the only viable pathway to deep decarbonization.

. THE NEED FOR ADVANCED AUTOMATED
CONTROL

As CCUS projects expand in scope, scale and
complexity, manual monitoring becomes insufficient to
support real-time decision-making and performance
optimization. The increasing availability of sensor
networks, advanced analytics, and intelligent automation
paves the way for automated Monitoring, Measurement,
and Verification (MMV) systems, which can integrate large
volumes of spatial, temporal, and geophysical data.

Automated MMV enables proactive management of
capture efficiency, pipeline integrity, and subsurface
storage behavior-resulting in optimized CCUS operations
while reducing operational costs and enhancing safety.

Achieving reliable and safe operation of CCUS systems,
requires continuous oversight of CO, movement across the
capture, transport, and storage chain. This necessity has
led to the development and integration of MMV frameworks
[3][4] [5]. MMV ensures that CO, is effectively captured,
transported securely, and stored permanently without
unintended environmental impact. Beyond regulatory
compliance[6][7], MMV plays a central role in enhancing
operational efficiency, detecting anomalies, and validating
long-term storage performance.

In this context, the convergence of CCUS technologies
with automated MMV frameworks represents a pivotal
advancement for the energy sector. By employing
automation, data fusion, and intelligent control strategies,
modern CCUS facilities can achieve consistent, high-
fidelity oversight of their processes, enabling the secure
and efficient reduction of CO, emissions at scale. This
paper explores the design, implementation, and benefits of
automated MMV systems within CCUS, highlighting their
role in ensuring optimal performance within next-
generation low-carbon energy systems.

As commercial carbon capture, utilization, and storage
(CCUS) projects scale globally, early industry focus has
centred on the major foundational activities required to
establish viable storage and transportation networks. See
Fig. 2 These include evaluating and qualifying suitable
storage fields, meeting regulatory and permitting
requirements, assessing emitter participation within cluster
networks, and completing feasibility studies and
commercial planning. Once feasibility is approved,
operators and CO, emitters transition into Front-End
Engineering and Design (FEED), where Engineering,
Procurement, and Construction (EPC) contractors break
down the scope into civil, mechanical, electrical, and
automation disciplines to define budgets, schedules, and
execution strategies that support a final investment
decision.

This project development structure follows the traditional
Oil & Gas model, where historically, field development and
exploration activities relied on manual,
discipline-to-discipline  workflows, verbal handovers,
paper-based records, and fragmented data retention.
CCUS infrastructure, however, presents a fundamentally
different opportunity: the ability to design digital
technologies into every stage of the value chain to optimise
the full lifecycle of capture, transportation, injection, and
compliance.

CCUS regulatory frameworks define the specific data
required across both subsurface and surface domains.
Subsurface requirements include volumetric assessments
and three-dimensional static geological models capturing
hydrogeology, = reservoir  analytics, = geochemistry,
permeability, seismicity, and potential leakage pathways.
Surface operations require continuous or periodic
monitoring of parameters such as CO, composition,
emissions, wellhead flow rates, pressure, and temperature,
with all measurements captured, stored, and reported.
These datasets are essential for demonstrating that the
storage site operates within its approved design envelope
throughout baseline establishment, active injection, and
post-closure phases, supporting the Measurement,
Monitoring, and Verification (MMV) framework for data
management and reporting.



As CCUS deployment accelerates, MMV programs have
become increasingly software-driven to meet rising
technical complexity, expanding regulatory scrutiny, and
long-term stewardship expectations. With large-scale
transport and storage networks now operating
internationally, operators must demonstrate conformance,
containment, contingency readiness, and regulatory
compliance over project lifetimes that may span several
decades. Digital MMV platforms address persistent
challenges such as fragmented data sources, inconsistent
data quality, manual reporting, and siloed modelling
workflows by providing unified data models, automated
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Fig. 2 CCUS in operation

analytics, integrated simulations, and audit-ready
reporting.

This paper presents a digital platform approach that unifies
field data capture, real-time monitoring, physics-based
modelling, and governed reporting workflows to deliver
scalable, compliant, and operationally robust MMV for
commercial CCUS developments.[8]

lll. MMV OBJECTIVES AND THE FOUR-PILLAR
FRAMEWORK

MMV for carbon storage is fundamentally a
risk-management exercise, shaped by regulatory
requirements and the technical realities of long-term CO,
injection and containment. While definitions and
implementation expectations vary across jurisdictions,
MMV objectives can be consistently structured around four
interrelated pillars: Conformance, Containment,
Contingency, and Regulatory assurance. Together, these
pillars provide a practical framework for designing
monitoring strategies, selecting measurement
technologies, and structuring data management and
reporting workflows across the full lifecycle of a storage site

A. Conformance: Verifying Storage Performance

Conformance addresses the question of whether
injected CO, is behaving as predicted by site
characterization and dynamic models. This includes
confirmation that injection rates, pressure evolution, plume
migration, and reservoir utilization remain within the
expected operating envelopes defined during permitting
and development. Conformance monitoring relies on the
systematic comparison of measured data such as injection
rates, bottom-hole pressures, temperatures, and well test
results against forecasted behavior from reservoir, well,

and network models.

Conformance is not a one-time validation activity but an
ongoing process that spans feasibility, early injection,
steady-state operations, and long-term post-injection
phases. Digital MMV systems support this by enabling
continuous calibration of models using historical and real-
time field data, automated short- and long-term scenario
simulations, and trending of key performance indicators
such as injectivity, capacity utilization, and pressure
drawdown. Over time, this feedback loop allows operators
to reduce subsurface uncertainty, refine forecasts, and
justify operational adjustments or monitoring rationalization
as confidence in storage performance increases.

B. Containment: Ensuring Long-Term CO,
Retention

Containment focuses on demonstrating that injected
CO, remains securely stored within the permitted storage
complex and does not migrate into unintended formations,
groundwater resources, or the atmosphere. Given the
expectation of near-zero failure tolerance for geological
storage, containment assurance is central to both
regulatory approval and public trust.

Containment monitoring typically integrates subsurface
and surface measurements, including pressure
surveillance, annulus monitoring, plume tracking, and
integrity data from wells and facilities. The slides
emphasize the need to detect anomalies early, using real-
time measurements of pressure, temperature, and flow to
identify deviations that may indicate leakage, well integrity
degradation, or unexpected connectivity within the storage
system. Physics-based modelling of wells, networks, and
reservoirs plays a critical role by providing a reference
frame against which measured behaviour can be
contextualized, helping distinguish benign operational
transients from credible containment risks

Importantly, containment assurance is site-specific: the
selection and density of monitoring technologies should be
driven by identified risk pathways such as faults, legacy
wells, caprock properties, and operational pressures,
rather than a uniform, prescriptive approach.

C. Contingency: Preparedness and Actionability

The contingency pillar addresses the operator’s ability to
respond effectively if monitoring indicates non-
conformance or potential containment issues. This
includes predefined thresholds, escalation pathways,
corrective actions, and communication protocols that
enable timely intervention before minor deviations escalate
into reportable incidents.

An effective MMV system therefore must do more than
collect and store data; it must support actionability. As
shown in the slides, integrating real-time monitoring with
alarm management, model-based diagnostics, and
scenario analysis allows operators to evaluate potential
outcomes and select proportionate responses. Examples
include adjusting injection rates, redistributing flows among
wells, scheduling targeted diagnostics, or activating
mitigation measures.

By embedding contingency workflows into digital
platforms, operators can ensure that response plans are
consistently executed, documented, and auditable,
satisfying regulatory expectations while minimizing
operational disruption.



D. Regulatory: Evidence, Reporting, and
Transparency

The regulatory pillar encompasses the structured
production of evidence demonstrating compliance with
permitting  conditions, national  regulations, and
international reporting frameworks. Regulatory authorities
require reliable, traceable, and auditable data to confirm
safe operations, support continued injection approvals, and
ultimately enable transfer of long-term liabilities where
applicable.

Regulatory reporting is not a standalone or periodic
exercise, but the outcome of continuous data capture,
validation, aggregation, and archiving across surface and
subsurface domains. Digital MMV architectures enable
standardized data models, automated validation checks,
clear data lineage, and repeatable report generation
aligned with country-specific requirements. This reduces
manual effort, lowers the risk of inconsistencies, and
improves confidence among regulators and stakeholders.
An example of a typical regulatory report is shown in Fig. 3
below.
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Fig. 3 Example of regulatory report

IV. SOFTWARE ARCHITECTURE FOR DIGITAL
MMV

The proposed architecture unifies data from capture
plants, pipelines and conditioning facilities, and storage
operations into a single system of record. Key components
include:

A. Data capture and contextualization

A CO2 Data management system as the data foundation
and workflow orchestrator, linking surface engineering
tools (e.g., transient network simulator, leak detection and
thermodynamics simulator) with subsurface simulators
(e.g., reservoir simulator, subsurface modeling software,
well and network modeling tools).

The system integrates data from historians, SCADA,

databases, and file-based data into a common data model
with validation and quality indicators. Which Creates a
foundation for Data assurance in terms of validation,
traceability, auditability and version control across the
MMV data chain. Information addressed in Data
Management is shown in Fig. 4.
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CO2 Capture Data Management is a must-have for CCS
operators. Acting as Unique data repository, from emitters
to carbon site storage operators. Enabling CCS injection
data management, operational reporting, and CO2 credits
accounting to stay compliant and stay in business.

B. Application and reporting layer

The application and reporting layer of a modern CCUS
MMV system is built on an loT-enabled, real-time
monitoring platform that provides secure and scalable
IT/OT integration across the capture, transport, and
storage value chain. These platforms aggregate
high-frequency data from distributed sensors, fiber-optic
systems, and subsurface gauges to deliver continuous
surveillance of key operational parameters, including
injectivity performance, storage capacity utilization, and
conformance indicators. Real-time dashboards, KPI
visualizations, and automated alarm management
support rapid operational decision-making, while
validated measurements feed directly into governed
templates for automated regulatory reporting,
streamlining compliance with regional and international
MMV requirements. [9][10]

C. Digital twin layer

The digital twin layer in CCUS MMV provides a
physics-based, real-time interpretive framework that links
continuous monitoring data with engineered models to
evaluate conformance, containment, and operational
integrity across the storage system. A reservoir twin
continuously ingests historical and live injection
measurements, well tests, and operational events to
update subsurface forecasts of plume migration and
pressure evolution, supporting both capacity tracking and
early identification of deviations from expected behavior.
Complementing this, steady-state well and network twins
maintain safe operating envelopes by assessing



allowable rate-pressure combinations, incorporating
surveillance inputs, and diagnosing bottlenecks or
integrity concerns such as scaling or corrosion. Dynamic
network twins extend these insights to start-up, ramp-up,
and shut-in conditions, interpreting rapid transients to
support leak detection, overpressure management, and
operational risk assessments under varying load cases.
At the surface, facilities twins-often deployed at the
control-system  or  edge-computing layer-embed
physics-consistent models within compression, transport,
and processing equipment to enhance real-time
operational decision-making while providing structured
outputs to higher-level analytics and Al optimization
layers. Together, these interconnected digital twins
complement data-driven analytics by enforcing
first-principles constraints, enabling operators to “see
inside” subsurface and facility processes, maintain stable
operation within physical limits, and strengthen MMV
outcomes through timely, explainable, and defensible
predictions across the CCUS value chain.[11],[12],[13]

V. SOFTWARE-ENABLED MMV WORKFLOWS
A. Data capture and validation workflow

Validated and contextualized data feeds into operational
and planning workflows, ensuring consistency across
models and reports.

B. Fast-loop optimization

Fast-loop workflows use online transient flow assurance
and dynamic simulation engines to generate real-time
predictions for pressure, temperature, and flow, supporting
short-term injection planning and anomaly detection. See
Fig. 5

C. Medium-loop planning and injectivity monitoring

Medium-loop workflows perform daily to weekly injectivity
assessments, model calibration, and production/injection
cycle optimization. The platform computes available
capacity, allocates injected volumes, and updates storage
inventories based on validated model outputs. Regulatory
reports are generated automatically using governed
templates, ensuring full traceability and compliance with
jurisdictional requirements.
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Fig. 5 MMV workflows
VI. IMPLEMENTATION AND ROADMAP

A pragmatic rollout can start with an MVP that establishes
system-of-record data capture, basic reporting, shortfall
analysis, production planning, and a steady-state
well/network twin.

Subsequent phases expand to facilities and reservoir
twins, business intelligence integration, and preventive
maintenance and integrity workflows; later phases enable
automated optimization, economics-driven capacity
planning and, ultimately, closed-loop control and
openness to third-party optimizers.

VIl. BENEFITS OF SOFTWARE CENTRIC MMV

Benefits include reduced reporting cycle time, improved
operational efficiency, enhanced data reliability,
optimized injection planning, increased regulatory
confidence, and long-term liability management support.
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Fig. 6 Full cycle of MMV
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BHP Bottomhole Pressure

CCUS Carbon Capture, Utilization, and Storage
CO, Carbon Dioxide

GIS Geographic Information System

loT Internet of Things
KPI Key Performance Indicator
ML Machine Learning

MMV Measurement, Monitoring, and Verification
SCADA Supervisory Control and Data Acquisition

Viil. CONCLUSION

As is evident in this paper, MMV is the operational
backbone of CCUS. By adopting an integrated digital
platform anchored in data management system, loT real-
time platform, and physics-based digital twins, operators
can unify data capture, real-time intelligence, and
regulatory reporting to stay in control, compliant, and
competitive. MMV is core to automating the process since
it monitors operating parameters and identifies ongoing
adjustments that are critical to an optimized process. The
approach outlined here is scalable, configurable, and
designed to de-risk early operations while paving the way
for automated optimization and closed-loop control.[3], [4],
[6]. It is relevant to both energy producing and energy
consuming applications.

To summarize, MMV is critical for safe, long-term CCUS
operation, provides a structured, risk-based methodology
that aligns naturally with automation and data-driven
monitoring, ismrequired for regulatory confidence, leakage
prevention, and operational optimization.
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