®
gk

wuDBhOX

-f.

The Industrial Carbon
Capture, Utilisation, and

Storage (CCUS) Guide

A Strategic, Techno-Economic, and
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Introduction

Carbon Capture, Utilisation, and Storage (CCUS) has transitioned from a
theoretical climate solution to an indispensable commercial and operational
imperative. For hard-to-abate sectors—such as cement, steel, chemicals, and
refining — CCUS represents the only technologically mature pathway to achieve
deep decarbonisation while preserving trillions of dollars in existing industrial

capital assets.

As global regulatory frameworks tighten through carbon pricing mechanisms,
border adjustments, and tax incentives, unabated industrial operations face
escalating financial and compliance risks. However, CCUS deployment is not a
standard procurement exercise; it is a highly capital-intensive, infrastructure-
dependent strategic undertaking.

Commercial success requires a convergence of three factors:
« A concentrated, low-cost CO2 flue gas source.
« Accessible transport and permanent geological storage infrastructure.

« A supportive regulatory regime that bridges the green premium through
compliance credits, tax offsets, or low-carbon product markets.

This document provides an audit-ready framework to evaluate, execute, and
scale CCUS projects, turning compliance obligations into long-term industrial
advantages.

WUDBOX SUSTAINABILITY INSIGHTS
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What is CCUS? The Industrial Value Chain

CCUS compirises a three-stage value chain designed to intercept carbon
dioxide CO2 emissions from point sources before they reach the

atmosphere, transporting them to utilisation pathways or permanent
geological isolation.

Carbon Capture

The separation of CO2 from industrial flue gases or process streams. This is
achieved through chemical absorption, physical separation, membrane
permeation, or cryogenic cooling. The capture phase represents the most capital-
and energy-intensive component of the value chain, typically accounting for 60%
to 80% of total project life-cycle costs.

Carbon Transport

Once captured, the CO2 gas is compressed into a dense, supercritical state
(typically above 74 bar and 31.1 circC to optimise volume and flow
characteristics. Transport is executed via high-pressure pipelines for high-
volume, onshore movements, or liquefied via refrigerated shipping carriers for
cross-border and offshore storage locations.

Carbon Capture Technologies

@2\\% Carbon Capture 'QE?' Pre-Combustion

Capturing CO2 after fuel Removing CO2 before
is burned fuel is burned

< 3 l »
Oxy-Fuel

Burning fuel with pure
oxygen to produce CO2
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What is CCUS? The Industrial Value Chain

Carbon Utilisation

The conversion of captured CO2 into commercially valuable products. Utilisation

pathways are categorized into cyclical applications (e.g., synthetic aviation fuels,
chemical feedstocks) and permanent binding applications (e.g., concrete curing

and aggregate mineralisation).

Carbon Storage

The permanent isolation of CO2 from the atmosphere via injection into deep,
secure geological formations. This is the primary mechanism for large-scale,
climate-relevant emissions reduction.

CCUS Value Chain

Capture Transport Utilisation/Isolat

Intercept CO2 at Move CO2 to ion
destination Store or use CO2

Seamlessly linking the capture phase to downstream transport infrastructure
requires continuous, high-pressure compression to maintain CO2 in a stable,
dense liquid or supercritical state. Managing this transition efficiently is critical;
any variance in pressure or stream purity directly impacts pipeline integrity and
shipping economics. Therefore, selecting the optimal upfront capture technology
is the foundational step that dictates the efficiency, capital intensity, and cross-
chain viability of the entire midstream network.

WUDBOX SUSTAINABILITY INSIGHTS 6
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Why CCUS Matters: The Strategic Business Case

For executive leadership and institutional investors, CCUS is fundamentally an
asset-preservation and risk-mitigation strategy.

e Decarbonisation of Hard-to-Abate Sectors

In industries like cement and steel, up to 60% of emissions are "process
emissions" inherent to the chemical transformation of raw materials (e.g., the
calcination of limestone: CaCO3 > CaO + CO2) Because these emissions are
decoupled from fossil fuel combustion, switching to renewable energy cannot
eliminate them. CCUS is the only commercially viable technology capable of
capturing these process-driven molecules.

e Mitigating Carbon Asset Stranding

Industrial facilities such as blast furnaces, fluid catalytic crackers (FCCUs), and
chemical plants require high capital expenditures and have lifespans of 30 to 50
years. Retrofitting these installations with CCUS avoids the premature write-
down of capital assets, allowing facilities to operate through their economic life
while meeting net-zero mandates.

e Cost Reduction and Regulatory Compliance

In jurisdictions governed by compliance markets like the European Union
Emissions Trading System (EU ETS), carbon prices consistently signal long-term
operational penalties for high emitters. CCUS directly eliminates this liability.
Furthermore, mechanisms like the Carbon Border Adjustment Mechanism
(CBAM) penalize unmitigated imports, turning CCUS into an absolute

requirement for maintaining access to premium export markets.

WUDBOX SUSTAINABILITY INSIGHTS 7
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concentration of CO2 in the flue gas or process stream, as lower concentrations

require more energy and capital to separate.

Industrial Suitability Matrix

Industry

Hydrogen
(SMR)

Fertilisers

/

Ammonia

Refinerie
s &
Chems

Cement

Main
Emission
Source

Process off-
gas / Syngas

Shift
converter
process gas

FCCU,
steam
crackers,
reformers

Limestone
calcination &
kilns

CcO2
Conc.
(Vol %)

30% —
90%

95% —
99%

5% —
25%

15% —
30%

CCUS
Suitab
ility

Very
High

Very
High

Mediu
m_

High

High

Typical
Capture
Cost
(usb/tCoO,)

$20 - $35

$15 - $25

$50 - $90

$60 - $100

Strategic
Value

Enables low-
carbon "Blue"
H2 for refining
and ammonia
production.

Purest
industrial
stream; lowest
barrier to entry
for immediate
abatement.

Abates
complex,
distributed,
multi-point
emission hubs.

Critical
technology; no
other scalable
alternative for
process
emissions.
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Industries Best Suited for CCUS
Industry Main CcO2 CCus Typical Strategic
Emission Conc. Suitability Capture Value
Source (Vol %) Cost
(usb/tC
0,)
Steel (BF-  Blast 20% - High $60 - Decarbonize
BOF) furnace / 30% $90 s existing
Coke oven integrated
gas steel mills
during blast
furnace life.
Power Coal / 4% — 14% Medium $60 - Provides
Generatio  Natural gas $110 low-carbon,
n combustion dispatchabl
e baseload
power to
back up

renewables.

Waste- Flue gas 10% — Medium- $70 - Offers

to- from 15% High $110 potential for

Energy incineration negative
emissions
via biogenic
carbon
capture.

The economic viability of CCUS varies by industry. It depends directly on the
concentration of CO2 in the flue gas or process stream, as lower concentrations
require more energy and capital to separate.

WUDBOX SUSTAINABILITY INSIGHTS o
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How CCUS Works: Technical Overview

Choosing the right capture technology depends on the operational configuration
of the plant, its energy balance, and the purity of the source stream.

e Post-Combustion Capture

This approach treats flue gas after the combustion of fuel or process reactions.
The gas is passed through an absorption column where a liquid solvent, typically
an aqueous alkanolamine solution like Monoethanolamine (MEA) or Advanced
Methyl Diethanolamine (MDEA), selectively binds with the CO2.

The CO2-loaded solvent is then pumped to a stripper column, where it is
heated with steam to break the chemical bonds, releasing pure CO2 gas
and regenerating the solvent for reuse.

Operational Insight: Post-combustion capture is highly preferred for
retrofitting existing facilities because it requires minimal modifications to

the core industrial process equipment.

WUDBOX SUSTAINABILITY INSIGHTS 10
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How CCUS Works: Technical Overview

e Pre-Combustion Capture

Mainly applied in gasification processes, fuel (such as coal, biomass, or natural
gas) is partially oxidized under high pressure and temperature to produce syngas
(CO + H2). The syngas undergoes a Water-Gas Shift reaction:

CO + H20 > CO2 + H2

This creates a high-pressure stream rich in CO2 and H2. The CO2 is separated
using physical solvents (e.g., Selexol or Rectisol) before combustion, leaving
clean hydrogen fuel.

¢ Oxy-Fuel Combustion

This process replaces ambient air with pure oxygen (95% purity) diluted with
recycled flue gas for combustion. Because nitrogen is eliminated from the input
air, the resulting flue gas consists almost entirely of CO2 and water vapour. Water
is easily condensed out through cooling, leaving a high-purity (80%) CO2 stream
ready for final purification and compression.

« Direct Air Capture (DAC)

An emerging approach that extracts CO2 directly from ambient air using solid
sorbents or liquid solvents. While DAC offers flexible location options, it
operates at an extreme thermodynamic disadvantage due to the ultra-dilute
concentration of CO2 in the atmosphere (~0.04%). This translates into high
energy requirements and costs ($300-$600/tCO2). For industrial
decarbonization, point-source capture remains the immediate economic priority.

WUDBOX SUSTAINABILITY INSIGHTS 11



Technology Comparison Matrix

Technology

Post-
Combustion
(Amine)

Pre-
Combustion
(Physical)

Oxy-Fuel
Combustion

Solid Sorbent
(Swin-bed)

Membrane
Separation

Capture
Efficiency

90% — 99%

90% — 95%

>95%

85% — 95%

80% — 90%

CapEx
Intensity

Medium

High

High

Medium-
High

Low-
Medium

Energy
Requirement
(Thermal /
Electrical)

High Thermal
(2.5-3.5
GJItCO2)

High Electrical
(0.8-1.2
GJ/ItCO2)

High Electrical
(Air Separation
Unit)

Low-Medium
Thermal (1.5—
2.2 GJItCO2)

Very High
Electrical
(Compression

)

Best
Applications

Cement,
Power plants,
Refineries,
Waste-to-
Energy

Blue
Hydrogen,
Gasification
plants,
Ammonia

New-build
Cement kilns,
Power plants

Retrofits with
low-grade
waste heat

High-
pressure gas
streams,
natural gas
sweetening
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Core
Operational
Disadvantage

High steam
consumption
requires
auxiliary boiler
or turbine
integration.

Limited to
gasification-
based industrial
processes.

Requires high
upfront capital
for Air
Separation
Units (ASU).

Sorbent
degradation
via trace
contaminants
(SOXNOX).

Low purity
output; often
requires multi-
stage
configurations.

WUDBOX SUSTAINABILITY INSIGHTS
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Carbon Utilisation Pathways: Commercial
Realities

While converting CO2 into high-value products sounds attractive, operations
teams must distinguish between cyclical, small-scale utilization and permanent,
large-scale options.

e Enhanced Oil Recovery (EOR)

The most mature market for CO2 utilization. Supercritical CO2 is injected into
mature reservoirs to reduce oil viscosity and extract trapped hydrocarbons.
While it offers immediate revenue, its net-decarbonization value faces strict
stakeholder scrutiny, and it is increasingly limited to specific regions.

 Synthetic Fuels (e-Fuels)

Captured CO2 is combined with green hydrogen (H2) to manufacture synthetic
aviation fuels (SAF), e-methanol, or e-diesel. This offers a massive addressable
market but is highly energy-intensive. It requires significant green electricity to
produce the hydrogen feedstock, making it economically dependent on
mandates like aviation blending quotas.

e Chemicals and Polymers

CO2 can replace fossil fuel feedstocks in the production of polyols, plastics, and
purities of polycarbonates. These applications offer high margins but are
constrained by relatively small market sizes that cannot absorb gigaton-scale
industrial emissions.

 Building Materials (Mineralisation)

Injecting CO2 into fresh concrete during batching permanently converts the gas
into solid calcium carbonate (CaCOQ):
CO2 + Ca(OH)2 > CaCO3 + H20

WUDBOX SUSTAINABILITY INSIGHTS 13
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This mineralisation process permanently traps the carbon, improves the
compressive strength of the concrete, and reduces cement requirements. This
pathway represents a scalable, circular economy solution for the construction
sector.

Carbon Storage Options and Risk Management

Permanent geological storage is the only method capable of managing the
gigatons of carbon required to meet global climate targets.

Permanent Geological Storage Process

@E Surface Injection Facility

High-Pressure Well Casing

E Caprock Barrier

}@{ Target Storage Formation

e Deep Saline Aquifers:
Permeable rock formations filled with saltwater located 1 to 3 kilometers
underground. These formations offer the largest theoretical storage capacity
globally. They provide long-term isolation through structural trapping under
thick, impermeable caprock layers, as well as dissolution trapping within the
brine.

WUDBOX SUSTAINABILITY INSIGHTS 14
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e Depleted Oil and Gas Reservoirs:
Geologically proven structures that have held fluids safely for millions of years.
They provide existing seismic data, well infrastructure, and predictable storage
dynamics, lowering upfront exploration risks.

Monitoring, Reporting, and Verification (MRV):
Operators must establish comprehensive MRV protocols to ensure containment.
These include:

« Continuous time-lapse (4D) seismic surveys to track the movement of the
subterranean CO2 plume.

« Distributed Acoustic Sensing (DAS) along wellbores to monitor structural
integrity.

« Deep subsurface water sampling and atmospheric sensors to detect early
signs of migration or leakage.

Continuous Time-
[ 4D Seismic Surveys Lapse Seismic

Monitoring,
Reporting, and
Verification (MRV)

Deep Subsurface

Migration Detection Water Sampling

Leakage Detection | Atmospheric Sensors

Long-Term Liability Considerations:

A critical financial hurdle is managing post-closure liability. Regulatory
frameworks generally require project operators to maintain monitoring and
financial assurance for a defined period (e.g., 20 years post-injection). Once
stability is demonstrated, liability transfers to the state, minimizing long-term
corporate exposure.

WUDBOX SUSTAINABILITY INSIGHTS 15



Economics of CCUS

Evaluating a CCUS project requires a clear view of both capital expenditures

(CapEx) and long-term operating costs (OpEx).

CCUS economics are driven by either cost avoidance or direct incentives:
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« Avoided Penalties: Avoiding carbon taxes or compliance credit purchases

(e.g., EU ETS allowances).

« Direct Subsidies: Tax credits received per tonne of stored carbon (e.g., the
U.S. 45Q framework).
« Commercial Revenue: Sales of low-carbon products or direct revenue from

EOR partners.

Lifecycle Cost Breakdown by Sector

Industry
Sector

Ammonia /
Fertilisers

Blue
Hydrogen
(SMR)

Cement Kiln

Integrated
Steel

Average
Plant
Size
(Mtpa)

0.5

0.3

1.5

Total CapEx
(USD
Millions)

$40 — $65

$35 - $55

$180 — $260

$250 — $380

OpEXx
(UsSbitCo
2)

$10 - $15

$12 - $18

$30 — $45

$28 — $42

Transport
& Storage
Cost
(USDIt)

$15 - $35

$15-$35

$20 — $40

$15 - $35

All-In
Abatement
Cost
(USDItC0O2)

$40 - $65

$42 - $70

$80 - $130

$75 - $115

WUDBOX SUSTAINABILITY INSIGHTS
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Industry Average Total CapEx  OpEXx Transport All-In
Sector Plant (USD (USD/ItCO & Storage Abatement
Size Millions) 2) Cost Cost
(Mtpa) (USDIt) (USDItCO02)
Natural Gas 0.8 $150 — $220  $25-3$38 $15 - $35 $70 - $110

Power

Expert Insight: Scale is the primary driver for lowering unit costs. Sharing
transport and storage infrastructure through industrial clusters significantly
reduces the financial burden on individual plants.

Policy and Regulatory Landscape

National policies determine the commercial viability of CCUS projects globally.

« United States (45Q Tax Credit): Provides a direct performance-based tax
credit of up to $85 per metric tonne for CO2 captured from industrial
facilities and stored in secure geological formations, and up to $60/tonne for
utilization or EOR. It also includes direct-pay options for project developers,
making it a highly effective model for attracting private capital.

« European Union (EU ETS & CBAM): The EU ETS imposes a cap-and-trade
system that makes emitting carbon increasingly expensive. The Carbon
Border Adjustment Mechanism (CBAM) protects European industries by
applying an equivalent carbon price to imported goods (such as cement,
steel, and aluminum), ensuring that companies investing in CCUS remain
competitive.

« United Kingdom (CCUS Cluster Model): The UK uses a "Dispatchable
Power Agreement" and industrial carbon capture business models to fund
regional infrastructure hubs, such as the East Coast Cluster and HyNet. This
approach reduces transport and storage risks for individual industrial
emitters.

WUDBOX SUSTAINABILITY INSIGHTS 17
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« Canada (Investment Tax Credits): Offers refundable investment tax credits
covering up to 50% of carbon capture equipment costs and 37.5% for
transport and storage infrastructure, supporting major industrial
decarbonization projects.

« India: Developing a domestic carbon market (Carbon Credit Trading
Scheme) alongside specific roadmaps for CCUS in the steel and cement
sectors to maintain international export advantages.

Global CCUS Policy Frameworks

India

2 - United States
Develops domestic
carbon markets and . Offers direct tax credits
sector-specific f-"' y and direct-pay options
roadmaps for CCUS. : to attract private capital.

Carbon
Capture,
Utilization, and
Storage

European Union

Provides investment tax - ‘ 4 — I ——
cr&f;i:;z iﬁ,’;’:frr; \ : - trade systems and
) . — . - border adjustments to

ipment an o
equipment and ‘ ensure competitiveness.
infrastructure. |

United Kingdom

Utilizes cluster models
and dispatchable power
agreements to reduce
risks.

WUDBOX SUSTAINABILITY INSIGHTS 18
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Real-World Project Analysis

Detailed Industrial Case Studies

1.0il & Gas and Enhanced Oil Recovery: Jilin Oil Field (PetroChina,
China)

o Project Name: Jilin Oil Field CCUS Project

o Country: China

o Industry: Oil & Gas / Petrochemicals

o Capture Technology: Physical Absorption (from natural gas processing
and chemical units)

o Annual CO2 Captured: 1,000,000 tonnes per annum Mtpa

o Capital Investment: Estimated $120 Million (Phase integrated)

o Storage/Utilisation Route: Enhanced QOil Recovery (EOR) followed by
permanent geological trapping.

o Business Impact: Generated direct revenue by increasing crude oil yields
while sequestering millions of tonnes of process CO2.

o Key Success Factors: Direct integration of high-purity source gas with
nearby oil reservoirs, minimizing transport costs.

o Lessons Learned: EOR projects must be paired with clear long-term
monitoring to verify that injected carbon remains permanently trapped

after oil extraction concludes.

WUDBOX SUSTAINABILITY INSIGHTS 19
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2.2. Cement Industry: Brevik CCS (Heidelberg Materials, Norway)

o Project Name: Brevik CCS (Part of the "Longship" project)

o Country: Norway

o Industry: Cement

o Capture Technology: Advanced Amine Post-Combustion Capture

o Annual CO2 Captured: 400,000 tonnes per annum (abating ~50% of the
plant's total emissions)

o Capital Investment: ~$350 Million (including site integration and
liquefaction infrastructure)

o Storage/Utilisation Route: Liquefied transport via dedicated ships to the
Northern Lights offshore terminal for injection into deep saline aquifers.

o Business Impact: Positions the facility as the world'’s first supplier of
certified net-zero construction materials, securing a market premium.

o Key Success Factors: Substantial co-funding from the Norwegian
government and access to shared open-access transport and storage
infrastructure.

o Lessons Learned: Retrofitting an operating cement plant requires careful
space optimization and efficient utilization of waste heat from the kiln to

offset the energy penalties of the capture system.

WUDBOX SUSTAINABILITY INSIGHTS 20



®
(}//

wubBhoXx

3.Power Generation: Boundary Dam Carbon Capture (SaskPower,
Canada)

o Project Name: Boundary Dam Unit 3

o Country: Canada

o Industry: Power Generation (Coal-fired)

o Capture Technology: CANSOLV Amine Post-Combustion Capture

o Annual CO2 Captured: 1,000,000 tonnes design capacity (typically
operating at 750,000-850,000 tpa)

o Capital Investment: $1.3 Billion (total unit retrofit cost)

o Storage/Utilisation Route: Combined sales to Cenovus Energy for EOR
and deep geological storage at the Aquistore project.

o Business Impact: Allowed an existing coal asset to continue operating
under strict Canadian emissions regulations.

o Key Success Factors: Long-term off-take agreements for the captured
carbon and early technology integration.

o Lessons Learned: First-of-a-kind projects face higher initial capital costs
and mechanical challenges. Scaling up requires optimizing solvent
performance to lower maintenance costs and reduce equipment

corrosion.

WUDBOX SUSTAINABILITY INSIGHTS 21
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3.Shared Carbon Transport & Storage Infrastructure: Northern Lights
(Norway)

(o]

o

o

Project Name: Northern Lights JV (Shell, Equinor, TotalEnergies)
Country: Norway (North Sea)

Industry: Cross-sector Carbon Transport and Storage Infrastructure
Capture Technology: Receives liquefied CO2 from multiple third-party
capture installations.

Annual CO2 Captured: Phase 1: 1.5 $\text{Mtpa}$ capacity; Phase 2:
Expanding to over 5 Mtpa based on industrial demand.

Capital Investment: ~$1.2 Billion for the transport, intermediate terminal,
and offshore injection infrastructure.

Storage/Utilisation Route: Sub-sea offshore injection into a saline
aquifer formation 2,600 meters beneath the seabed.

Business Impact: Operates as an independent commercial transport and
storage provider, charging fees to industrial emitters across Europe.

Key Success Factors: Standardized transport specifications and a clear
regulatory framework supported by the London Protocol for cross-border
carbon transport.

Lessons Learned: Developing open-access, shared infrastructure
reduces investment risks for individual industrial facilities, allowing them
to focus on capture operations without needing to manage independent
storage solutions.

-
- s
-
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Project
Name

Jilin Field

Brevik
CCS

Boundary
Dam

Northern
Lights

Key Challenges and Risks

Industry
Sector

Oil & Gas

Cement

Power

Infrastructure

CO2
Sealed
(Mtpa)
1.0

0.4
0.8-1.0
1.5-5.0

Primary
Financial
Benefit

Incremental oil
revenue from
EOR.

Avoids EU ETS
penalties;
enables
premium low-
carbon cement
sales.

Compliance with
coal regulations;
EOR revenue.

Regular fee-for-
service revenue
model.
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Primary
Implementation
Lesson

Proximity of
source to storage
eliminates
infrastructure
costs.

Government
support is
essential for first-
of-a-kind industrial
retrofits.

High maintenance
and solvent costs
require robust

initial engineering.

Shared transport
hubs lower capital
hurdles for
industrial clusters.

Industrial operators must carefully navigate several critical execution risks:

e The Energy Penalty:

Operating a capture system requires significant thermal energy (for solvent

regeneration) and electricity (for compression). This can increase an industrial

facility's total energy consumption by 15% to 30%, requiring on-site power

upgrades or heat recovery integrations.

WUDBOX SUSTAINABILITY INSIGHTS
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» Cross-Chain Dependency: A capture plant cannot function without access to
transport and storage. If a third-party pipeline or storage site experiences an
outage, the industrial facility may be forced to vent its CO2 and pay carbon
penalties.

» Capital Allocation Risks: CCUS installations require large upfront investments
with long payback periods that are vulnerable to changes in government policy
and fluctuating carbon prices.

« Complex Permitting and Public Acceptance: Securing environmental
permits for onshore pipelines and underground storage sites requires extensive
pore-space characterization and proactive community engagement to address
public concerns regarding storage safety.

When CCUS is Strategically and Economically
Justified

A facility is highly suited for a CCUS deployment if it meets at least three of the
following five core structural criteria:

e High-Purity CO2 Process Streams:

The economics of carbon capture are fundamentally driven by
thermodynamics: the higher the concentration of CO2 in your flue gas, the
lower the capital and operating cost to separate it.

o The Sweet Spot: Facilities with high-purity process emissions—
such as Ammonia production (95%+ CO2), Hydrogen production
via Steam Methane Reforming (30%-90%), and Natural Gas
Processing—are prime candidates.

o The Business Case: Because these streams require minimal
chemical separation and smaller capture columns, the cost of
capture often drops below $25-$35 per tonne, making them
immediately profitable under current incentive structures.

WUDBOX SUSTAINABILITY INSIGHTS 24
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e Limited Decarbonisation Alternatives (Hard-to-Abate
Sectors)

For certain assets, switching to renewable electricity or hydrogen is either
technically impossible or commercially unviable within the next 20 years.

o The Sweet Spot: Cement kilns and Blast-furnace steel mills. In
cement production, roughly 60% of emissions are process
emissions released directly from the chemical calcination of
limestone (CaCO3 > CaO + CO2).

o The Business Case: Because you cannot electrify away a chemical
reaction, CCUS is the only proven technology capable of
preventing asset stranding and ensuring these facilities can
operate through their useful economic lifespans.

e Exposure to High Carbon Prices and Compliance Risks

Facilities operating in jurisdictions with mature, aggressive carbon
compliance markets face a direct threat to their margins.

o The Sweet Spot: Industrial plants located within or exporting to
the European Union (EU ETS), the UK, or Canada.

o The Business Case: With carbon prices consistently signaling
long-term liabilities, and mechanisms like the Carbon Border
Adjustment Mechanism (CBAM) penalizing unmitigated imports,
the financial cost of doing nothing exceeds the cost of a CCUS
retrofit. The project is justified purely as a risk-mitigation and
penalty-avoidance play.

e Strong Policy Support and Direct Subsidies

In some regions, the government bridges the "green premium" by turning
captured carbon into a direct cash-flow generator or tax offset.

o The Sweet Spot: Facilities located in the United States that
qualify for the 45Q tax credit, or plants in regions with robust
capital grant programs (like the UK's Industrial Clusters or
Canada’s CCUS Investment Tax Credits).

WUDBOX SUSTAINABILITY INSIGHTS 25
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o The Business Case: Under the U.S. 45Q framework, receiving up
to $85/tonne for permanent geological storage allows facilities
with mid-to-high purity streams to achieve project payback
periods of under 5 to 7 years, completely independent of voluntary
low-carbon market premiums.

e Immediate Access to Shared Storage or Transport
Infrastructure

The presence of regional infrastructure completely alters project economics
by eliminating the need for a facility to build its own standalone midstream
network.

o The Sweet Spot: Facilities located within designated Industrial
Clusters or near open-access infrastructure hubs (e.g., the Northern
Lights network in the North Sea, or the Gulf Coast trunklines in the
u.s.).

o The Business Case: If your facility sits within 50 km of an existing
CO2 pipeline or a deepwater port equipped for liquid CO2 shipping,
your capital risk drops significantly. You can focus entirely on on-
site capture, treating transport and storage as a predictable, fee-
for-service operating expense.

Situations Where CCUS is Not Economically
Justified

Investing in CCUS can be a poor allocation of capital under certain conditions.
Executives should halt or pivot project planning if their facility falls into any of the
following categories:

e Highly Dilute or Multi-Point Emission Sources

When CO2 concentrations are low, the energy required to capture each
molecule rises sharply.
o The Flaw: Natural gas-fired power plants (4%-4% CO2), distributed
industrial boilers, or complex chemical refineries with dozens of
small, physically scattered stacks.

WUDBOX SUSTAINABILITY INSIGHTS 26
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o The Reality: Capturing carbon from dilute gases requires massive
absorption columns and intense thermal energy penalties to boil off
the chemical solvents. Routing pipes from 20 different stacks across
an older facility drastically drives up engineering complexity and
capital costs, often pushing the all-in abatement cost well past
$120-$150/tonne.

e Geographical Isolation from Storage Formations

A facility can have the most efficient capture plant in the world, but if there is
nowhere to put the carbon, the investment is useless.

o The Flaw: Inland facilities located hundreds of kilometers away from
viable deep saline aquifers, depleted oil fields, or offshore injection
wells, without any connecting pipeline infrastructure.

o The Reality: Moving CO2 via truck or rail over long distances is
logistically impractical and economically ruinous for large volumes.
Building a dedicated, hundreds-of-kilometers-long high-pressure
pipeline for a single facility can cost millions of dollars per kilometer,
breaking the project's financial viability from day one.

e Severe On-Site Energy and Space Constraints

CCUS plants are not bolt-on appliances; they are massive chemical
processing units that require significant space and utilities.

o The Flaw: Congested, older industrial sites with no footprint for
expansion, or facilities operating in regions with high power costs
and no available waste heat.

o The Reality: An amine-based post-combustion capture system can
introduce an energy penalty of 15% to 30% on the host facility,
primarily driven by the steam required to regenerate the solvent. If
your plant cannot capture low-grade waste heat from its own
processes, or if local electricity prices are high, the daily operational
cost of running the capture unit will erode your margins.
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e Short Remaining Asset Lifespan

CCUS retrofits are long-term infrastructure investments with
engineering, permitting, and construction timelines that frequently
span 3 to 5 years.

o The Flaw: Industrial assets scheduled for decommissioning or
major technology overhauls within the next 10 to 12 years.

o The Reality: Given the heavy upfront capital expenditure, a
facility requires a long operational runway to amortize costs
and generate a return through tax credits or avoided carbon
fees. Retrofitting an asset that is nearing the end of its
operational life will result in asset stranding.

e Availability of Cheaper, Direct Decarbonisation Alternatives

CCUS should be treated as a targeted solution for hard-to-abate
processes, not a default approach for all emissions.

o The Flaw: Low-to-medium temperature industrial processes, or
facilities where direct electrification is readily achievable.

o The Reality: For low-temperature boilers or corporate logistics,
switching to grid-scale electrification, bioenergy, or direct
green hydrogen feedstocks is far more capital-efficient than
building and maintaining a complex carbon capture,
compression, and midstream value chain.
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Executive Decision Matrix

To guide your next leadership strategy session, use this rapid screening matrix to
filter your asset portfolio:

ASSET ANALYSIS MATRIX
IS THE CO2 STREAM HIGH PURITY (>30%)?
L

v T Ly
v YES v NO
PROCEED WITH IS IT A HARD-TO-ABATE
DECARBONIZATION ANALYSIS ASSET
(T&S Focus) (e.g., Cement, Steel)?
1
I
, v \fES
) fasy Hoo
INVESTIN ~ INVESTIN |  PIVOT: INVEST
FEED STUDY CO2 SHIPPING C02 SHIPPING IN DIRECT RE /

(High Return) / PIPELINES -/ PIPELINES ELECTRIFICATION

« Green Light (Proceed to FEED): High-purity process stream + located within
an active industrial policy zone + less than 50 km from an open-access
storage network.

 Yellow Light (Proceed with Caution): Dilute stream or process
emissions (e.g., Cement) + strong local carbon pricing or 45Q
incentives, but requires joining a regional cluster to share transport and
storage costs.

« Red Light (Halt / Pivot): Dilute or multi-point emission source +
geographically isolated from storage options + alternative pathways like
electrification or fuel-switching are commercially mature.
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CCUS Readiness Assessment Framework

i. Fatal-Flaw Metrics (Gatekeepers)

CCUS retrofits are long-term infrastructure investments with engineering,
permitting, and construction timelines that frequently span 3 to 5 years.

o The Flaw: Industrial assets scheduled for decommissioning or major
technology overhauls within the next 10 to 12 years.

o The Reality: Given the heavy upfront capital expenditure, a facility
requires a long operational runway to amortize costs and generate a
return through tax credits or avoided carbon fees. Retrofitting an
asset that is nearing the end of its operational life will result in asset
stranding.

Any "No" in this section indicates a project showstopper. Stop and remediate before

proceeding.
Code Screening Criteria Yes No TechnicallCommercial
Threshold

FF-01 Asset Lifespan: Does the [] [] Retrofits require a long
target facility have an expected operational runway to
operational blueprint of at least amortize upfront CapEx.
15 remaining years?

FF-02 Storage Access: Is the facility [] [1 Distance Kkills project
located within 50 km of a proven economics. Moving CO2
geological sink, an active long distances without
pipeline network, or a shared infrastructure is
deepwater port infrastructure cost-prohibitive.
terminal?

FF-03 Regulatory/Financial Driver: Is  [] [ Without a policy floor or a
there an active compliance clear financial
carbon penalty (>$50/tC0O2), a mechanism, a standalone
performance subsidy (e.g., U.S. CCUS project cannot
45Q), or a market penalty (e.g., generate a commercial
EU-CBAM) affecting the asset? return.
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Evaluates whether the physical asset can support a carbon capture retrofit.

Code

TE-01

TE-02

TE-03

Screening Criteria

Stream Concentration: Is the []
CO2 concentration in the target

stack or process line high

enough to avoid extreme

separation costs?

Physical Footprint: Is there []
clear, contiguous plot space

available immediately adjacent

to the emission stacks?

Flue Gas Purity: Are criteria []
pollutants (SOx, NOX,

particulate matter) low enough

or easily treatable to protect the
system?

iii. Utilities & Resource Integration

Yes

No

[]

[]

[]

TechnicallCommercia
| Threshold

Target: >95% for
process streams
(Ammonia/H2), or
>15% for combustion
flue gases
(Cement/Steel).

Minimum: 2,000 m2 to
5,000 m2 required for
absorption columns,
regenerators, and
compression trains.

Target: <10 ppm. High
impurities rapidly
degrade and destroy
expensive chemical
capture solvents.

Determines if the facility has the energy capacity required to run the system.

Code

UT-01

Screening Criteria Yes

Thermal Energy []
Availability: Does the

plant have unutilized low-

grade steam or available

waste heat to drive the

solvent regeneration

process?

No

[]

TechnicallCommercial
Threshold

Amine systems require
significant thermal energy
(2.5 to 3.5 GJ/ItCO2).
Lacking waste heat
increases operating costs.
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UT-02

UT-03

Screening Criteria Yes

Power Supply Capacity: [] [1
Can the local grid

connection or on-site

captive power plant support

a significant industrial load

upgrade?

Cooling Infrastructure: [] []
Does the facility have

access to the water

volumes or space needed

to expand its cooling

towers?

iv. Commercial & Market Viability

No

®
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TechnicallCommercial
Threshold

Supercritical gas
compression requires an
additional 10 to 30 MW of
reliable, continuous
electrical capacity.

CO2 liquefaction and
compression units
introduce substantial
additional cooling loads to
the plant configuration.

Assesses the project's ability to capture value or pass through costs.

Code

CM-01

CM-02

Screening Criteria Yes

Green Premium Capture: Can []
the facility pass through a

structural premium to off-takers

for verified low-carbon

commodity products?

Cluster Alignment: Is the []
facility able to join or co-

develop a regional industrial

cluster to share midstream

risks?

No TechnicallCommercial
Threshold
[] Critical for low-margin

sectors like cement and
steel where absorbing the
capture cost completely
erodes profitability.

[] Sharing pipelines and
storage terminals with
nearby emitters
significantly lowers
individual capital
exposure.
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Step-by-Step Implementation Roadmap
A disciplined approach from initial assessment to operation minimizes capital risk:
Phase 1: Conceptualisation & Feasibility (Months 1-6)

Analyze flue gas properties, measure emissions volumes, and review nearby
transport and storage options. Conduct initial financial modelling based on
regional carbon incentives.

A disciplined approach from initial assessment to operation minimizes capital risk:

PHASE 1: FEASIBILITY & CONCEPT | —3> —> | PHASE 2: TECHNO-ECONOMIC STDY

Months 1-6: Source analysis & site screening Months 6-12: Technology selection &
FEED prep

PHASE 3: FEED & PERMITTING

Months 12-24: Detailed engineering &
permitting

PHASE 4: FID & EXECUTION (EPC) | —»» —3> | PHASE 5: OPERATION & MRV | —>

Phase 4: FID &
Months 24-48: Ongoing:
Procurement & construction Injection, monitoring & complianceaizino o

Phase 2: Techno-Economic Evaluation (Months 6-12)

Select the most efficient capture technology for your specific stream and run
pilot-scale testing if required. Negotiate preliminary agreements with transport
and storage providers to establish the project structure.
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Phase 3: FEED & Permitting (Months 12-24)

Launch Front-End Engineering Design (FEED) to establish detailed equipment
configurations and finalize capital expenditure requirements within a pm10%

confidence interval. Submit environmental impact assessments and apply for
underground injection and pore-space permits.

Phase 4: Financial Investment Decision (FID) & EPC Execution
(Months 24-48)

Secure project financing, sign off-take agreements, and approve the Final
Investment Decision (FID). Award the Engineering, Procurement, and
Construction (EPC) contract to begin site fabrication, integration, and

commissioning.

Phase 5: Commissioning & Operations (Ongoing)

Begin full capture and injection operations. Implement continuous Monitoring,
Reporting, and Verification (MRV) protocols to secure carbon credits and
maintain regulatory compliance.

Structural Constraints: Storage Bottlenecks

The following two sections examine India as a detailed regional case study,
illustrating how a major emerging economy is navigating the structural and
geological challenges of large-scale CCUS deployment.

While India's point-source capture potential is vast, the midstream and
downstream elements of the value chain face severe, unique geological and
logistical constraints.

 The Basalt Challenge (Deccan Traps):
A major portion of India’s industrial heartland sits on or near the Deccan Traps —
massive, thick layers of basaltic rock. While basalt offers long-term potential for
solidifying carbon through mineralisation, the technology is globally immature,
expensive, and geologically unpredictable compared to traditional deep saline
aquifers.
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 The Basalt Challenge (Deccan Traps):
A major portion of India’s industrial heartland sits on or near the Deccan Traps —
massive, thick layers of basaltic rock. While basalt offers long-term potential for
solidifying carbon through mineralisation, the technology is globally immature,
expensive, and geologically unpredictable compared to traditional deep saline
aquifers.

e Depleted Oil and Gas Fields:
India's mature oil and gas fields (such as the Cambay, Assam, and Krishna-
Godavari basins) offer well-mapped, secure options for early-stage geological
storage and Enhanced Oil Recovery (EOR). However, their cumulative storage
capacity is relatively small, estimated at less than a few hundred million tonnes.
This is insufficient to manage India's gigaton-scale multi-decade industrial
output.

* Deep Saline Aquifers:
The largest theoretical storage options lie within deep onshore and offshore
saline aquifers in the Indo-Gangetic plains, the Thar desert, and coastal
continental shelves.

Unfortunately, these formations lack the extensive historical seismic mapping and
exploratory well data common in Europe or North America. This data gap
introduces high upfront exploration costs and regulatory risks for developers
trying to prove long-term formation integrity.

India's Emerging Industrial CCUS Clusters

To overcome high infrastructure costs and geological constraints, India is shifting
away from isolated, single-plant projects toward a shared Industrial Hub and
Cluster Model. This approach co-locates multiple emissions sources to share
transport, processing, and storage infrastructure.

e The Gujarat-Western Coast Cluster (Dahej / Hazira / Jamnagar):

» Sector Focus: Refining, Petrochemicals, Chemicals, and Independent Power
Producers.
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« Strategic Viability: This is India’s most advanced industrial cluster. It features
high point-source density, existing pipeline networks, deepwater port
facilities, and immediate access to the Cambay basin's depleted oil fields
and saline aquifers. This setup makes it an ideal location for early-stage,
commercially viable CCUS projects.

e The East India Mineral Belt Cluster (Odisha / Jharkhand /
Chhattisgarh):
« Sector Focus: Integrated Steel Mills, Aluminium Smelting, and Coal Baseload

Power Plants.

« Strategic Viability: This region represents India's heaviest concentration of
absolute carbon emissions. Because it is distant from proven oil reservoirs,
this cluster will require the development of extensive rail and pipeline
transport networks to move captured carbon to offshore saline storage
formations in the Bay of Bengal.

e The Southern Coastal Hub (Tamil Nadu / Andhra Pradesh):

» Sector Focus: Cement manufacturing clusters, Fertilisers, and Maritime
Shipping Hubs.

» Strategic Viability: This hub links inland cement plants with coastal shipping
ports. It focuses heavily on utilising captured carbon for mineralisation and
e-fuels, while leveraging offshore storage opportunities in the Krishna-

Godavari basin.

[ CO2 Capture: Cement ]
| =3k |

[ CO2 Capture: Cemeﬁ-_t |

=i
5

[ Shared Hub & Pipeline | [ Offshore Storage ]

d 1o " v : |
r . T P s [ - & . —i [}
[ CO2 Capture: Refinery ] e J

[ CO2 Capture: Chemicals ] [ Shared Hub & Pipeline ] Permanent Isolation from Atmosph
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Regulatory Action Plan

To navigate this transition successfully, corporate leaders should align their
planning with NITI Aayog's evolving CCUS roadmap:

A disciplined apprdach frrom inifial aséessment to operation minimizes capital risk: |
STRATEGIC BLUEPRINT FOR INDUSTRIAL LEADERS IN INDIA

| BT, A I |
| |

3. Secure Pre-Compliance
Carbon Positions

1. Form Regional Consortiums

« Partner with nearby facilities to build shared

capture hubs and lower unit capital costs.
aeA
2. Target High-Purity Streams First

o6

VERIFIED

3. Secure Pre-Compliance Carbon Positions

« Design capture plants to generate verified

credits compatible with the emerging CCTS.

By focusing on these practical, immediate steps, Indian manufacturers can
mitigate long-term compliance risks, lower their all-in cost of capture, and
position themselves as highly competitive players in a global, decarbonized

marketplace.

Conclusion

CCUS is no longer an optional sustainability initiative; it is a critical infrastructure
requirement for heavy industry operating in a decarbonizing economy. While the
capital requirements are substantial, the financial risks of inaction—including
carbon penalties, stranded assets, and lost export markets—are significantly

higher.
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Wudbox works with manufacturing & industrial organisations to
translate sustainability intent into operationally sound, auditable,
and future-ready frameworks.

Our focus is not on isolated reporting or short-term compliance,
but on building the systems, governance, and internal capability
required to sustain environmental performance over time.

We partner closely with leadership and operational teams

to ensure sustainability becomes embedded within
decision-making, aligned with business priorities, regulatory
expectations, and stakeholder confidence.

Contact
Information

Email:
info@wudbox.in

Phone:
+91 9811126365

Address:
Hyderabad, India

Website:
www.wudbox.in
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