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Case Study and Computational Results

Pareto front of the supply chain network

Mathematical Model

Determine the optimal 

  Flow rates of CO₂ captured, stored, utilised

  Technology/material choice

  Network decisions

Given 

   Emission and Sites Data: 

      Nodes location, emission volumes, storage/utilisation capacities

 Techno-Economic Parameters: 

      Capture options, materials, transport, and cost parameters

  Market and Policy: 

      Product economics, carbon price unit cost

So as to: 

Minimise

Total cost

CO₂ emission

Safety hazard

❖ Supply Chain Optimisation Framework
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❖ Net-Zero emissions target to be met by 2050

❖ Carbon Capture, Storage and Utilisation (CCUS)

❖ Carbon pricing 

UK Greenhouse gas emissions by sector [1]

Electricity generated by fuel in 2024 [2]

𝑴𝒊𝒏 𝑪𝒐𝒔𝒕 = 𝐶𝑎𝑝𝑡𝑢𝑟𝑒 + 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑎𝑡𝑖𝑜𝑛 + 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 + 𝐶𝑎𝑟𝑏𝑜𝑛 𝑝𝑟𝑖𝑐𝑖𝑛𝑔 +
𝑈𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 − 𝑈𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑣𝑒𝑛𝑢𝑒

𝑴𝒊𝒏 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏 = 𝑁𝑜𝑡 𝐶𝑎𝑝𝑡𝑢𝑟𝑒𝑑 𝐶𝑂₂ + 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠

𝑴𝒊𝒏 𝑺𝒂𝒇𝒆𝒕𝒚 𝑯𝒂𝒛𝒂𝒓𝒅 [3] = ෍
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(𝑇𝐼𝑡𝑟𝑎𝑛 + 𝑇𝐼𝑘
𝑠𝑖𝑛𝑘)

𝐶𝐾𝑖𝑘

𝐶𝑅𝑚𝑖𝑛

CCUS
Carbon price

Physical

 management
Non-physical 

management

Secondary emissions

Supply Chain Network Superstructure

Multi objectives

Environmental 

sustainability

Safety 

risks
Economic 

viability

❖Mathematical Model

𝐶𝐾𝑖𝑘 = ෍

𝑝

𝐶𝑈𝑃𝑖𝑘𝑝  ∀ 𝑖 ∈ 𝐼, k ∈ U

Variable:

𝐶𝐾𝑖𝑘    CO₂ mass flow rate

𝐶𝑈𝑃𝑖𝑘𝑝 CO₂ flow rate for utilisation

𝐹𝑅𝑖𝑗      Captured CO₂ fraction

Parameter:

𝐶𝑅𝑚𝑖𝑛  Minimum CO₂ reduction capacity

𝐸𝑖         CO₂ emissions mass flow rate 

𝑀𝑆𝐶𝑘    Maximum storage capacity

𝑀𝑃𝐶𝑘    Maximum production capacity

𝑇𝐼𝑗
𝑐𝑎𝑝

     Safety index for CO₂ capture

𝑇𝐼𝑡𝑟𝑎𝑛    Safety index for transportation

𝑇𝐼𝑘
𝑠𝑖𝑛𝑘    Safety index for storage/utilisation

𝜎𝑝
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 Product conversion factor

CO₂ Balances
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𝐸𝑖  𝐹𝑅𝑖𝑗 ∀ 𝑖 ∈ 𝐼 

▪ Maximum storage/production capacity

▪ 𝐶𝑂2 capture flow rate

Process Constraints

෍
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𝐶𝐾𝑖𝑘 ≤ 𝑀𝑆𝐶𝑘  /years ∀ k ∈ S
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 𝜎𝑝
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑈𝑃𝑖𝑘𝑝 ≤ 𝑀𝑃𝐶𝑘 ∀ k ∈ U

▪ 𝐶𝑂2 flow rate for the utilisation section

❖ CO₂ supply chain under CCUS and carbon pricing in Great Britain

34 power plants and cement factories → Total CO₂ emission of 27.23 Mt/year

4 utilisation sites (products: Methane, Ethylene), 10 offshore storage sites  

12 combination of capture technologies and materials

❖ Solution procedure

❑ Pareto front solutions

❖ Pareto-optimal solutions across economic, environmental, and safety criteria, 

guiding sustainable and scalable CCUS configurations toward net-zero industries

❖ Identification of an industry-relevant fair trade-off using the Nash bargaining 

approach to support balanced CCUS network selection

❖ What-if analyses highlighting CO₂-product capacity, carbon price, and electricity 

price as key drivers influencing CCUS performance and industrial investment 

Scenario Emphasise

A on economic aspect

B on environmental aspect

C on safety aspect

What are the optimal configurations?

✓   Augmented ε-constraint method 

What is the fair trade off  solution?

✓ Nash game theoretic approach

Gurobi Solver ; using GAMS

Electricity price

Carbon price

CO₂ Utilisation capacity

CO₂ management strategy

Robust decision support 

for policymakers and 

industry stakeholders
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Breakdown of inherent safety indices for some CCUS network modules
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Cost breakdown in Nash result

❑ Nash game-theoretic approach 

Fair trade off

❑ Comparative analysis

Mixed Integer 

Linear 

Programming 

(MILP)

Trade-offs among the key objectives 

Financial implications of 

CCUS deployment 

 Carbon pricing improves 

cost and safety without 

delivering major emission 

cuts

Profitable CO₂ utilisation pathways 

often cause higher secondary 

emissions and safety risks
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