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Why is CCS not implemented yet?

NZIA target: injection of 50MtCO2/year by 

2030 [1]

Published network rollout in (regions of) 

Europe [2, 3]

Network operation in Europe and Switzerland 

in 2025 [2, 3]
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Capture StorageTransport

Why is CCS not implemented yet?

CCS value chain

Emitter

CCS

Taxes to reduce emitted carbon

Global competition and relocation

Subsidies to incentivize CCS

Policymaker

Taxes and subsidies
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Policymaker

Taxes and subsidies
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Current models: social planner problem

Emitters

Policymaker

Market dynamics

Strategic behavior of players
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Stackelberg game, Cournot lower level

Policymaker

Emitter

Emitter

Emitter

Emitter

Emitter

Market dynamics

Strategic behavior of players
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Stackelberg game, Cournot lower level

Bi-level optimization problem

Sequential game: one leader, multiple 
followers

Leader’s advantage; moves first

Followers’ reaction; respond to leader’s 
policy

Backward induction: leader anticipates 

the response of followers

Policymaker

Emitter

max Profits

Emitter

max Profits

Taxes and subsidies

Upper level

Lower level

Emitter

max Profits

  max Social Welfare
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Stackelberg game, Cournot lower level

Policymaker

Emitter

Emitter

Emitter

Emitter

Emitter

How do taxes and subsidies affect the 

social welfare?

How do emitters react? What are their 

profits and how much do they capture?
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Social planner, global optimum and benchmark

max Social Welfare

Social planner

Emitters profits from production

Capture costs

Storage costs

Transport costs

s.t. Technical constraints

 Emission constraint: ∑𝑒𝑖
𝐶𝑂2 ≤ 𝐸𝐶𝑂2 ∶ 𝜇𝐶𝑂2

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Social planner cost of carbon
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Stackelberg game, Cournot lower level

Method

Emitter’s profits:

 Profits from production

 Capture costs

 Storage costs, price paid to 

storage operators

 Transport costs

 Capture subsidy

 Released CO2 tax

Social welfare:

 Emitters’ profits

 Storage revenues

 Storage costs

  Released CO2 tax

 Capture subsidy

 Social planner cost of carbon ∑𝑒𝑖
𝐶𝑂2𝜇𝐶𝑂2

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies
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Method

Emitter’s profits:

 Profits from production, concave 

quadratic function

€

𝐸𝑖

Capture costs, convex 

quadratic function

€

𝑞𝑖
𝑐𝑎𝑝

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies

Stackelberg game, Cournot lower level

𝑃𝑖 𝐸𝑖 = −𝑃𝑖,1𝐸𝑖
2 + 𝑃𝑖,2𝐸𝑖

𝑃𝑖,1, 𝑃𝑖,2 ≥ 0

𝐶𝑖
𝑐𝑎𝑝

𝑞𝑖
𝑐𝑎𝑝

= 𝐶𝑖,1
𝑐𝑎𝑝

𝑞𝑖
𝑐𝑎𝑝2

+ 𝐶𝑖,2𝑞𝑖
𝑐𝑎𝑝

𝐶𝑖,1
𝑐𝑎𝑝

, 𝐶𝑖,2
𝑐𝑎𝑝

≥ 0



Emitter’s profits:

 Storage costs, price paid to storage 

operators
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Method

𝑄𝑐𝑎𝑝 𝑡𝐶𝑂2

𝑃𝑠𝑡 ൗ€ 𝑡𝐶𝑂2

Stackelberg game, Cournot lower level

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies

𝑀𝐶𝑠𝑡

𝑄
𝑃𝑒𝑟𝑓𝑒𝑐𝑡

𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛

𝑃
𝑠𝑡,𝑃𝑒𝑟𝑓𝑒𝑐𝑡
𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛

𝑄𝐶𝑜𝑢𝑟𝑛𝑜𝑡

𝑃𝑠𝑡,𝐶𝑜𝑢𝑟𝑛𝑜𝑡
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Method

Solution algorithm:

Lower level convex optimization problem

Reformulate into KKT conditions

Stackelberg game, Cournot lower level

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies
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Method

Solution algorithm:

Lower level convex optimization problem

Reformulate into KKT conditions

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

KKT conditions

Emitter

Emitter

KKT conditions

Emitter

KKT conditions

Stackelberg game, Cournot lower level

Single-level optimization problem, 

complementarity constraints



1501.12.2025

Results – qualitative
Stackelberg game, Cournot lower level

Social welfare

Storage price

Social planner

 Cournot competition, 𝜎𝑐𝑎𝑝 = 0, 𝜏𝐶𝑂2 = 𝜇𝐶𝑂2

 Cournot competition, 𝜎𝑐𝑎𝑝 > 0, 𝜏𝐶𝑂2 = 𝜇𝐶𝑂2

 Cournot competition, 𝜎𝑐𝑎𝑝 > 0, 𝜏𝐶𝑂2 < 𝜇𝐶𝑂2

Emitters’ profits

Captured carbon
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Next steps
Stackelberg game, Cournot lower level

Define a case study

Add spatial resolution

Parametrize profit and cost functions
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Emitter’s profits:

 Storage costs, price paid to storage 

operators
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Method

𝑄𝑐𝑎𝑝

𝑃𝑠𝑡 ൗ€ 𝑡𝐶𝑂2

Stackelberg game

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies

𝑀𝐶𝑠𝑡

𝑄𝑃𝐶

𝑃𝑠𝑡,𝑃𝐶

𝑄𝐶𝑜𝑢𝑟𝑛𝑜𝑡

𝑃𝑠𝑡,𝐶𝑜𝑢𝑟𝑛𝑜𝑡

Welfare loss
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Results

Equivalence conditions:

1. 𝜏𝐶𝑂2 = 𝜇𝐶𝑂2

2.  𝜎𝑐𝑎𝑝 = 0

3.  Emitters in perfect competition against storage price

  max Social Welfare

Policymaker

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2 , 𝜏𝐶𝑂2 , 𝜎𝑐𝑎𝑝

Upper level

max Profits

Emitter

𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Emitter

max Profits
𝑞𝑖
𝑐𝑎𝑝

, 𝑒𝑖
𝐶𝑂2

Lower level

Taxes and subsidies

Social planner solution 

Stackelberg game, equivalent to social planner
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