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Overview

Carbon Capture and Storage (CCS) has been identified as one of the most promising means to reduce greenhouse gas (GHG) emissions. As the cost of CCS remains high and technical uncertainty prevails, government incentives are needed to mobilize CCS deployment. Among CCS incentives, CO2 price is known to be a central issue. The regulation of CO2 price can be especially challenging when CO2 is leveraged for enhanced oil recovery (EOR).

This paper investigates optimal regulation of CO2 to align CCS with EOR. More specifically, we examine optimal CO2 pricing scheme that achieves desired carbon reduction targets with least cost to the social welfare under different international carbon regulation regimes. The major issues involved include: (1) demand-supply balance of carbon between CO2 producers, potential CO2 users (i.e. oil companies), and storage, (2) substitution between natural gas and CO2 for EOR giving the opportunity cost of gas and CO2 for EOR, and (3) optimal production of CO2 as a valuable by-product of industrial outputs. 

Existing literature on CCS-EOR market has been focused primarily on the feasibility issue (which studies the technological conditions for the EOR benefits to outweigh the CCS costs). These include life cycle analysis and energy penalty study [1][2]. Some studies are concerned about the liability issue involved in CCS operation [3]. This paper will be focused on the allocation and incentive issues involved in CCS-EOR regulation. 

Methods

This paper develops a theoretical model to study optimal regulation of CO2 to align CCS with EOR.We consider four representative agents: the carbon producer (i.e. the industry), the carbon user (i.e. the oil companies), the storage, and the government. We distinguish domestic carbon price from international carbon price and focus on the regulation of the domestic price under two international carbon trading (ICT) regimes: (1) CCS is included in ICT: international carbon price pays for CO2 storage, and (2) CCS is not included in ICT: domestic carbon price pays for CO2 storage. While CO2 for storage is considered carbon emission reductions for the economy, CO2 for EOR is not due to the possibility of carbon leak-out. 

The CO2 user can use either gas or CO2 for EOR. Our model assumes that gas is a by-product of oil production and is owned by the oil companies. For simplicity we assume that the amount of gas owned by the oil companies is always greater than the gas needed for EOR. As a result the cost to the oil companies for using gas for EOR is equivalent to the opportunity cost that the oil companies would incur from forgoing the sale of gas in the international gas market. We also assume no generation of CO2 in the oil production process. The oil companies thus have to acquire CO2 from the CO2 producers at the domestic carbon price if they want to employ CO2 for EOR. 

While international gas price is modeled as a random variable, international carbon price is added as another random variable when CCS is included in ICT. The objective of the government is to devise a carbon pricing scheme and a CCS-EOR market structure to reduce carbon emissions at minimum cost to the economy. Two pricing regimes are examined: (1) a fixed pricing regime; and (2) a conditional pricing regime where domestic carbon price is a function of international gas price and international carbon price. We consider perfect comtition between carbon user and storage for CO2 as the market structure. 

With the above assumptions we can then characterize parties’ decision-making problems with a two phase dynamic programming model. In the first phase, the carbon producer determines the level of industrial based on their expectations of carbon price in the next phase. In phase 2, international gas price and international carbon price realize and the information becomes known to all stakeholders.The parties then trade carbon based on the regulated carbon pricing regime. More specifically, the oil companies will choose to use either gas or carbon for EOR depending on the realized prices of the two alternatives. Assuming no capacity constraint, the storage will take as much as CO2 whenever the carbon price is positive. It is assumed that all parties have risk neutral preference and common prior for uncertainties. The expected carbon supply and demand under specific carbon pricing regime can then be derived with backward induction. The social welfare is simply the sum of all parties’ payoffs. Given the distorted cost of public funds, the optimal CO2 price is essentially the one with least expected cost to the government.

Results

We are in the process of setting up the model and are considering two decision rules for the oil companies: (1) the decision of oil production is made at phase 2 and is determined by international oil price, international gas price, international carbon price, and domestic carbon price, and (2) the decision of oil production is exogenously determined by factors such as OPEC quota. Once the assumption is made we expect thy analysis to produce the following results:
· Optimal domestic carbon price as a function of international gas price, capture cost, and international carbon price

· Distribution between CO2 for EOR and CO2 for storage under optimal regulation
· Effects of ICT regime on government expenditure to achieve specific carbon reduction targets from CCS
We will also compare the performance of the fixed pricing regime and the conditional pricing regime. More specifically, even though conditional pricing scheme yields optimal ex post welfare allocation, it is not clear whether its ex ante performance will be better than the fixed pricing scheme under the common prior and perfect rationality assumptions (i.e. performances of the two pricing schemes may be equal when only consider the expected payoffs).
Conclusions

This paper proposes a theoretical model on the optimal carbon regulation for CCS with EOR under a simplified framework. With reasonable assumptions on the production functions for carbon producers and oil producers we expect that our model will identify optimal CO2 pricing as a function of uncertain variables. It is expected that the model can be expanded with numerical analysis to derive optimal carbon price when there exist: (1) switching cost between gas and CO2 for EOR, and (2) energy penalty involved in the CCS procedure. 
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