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A partnership between oilfield operators and the federal government in the 

coupled CO2 enhanced oil recovery (EOR) and storage projects brings long-term benefits 

for both.  We quantify the win-win condition for this partnership in terms of an optimum 

storage tax credit. We describe the field-scale design optimization of coupled CO2-EOR 

and storage operations from the viewpoint of oilfield operators. We introduce a CO2 

market model and investigate two special CO2 market problems, namely a fixed storage 

requirement and an integrated asset optimization. The first problem follows an 

environmental objective by giving priority to the storage element of CO2-EOR and 

storage; the second prioritizes the oil recovery and relies on the principles of a free 

market where CO2 is a commodity and the commitment to storage is made based on the 

economic benefits. We investigate the CO2 market sustainability conditions and 

quantitatively derive them for the fixed storage requirement and integrated asset 

optimization problems.   Ultimately, we quantify the impact of storage tax credit on the 

operator benefits, the federal government benefits, and the optimum economic storage 

capacity of an oilfield. 
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CO2 EOR-storage projects are long-term and capital-intensive and therefore 

vulnerable to the risks of the CO2 market. Two important uncertain economic parameters 

are investigated, the oil price and the storage tax credit. The government plays an 

important role in reducing the CO2 market risks because it has the leverage to regulate the 

storage tax credit. The stochastic optimization results show that a transparent storage tax 

credit reinforces the sustainability of the CO2 market and helps both the government and 

the oilfield operators boost their long-term benefits. 
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Chapter 1. Introduction 

 

 

The significant increase of CO2 concentration in the atmosphere over the past two 

decades has raised environmental concerns leading to extensive efforts to find alternative 

solutions to at least slow down the rate of CO2 emissions. Underground CO2 storage is so 

far the most promising method to control greenhouse gas emissions in the short-term 

(IPCC, 2005). While the scientific aspects of underground CO2 storage have significantly 

progressed and the technical prospect is promising, the economic prospect of CO2 storage 

remains uncertain. A short-term option to improve the economics of CO2 storage is to use 

the anthropogenic CO2 in an industrial operation to produce other commercial products. 

Anthropogenic CO2 emissions originate from human activities. The main sources of 

anthropogenic CO2 are the combustion of carbon based fuels, such as wood, coal, oil, and 

natural gas. The whole process of anthropogenic CO2 capture, transport, utilization and 

storage is referred to as CCUS, which is an abbreviate form of carbon capture, utilization 

and storage. 

Coupled CO2 EOR-storage takes advantage of the potential synergy between the 

incremental enhanced oil production and the underground CO2 entrapment. Development 

of this CCUS system, which extends from the capture to the storage, requires a 

significant upfront investment in the physical infrastructure, and fairly complicated 

planning for implementation. Therefore, the economics and the long-term planning of 
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coupled CO2 EOR-storage projects is a consideration that should be thoroughly addressed 

before these long-term and capital intensive projects proceed to an implementation phase.  

The objective of this study is to investigate and develop workflows to support 

economic analysis and optimization of coupled CO2 EOR-storage projects. Specifically, 

we focus on the dynamics and the economics of a partnership between oilfield operators 

and the government, and investigate the conditions under which both parties benefit from 

the participation in CCUS projects. 

1.1 PROSPECT OF THE CO2 MARKET 

A macro-scale CCUS system can be casted into the commonly accepted concept 

of a CO2 market. A CO2 market consists of suppliers, customers, market agents, the 

public, and a regulator which is typically a governmental organization. The main CO2 

supplies are the natural naturally-occurring fields, power plant effluents, gas sweetening 

plant effluents, and refineries. The customers of CO2 are mainly the oil field operators. 

With the development of a CO2 market, other customers may appear, such as operators of 

saline aquifers and owners of depleted oil and gas fields. The future CO2 market is very 

dependent on the economic conditions; therefore it is important to consider different 

scenarios for the CO2 market and investigate the behavior of the involved stakeholders 

under these scenarios. In this study we focus on oilfield operators and their optimum 

behavior under different market conditions. Specifically, we investigate the optimum 

design and operational plan for the operators of coupled CO2 EOR-storage projects for 

the following market conditions: 

1. Fixed storage requirement: the oilfield operator is committed to store a fixed CO2 

slug on an annual basis. The CO2 EOR-storage design should be planned such that 

the storage requirement is satisfied. Under this policy, the oil price, CO2 cost and 
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storage tax credit do not affect the ultimate storage, but the design and operational 

conditions may be adjusted to maximize profit.  

2. Integrated asset model: the oilfield operator has a fixed asset and is willing to 

negotiate an appropriate CO2 contract to annually receive a fixed CO2 slug for a 

coupled EOR-storage operation. The operator is free to select any annual CO2 

slug, but is committed to ultimately store all the purchased CO2 in the EOR-

storage operation. No CO2 re-sales or emissions are allowed. In this case, the oil 

price, CO2 cost and storage tax credit may affect the optimum annual CO2 slug 

and the EOR-storage design.  

3. Storage tax credit policy: as a key stakeholder in the CO2 market, the government 

is seeking to properly regulate the storage tax credit and encourage the oilfield 

operators use the anthropogenic captured CO2 in the EOR-storage operations. The 

government is also seeking to benefit from a boosted, interactive market by 

collecting royalties and income taxes in long-term. This case shows how a storage 

incentive can affect the demand for anthropogenic CO2 and the optimum design 

of EOR-storage operation. 

4. CO2 EOR-storage design under uncertainty: uncertainties in oil price and 

anthropogenic CO2 cost, and field-scale operating parameters are the significant 

concerns in CO2 EOR-storage operations. This case investigates the 

considerations in CO2 storage compliance, long-term CO2 contracts, an optimum 

design and operation of EOR-storage under a combination of uncertainties. 

Each case has its own features and benefits. The fixed storage requirement 

problem is environmental-driven: it guarantees that at the end of the storage process a 

determined storage requirement is met. Under this condition, the operator might be 

required to store additional CO2 at unfavorable economic conditions. The benefit of a 
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fixed storage requirement is to ensure that predicted potential CO2 emissions would be 

securely stored and to facilitate long-term planning of CO2 storage operations. Integrated 

asset model allows the customers to choose the appropriate annual fresh CO2 slug based 

on their benefits, and within the market regulation framework. Under this condition, the 

ultimate CO2 slug for EOR-storage is determined based on the oil and CO2 price and field 

recovery response to injection. The only commitment is that all the purchased CO2 should 

be ultimately stored in the reservoir. The storage tax credit policy problem shows how a 

tax credit motivates operators to involve in coupled EOR-storage projects and quantifies 

the incremental contribution of increasing tax incentives to the CO2 market expansion.  

1.2 RESERVOIR STUDIES IN COUPLED EOR-STORAGE  

In selecting the reservoir case studies, the main criterion is the average oil 

production performance of producers, which in this study is simply referred to as 

production performance. Production performance is defined as the average oil production 

rate per well during the CO2 EOR phase.  

Two reservoir models are investigated. The first reservoir model represents a 

sandstone reservoir with an optimistic prospect for production performance. We refer to 

this reservoir model as “Sandstone”. The second reservoir model represents a carbonate 

reservoir with a moderately promising prospect for production performance. We refer to 

this reservoir model as “Carbonate”. For determining the appropriate ranges for the 

optimistic and moderate production performance we use data from US CO2 EOR projects 

(Koottungal, 2010).  

The second criterion is CO2 utilization, which is the average volume of CO2 

stored in the reservoir to produce an incremental barrel of oil.  CO2 utilization is time-
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dependent and generally decreases with increasing pore volume injection. The CO2 

utilization values for Carbonate are generally greater than Sandstone.  

The third criterion is the CO2 recycle ratio, defined as the ratio of CO2 production 

rate to fresh CO2 injection feed at any time. The recycle ratio is also time-dependent, and 

tends to quickly increase after CO2 breakthrough to producers and gradually stabilize 

towards the end of EOR-storage life.  

The oil production performance, CO2 utilization, and the recycle ratio depend on 

the CO2 EOR design and operational conditions as well as reservoir characteristics. 

Reservoir structure, rock-fluid properties, PVT data and well properties, and summary of 

injection designs for both cases are presented in Chapter 3. 

Different EOR-storage designs and operating conditions are investigated for both 

cases. The main design variables are the gas injection rate, WAG ratio and the EOR-

storage duration. For any given design, the corresponding reservoir response (i.e. time-

dependent injection rates and production rates for all wells) is collected to calculated 

three main measures of EOR-storage performance, the oil production performance, CO2 

utilization, and the recycle ratio. Chapter 4 explains the rationale behind selecting these 

output parameters, and quantifies the relation between the main EOR-storage design 

variables and the selected output measures. 

1.3 ECONOMICS OF COUPLED CO2 EOR- STORAGE  

We develop an integrated asset model (IAM) to combine the field-scale operation 

design of EOR-storage with the economics. An integrated asset model specifies the 

relation between the surface facility and wells, subsurface behavior, and the economic 

response.  The following three main steps are performed for the development of the CO2 

EOR-storage integrated asset model: 
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1. Develop the reservoir model, perform the simulation and match the main 

parameters of interest against the reported West Texas field data. Generate a set of 

EOR-storage design candidates using the experimental design method. Perform 

the simulations for all the generated designs. 

2. Generalize the reservoir pattern results and develop a field-scale model.  

3. Integrate the field-scale model with the surface facility and cost models.  

In Chapter 4, we describe the cost data and the economic model, and the 

development steps of an IAM for CO2 EOR-storage, and, using the IAM, we investigate 

the economics of both reservoir cases. 

1.4  ANALYSIS OF THE CO2 MARKET MODEL 

The objective of the IAM development is to find an optimum design for EOR-

storage projects under different CO2 market conditions, and to maximize the benefits of 

participating stakeholders, especially the oilfield operators and the government,  in long-

term. Figure 1-1 shows the proposed general workflow for an E&P design optimization 

and uncertainty analysis, which in this study is used for the analysis of CO2 market 

problems. We use the proposed workflow to find the optimum design and operational 

plan for coupled EOR-storage under different market conditions. 

A decision analysis method is used in Chapter 5 to solve the first three problems 

for CO2 market model. A stochastic optimization method is introduced in Chapter 6 to 

solve the market problems under field-scale operating uncertainties and economic 

uncertainties. We may not use both methods to find the solution to all problems; 

depending on the problem type, we select the easiest way to complete the optimization 

procedure and find the optimum solution.  
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 Figure 1-1: General workflow for E&P design optimization under uncertainty. The 

workflow is applied to optimize the CO2-EOR and storage. Sample 

implementation tools to accomplish each stage are presented. 

1.5 REVIEW OF CHAPTERS 

We divide this study into seven chapters. Chapter 1 briefly reviews this study, and 

Chapter 7 summarizes the results and conclusions and provides recommendations for 

future work. Chapters 2 through 6 are each dedicated to one phase of the proposed work-

plan, i.e. the CO2 market model, reservoir models, cost model and the IAM development, 

optimum solutions to the proposed market problems, and uncertainty analysis. These 

chapters are organized as follows.  

Chapter 2 describes a CO2 market model. We investigate the analogies between 

the natural gas market and a potential CO2 market and identify similar entities for CO2 

market. We define the role of each entity and the governing rules that regulate their 

interactions. Analyzing the market model specifies the conditions for long-term 

sustainability.  

Chapter 3 describes two reservoir models: one with an optimistic prospect for 

EOR-storage, and one with a moderate prospect. These representative reservoir 

simulation models are executed under various operational conditions.  
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Chapter 4 describes the integrated asset model. We define brief quantitative cost 

models for CO2 capture and transport, and a detailed cost model for CO2 EOR-storage. 

We explain the steps to integrate the economic model with the reservoir model, and set 

up base case scenarios for both reservoir cases and analyze the results.  

In Chapter 5, we propose three problems in coupled EOR-storage design and 

operation optimization. The problems are defined based on the different market scenarios 

presented in Chapter 2. Method of decision analysis is used to solve the problems.  

Chapter 6 introduces stochastic programming as a tool for uncertainty analysis of 

coupled EOR-storage problems. We specify the major uncertainties in the CO2 market 

(e.g. oil price and CO2 price) and investigate their effect on the optimum operational 

conditions for CO2 EOR-storage. Using stochastic optimization methods, we analyze and 

solve stylized problems in storage compliance and design optimization under economic 

uncertainty.  
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Chapter 2. Commercial Prospect of the CO2 Market 

 

 

In 2012 enhanced oil recovery (EOR) projects contributed 663 Mbopd to US oil 

production, a 21 Mbopd increase from the previous 2010 survey (O&GJ, April, 2012, 

EOR Survey), and active US EOR projects have increased from 183 in 2008 to 193 in 

2012. This increase is mainly attributed to the general increasing trend in oil price, 

advancement of EOR techniques and the aging of active onshore fields. Table 2-1 

summarizes the active US EOR projects from 1990 to 2012; as Table 2-1 shows miscible 

CO2 EOR and steam flooding currently dominate the EOR processes. Figure 2-1 shows 

that the number of steam flooding, miscible and immiscible CO2, and chemical flooding 

projects from 1990 to 2012. The number of steam flood projects has increased over the 

past four years, after a 16-year declining period, while CO2 EOR projects generally 

followed an increasing trend, and especially peaked over the past four years. Chemical 

projects have experienced a sharp decrease and recently, limited commercial-level 

activities in chemical EOR are reported.  

The comparison of active EOR projects from 1990 through 2012 shows that CO2 

EOR has been more successful under different economic conditions and a significant 

variation of oil prices than the other EOR methods. Several reasons may be stated to 

explain the relative industrial and commercial success of CO2 EOR projects compared to 

other EOR methods.  
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Table 2-1: Active U.S. EOR projects as published in Oil and Gas Journal, April 2, 2012. 

 
90  92  94  96  98  00  02  04  06  08  10  12 

Thermal 
           

 

Steam 137  119  109  105  92  86  55  46  40  43  45  48 

Combustion in situ 8  8  5  8  7  5  6  7  12  12  12  11 

Hot water 9  6  2  2  1  1  4  3  3  3  3  2 

Total thermal 154  133  116  115  100  92  65  56  55  58  60  61 

Chemical 
          

 

Surfactant-polymer 5  3  2  
        

 

Polymer 42  44  27  11  10  10  4  4  
 

1  1   

Caustic-alkaline 2  2  1  1  
       

 

Surfactant 1  
        

1  2  3 

Total chemical 50  49  30  12  10  10  4  4  0  2  3  3 

Gas 
           

 

Hydrocarbon 

miscible 

or immiscible 

23  25  15  14  11  6  7  8  13  13  13  13 

CO2 miscible 52  52  54  60  66  63  66  70  79  101  109  112 

CO2 immiscible 4  2  1  1  
 

1  1  1  2  5  5  8 

Nitrogen 9  7  8  9  10  4  4  4  3  4  3  3 

Flue gas miscible 

or immiscible 
3  2  

         
 

Other 
 

1  1  
        

 

Total gas 91  89  79  84  87  74  78  83  97  123  130  136 

Grand total  295 273 226 212 199 176 147 143 152 183 186 200 

 

1. Nearly half of the injected fresh CO2 is retained in the reservoir and the rest is 

produced, separated and recycled to produce additional oil.  

2. The need for fresh feed of CO2 declines with time, because the CO2 utilization 

tends to decrease and then stabilizes as the project matures.  

3. The flexibility in the ratio of water injection to gas injection (WAG ratio) helps to 

mitigate or take advantage the effects of unexpected operating and economic 

conditions.  
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(a) 

 

(b) 

 Figure 2-1: Active U.S. EOR projects as published in Oil and Gas Journal, April 2, 2012 

(a) active steam flood, CO2 miscible and immiscible, and chemical projects.  

Chemical projects include the reported polymer- micellar, polymer, caustic-

alkaline, and surfactant projects, (b) Percentage breakdown of active U.S. 

EOR projects. 
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2.1 ECONOMIC AND ENVIRONMENTAL DRIVERS FOR CO2 EOR-STORAGE 

The recent increase in the number of CO2-EOR projects, and consequently the 

increase in CO2 demand is attributed to a favorable oil price and the successful 

experience of CO2-EOR over the past forty years. Recent analysis of West Texas oilfields 

shows that substantial amounts of oil can be economically recovered by extending CO2-

EOR to the residual oil zone (Melzer et al., 2006).  

Most of the demand for CO2 is currently provided by naturally-occurring CO2 

resources. One option to cover the potential shortage in CO2 supply is to capture and 

transport anthropogenic CO2 from refineries and power plants to oilfields for an EOR 

operation. This process is referred to as coupled EOR-storage and is an example of 

carbon capture, utilization and storage (CCUS). The reason for this classification is that 

the captured CO2 is “utilized” for incremental oil production and ultimately stored in the 

reservoir. The synergy between CO2 EOR and storage is attractive from both economic 

and environmental viewpoints because on one hand a portion of the anthropogenic CO2 is 

captured which would otherwise be emitted to the atmosphere and the incremental oil is 

produced that otherwise would not be recoverable.   

The environmental benefits of CCUS are extensively discussed in the literature 

(IPCC, 2005); a constant increase in atmospheric CO2 concentration leads to the 

unfavorable effects of climate change and global warming and it affects the sustainable 

long-term development of all countries.  The economic and legislative aspects of CCUS 

are, however, understated. The IPCC report (2005) provides an overview on the cost 

elements and cost estimates for different capture and storage options; however, the 

provided data are out of date and tend to underestimate the costs, see Black et al. (2011) 

and independent studies.  Furthermore, the report provides no frameworks that specifies 

the effect of different financial resources on the development and operation of capture 
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and storage facilities. According to the Thompson et al. (2010) and independent studies 

from the private sector, the biggest barriers against the CCUS implementation are the 

significant upfront investment requirements, lack of economic incentives, insufficient tax 

credits, and appropriate practical regulations on both capture and storage sides.  

In this study, we focus on the economic barriers against anthropogenic CO2 

utilization in EOR projects and storage. Specifically, we investigate the economic aspect 

of coupled EOR-storage, and the effect of different market conditions and tax policies on 

the optimum behavior of oilfield operators. Regulatory and legislative aspects are beyond 

the scope of this study.  
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 Figure 2-2:  Current U.S. CO2 sources and pipelines. U.S. CO2-EOR production is 

approximately 280 Mbopd (courtesy of Denbury Resources, 2012). 

2.2 CO2 SUPPLY-DEMAND MODELS 

Figure 2-2 shows the current map of CO2 sources, pipelines and sinks in the US. 

The current CO2 market is scattered. Most of the CO2 supply is provided from naturally 

occurring resources and the main customers of CO2 are oilfield operators. Permian Basin 

oilfields are one of the major destinations of the produced natural CO2 to which about 40 

Mtonne CO2 is injected daily.  

Figure 2-3 conceptually describes the current CO2 market, where the CO2 source 

is a naturally-occurring resource. In the current model of CO2 market, a single source 

(often a natural source) is connected to several oilfield destinations. Natural CO2 

resources have several advantages that facilitate the oilfield CO2 EOR operation. The 

supplies are relatively cheap, stable and available once connected to the destination with 

a pipeline; and the production rate can be easily adjusted according to the demand. 

However, these sources are not abundant and not available all near the oilfields, and from 
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the viewpoint of our study, there is no environmental value associated with re-storing the 

natural CO2 in oilfields.  

Figure 2-4 schematically shows a model of a single anthropogenic source and a 

single oilfield sink. Anthropogenic CO2, which in this study is a product of a power 

plant-capture plant, is expensive because the CO2 capture technology is relatively new, 

uncertain, and therefore expensive. Moreover, one challenge in using anthropogenic CO2 

in an EOR-storage operation is the coordination between the capture plant and the 

oilfield. If either the CO2 capture plant or the oilfield is shut down (because of 

maintenance, incidents, etc.), the other side should be prepared to make appropriate 

adjustments. Long-term shut-downs on either side are detrimental to the overall goal of 

coupled EOR-storage and may result in a significant economic loss or a violation of 

storage regulations.  

Figure 2-5 schematically presents a multiple source-and-sink model. 

Anthropogenic CO2 source coupled with a CO2 resource is an ideal form of CO2 supply. 

This model of CO2 supply has the benefits of both the natural source and the single 

anthropogenic source. The disadvantages are the cost and the potentially-complicated 

accounting. The CO2 reservoir is not necessarily a “natural” source; it can be a depleted 

oil or gas reservoir which is converted to a CO2 storage reservoir; the CO2 purity, 

however, should be a consideration. Table 2-2 summarizes the advantages and 

disadvantages of the presented supply-demand models. 
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 Figure 2-3: CO2 supply-demand model with one naturally-occurring CO2 reservoir and 

three oilfield sinks. Each oilfield consists of several reservoir-patterns and 

each reservoir pattern includes several well-patterns. 

 

 

 Figure 2-4:  CO2 supply-demand model of single source and single sink CO2 EOR-

storage operation. 
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 Figure 2-5:  Future model of CO2 supply-demand with multiple sources and sinks and a 

naturally-occurring CO2 reservoir. CO2 can be either injected or produced 

from the naturally-occurring CO2 reservoir. 

Table 2-2: Pros and cons of different CO2 supply-demand models. 

Natural CO2 source and multiple sinks 

Pros Cons 

Cheap 

Relatively easy to operate 

 

No positive environmental impact 

Scarce, not available near all CO2 EOR candidates 

Anthropogenic CO2 source and single sink 

Pros Cons 

Easy to account for volumes 

Synergy between EOR and storage 

Some flexibility in cite selection, possibly near 

oilfields 

Long-term commitments 

Positive environmental impact 

Moderately expensive 

Supply loss because of plant shut-down 

Variation in hourly operational level  

Vented CO2 because of field shut-down 

High level of coordination between supplier and 

customer 

Alignment of competing goals on EOR-storage 

Natural and Anthropogenic CO2 source and multiple sinks 

Pros Cons 

Flexibility of natural resources 

Can accommodate the down times on  

either supplier or customer sides 

Long-term commitments  

Positive environmental impact 

Very expensive 

Accounting is complicated 

Quality of produced CO2 

Difficult to specify a CO2 tax/tax credit regime 

 

 

Naturally-occurring reservoir 

and storage buffer 

2 
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Table 2-3: CO2 quality specifications of Canyon Reef and Weyburn pipelines. 

Property Canyon Reef Weyburn 

Pipeline transport 12000 tonne/day (4.4 MMtonne/yr) 5000 tonne/day (1.8 MMtonne/yr) 

Carbon dioxide ≥ 95 mole percent ≥ 96 mole percent 

Temperature ≤ 48.9 
o
C n/a 

Water content  

 

No free water  

≤ 20 ppm by weight in vapor phase 

No free water  

≤ 20 ppm by weight in vapor phase 

Hydrogen Sulphide ≤ 1500 ppm by weight ≤ 0.9 mol percent 

Nitrogen ≤ 4 mole percent ≤ 300 ppm 

Total Sulphur ≤ 1450 ppm by weight na 

Hydrocarbons ≤ 5 mole percent of hydrocarbons  

dew point of hydrocarbon product ≤ –28.9 
o
C 

≤ 0.7 mole percent methane 

≤ 2.3 mole percent C2+
 

Oxygen ≤ 10 ppm by weight ≤ 50 ppm by weight 

Glycol ≤4×10
-5

L/m
-3

 

no glycol in a liquid state at any time 

n/a 

Carbon monoxide n/a ≤ 0.1 mole percent 

 

The purity of CO2 supply is an important consideration for pipeline transport as 

well as EOR operations. The properties of an ideal CO2 for pipeline transport and EOR 

are fairly similar. CO2 is suitable for transport if it is in super-critical dense phase 

(p≥1200 psi) and has no water, no oxygen or mercury content, and limited H2S, H2, CO 

and N2. CO2 is suitable for EOR if it is high pressure (p≥1500 psi) to develop miscibility, 

no water, no oxygen, and limited methane, nitrogen, and H2S. Regardless of whether the 

CO2 source is a natural source or an anthropogenic source, the CO2 product should meet 

the specified quality standards. Table 2-3 summarizes the required properties of CO2 for 

transport and EOR. 
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2.3 ANALOGIES BETWEEN THE NATURAL GAS STORAGE AND CO2 STORAGE 

 Natural gas market serves as a successful large-scale market blueprint based on 

which we define the initial structure of a future CO2 market. The natural gas market has 

operated for more than a hundred years, which indicates that the rules and structure of 

this market may guarantee a sustainable market. Specially, underground natural gas 

projects offer an extensive experience storage that may be adopted and applied to CO2 

storage projects. The main objective of natural gas storage is to mitigate the seasonal 

demand for natural gas (Lippmann and Benson, 2003; Perry, 2005). During the warm 

seasons, demand for natural gas is low and there is a surplus in natural gas supply; while 

in the cold seasons the demand is high and there is a shortage in gas supply (see Figure 2-

6). This cyclic behavior of demand may be properly managed by appropriate design and 

operation of gas storage sites (Ettehad et al. 2010). 

The operating considerations for successful implementation of natural gas storage 

and CO2 storage projects are fairly similar. A list of important factors follows: 

1. A suitable and adequately characterized site. The main properties include 

permeability, storage capacity, tightness of caprock, geological structure, 

lithology, and the vicinity to a CO2 source.  

2. Proper design of injection wells. Well drilling and completion, installation of 

monitoring equipment, and maintenance operations should be performed 

according to the regulations (Class II for natural gas storage and Class VI for CO2 

storage). Specially the caprock integrity should be monitored and abandoned 

wells in and near the project must be located and plugged.  
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 Figure 2-6: Annual cycle of natural gas demand. The cyclic behavior of natural gas 

demand throughout the year results in a cyclic behavior of natural gas price 

which is the key driver of gas storage (Ettehadtavakkol, 2009). 

3. Maximum storage capacity. The natural gas/CO2 solubility, density, trapping 

mechanisms, and the initial reservoir conditions should be examined to avoid 

over-pressuring the storage reservoir. Underground natural gas storage has been 

generally safe and effective, though some projects reported a leakage incident. 

The main reasons were a poor completion, an improper plugging of abandoned 

wells, or the presence of leaky faults (Gurevich et al., 1993; Lippmann and 

Benson, 2003; Perry, 2005). Over-pressurizing the storage reservoir considerably 

increases the risk of a gas leakage because of any of these reasons. The 

regulations for Class VI wells which mainly apply to CO2 storage sites addresses 

the monitoring requirements to ensure that the injection well is not leaking (use of 

pressure, in situ bottomhole temperature, and noise/sonic measurements, and 

casing evaluations). Observation wells are used to monitor the gas/CO2 plume 

extension and make sure that gas does not leak into shallower strata, especially 

drinking water zones. 
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4. Availability of reliable field data, and the presence of an infra-structure. 

Abandoned oil and gas fields, and CO2 EOR-storage candidates that have been 

under waterflood operation, have the advantage of easier assessment for gas 

storage compared to saline formations because field injection and production 

history is available and the geological structure and the caprock are characterized 

from the existing wells. The presence of an infrastructure, installed surface 

facilities and available logistics, and existing wells may significantly reduce the 

upfront investment requirements for the storage site development.  

2.4 CO2 MARKET PROSPECT  

The major technological components of a carbon capture utilization and storage 

(CCUS) system include CO2 capture and compression, transport, injection and utilization, 

and monitoring. Any of these components are currently being used in the industrial 

sector; however, few projects exist that function as an integrated CCUS system at an 

industrial scale. The main challenge against the implementation of an industrial-scale 

CCUS system is the scale-up problem. A considerable impact on carbon emission 

reduction requires tens of million-tonne CCUS systems that can sustainably operate for 

decades. This means that in the long-term, several billion tonnes of CO2 should be 

captured and safely and securely stored. The side-challenges that arise from the scale-up 

problem include the costs, infrastructure, subsurface uncertainties, regulatory framework, 

long-term liability, and public acceptance.  

Implementation of a large-scale CCUS system requires a fairly complicated 

infrastructure. This complicated system requires an integrated legislative and financial 

infrastructure to regulate and support the inter-actions between these elements. In this 

study, we only investigate the economic aspect of this infrastructure, and we call it as the 
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“CO2 market”. We adopt the main elements of the natural gas market to specify the main 

elements for the CO2 market because the natural gas market is the most analogous market 

model to a potential CO2 market, and it has proved to be sustainable.  

The description of the CO2 market model and the relation between the 

stakeholders follow. 

2.4.1 Conceptual CO2 Market Model 

Figure 2-7 shows a high-level conceptual model for the financial aspect of CO2 

market. Five stakeholders are considered in the model: CO2 supplier, customer, 

government, public consumers, and market.  The entities are shown in boxes. Arrow 

directions show a cashflow or a CO2 flow from one stakeholder to the other. Bold arrows 

represent the levelized capital investments of CO2 capture or EOR-storage investment. A 

levelized value for an economic parameter is equal to the annualized present value 

divided by the average CO2 mass annually captured and stored and the units are in 

$/tonne CO2 (1 tonne = 10
3 

kg). Figure 2-8 illustrates the concept of levelized investment 

cost for either the CO2 supplier or the customer. The arrows on the left cashflow diagram 

show the investments made in different years. The right cashflow diagram shows the 

equivalent annualized investment. The ratio of the annualized investment to the average 

annual CO2 storage mass yields the levelized investment cost for the supplier or the 

customer. 

  



 23 

 

 Figure 2-7: CO2 market model. Solid arrows show tangible flows of commodities and 

dashed arrows show intangible effects of stakeholders. Arrow directions 

show a cashflow or a CO2 flow from one stakeholder to the other. Bold 

arrows represent the levelized capital investments of CO2 capture or EOR-

storage investment (units are $/tonne CO2).  

 

 

 Figure 2-8: Levelized investment cost for the CO2 supplier or customer is equal to the 

ratio of the annualized investment cost to the average annual CO2 storage 

mass. 
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Typical CO2 suppliers are natural CO2 field operators, power plants, refineries 

and gas sweetening plants. We select power plants as the main supplier. There are other 

suppliers in the market that affect CO2 supply and price. To deliver CO2 from a power 

plant to the market, an investment should be made to install a CO2 capture plant and a 

pipeline should be built to transfer CO2 from the capture plant to the storage site. A bold 

arrow connected to the CO2 supplier in Figure 2-7 represents the investment requirements 

for the CO2 capture plant and the pipeline transport. The investment requirements are 

defined as levelized values and the units are in $/tonne CO2. 

Typical CO2 customers are oilfield, gasfield operators, operators of abandoned 

fields and aquifers. We select oilfield operators as the main customer. There are other 

customers in the market that affect the CO2 demand and price. To implement coupled 

EOR-storage projects, an investment should be made to install the surface facilities, 

including the CO2 plant, pumps and compression power, pipelines, monitoring 

equipment, and probably infill drilling. A bold arrow connected to the CO2 customer in 

Figure 2-7 represents the investment requirement for the EOR-storage operation. The 

EOR-storage investment requirement is defined as a levelized value. 

The government is the main regulator of the market: it initializes the regulations, 

determines tax rules and monitors the suppliers, customers and the market. The collected 

carbon tax from the public consumers is regulated and ultimately collected by the 

government.  

The government has a significant role in the budgeting, public acceptance and the 

long-term sustainability of the CO2 market. The government also has a source of revenue 

from the CO2 EOR operation, typically in the form of income tax and royalties. Recent 

studies show that by setting appropriate incentives for CO2 EOR operations, government 

can gain up to $14B net present value from royalties and taxes (Steelman, 2012; 
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Thompson et al., 2010). The government has a critical role in regulating the market. The 

government can direct the financial resources and tax credits to encourage either the CO2 

capture or storage processes when they are uneconomical and require incentive 

packages,. A comprehensive analysis on the role of government in financial stability and 

the long-term sustainability of the CO2 market is beyond the scope of this study; a 

demonstration is however, presented in Chapter 5.  

The CO2 market behavior in the future is similar to natural gas market: supply and 

demand determine the price, CO2 pipelines are well-developed such that multiple 

suppliers and customers exist in the market, regulations are clear and the CO2 price is 

affected by the oil price because oilfields are one of the main destinations for CO2 and 

also because the capture and transport stages are intensive energy consumers. Cashflows 

and commodity flows, shown as solid arrows in Figure 2-7, have opposite directions. 

This implies that, similar to a natural gas market, CO2 always has a positive value. 

Directions of arrows represent the cash-flow or CO2-flow direction. 

2.4.2 Compact Representation of CO2 Market Model 

We frequently refer to the CO2 market model in this study. For the sake of 

simplicity, we use the compact form of this model (Figure 2-9). Consumer carbon tax and 

regulations are not investigated in this study, and therefore are not presented in the 

compact form. 
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 Figure 2-9: CO2 market model in compact form. Abbreviations: S=supplier, C=customer, 

M=market, G=government, ccpt = capture investment, cEOR= coupled EOR-

storage investment, O = oil, cfoil =oil production cash flow, cfCO2 = CO2 

sales/purchase cost, poil=oil price, Sʹ=other suppliers, Cʹ=other customers, 

txCO2= supplier CO2 tax, txcCO2= customer tax. 

2.4.3 Assumptions and Rules of CO2 Market 

We assume that CO2 is traded in a free market in which the CO2 price is 

determined by supply and demand. The government is in charge of monitoring/updating 

the market regulations. The CO2 market rules follow: 

1. CO2 is a commodity that always has a positive value. This implies that CO2 

suppliers, such as CO2 capture plants, may gain revenues by selling CO2. 

2. A CO2 tax may be imposed on commodities that generate/will generate CO2 

during their production/consumption, e.g. natural gas, electricity and fossil fuels. 

This implies that final consumer may pay a carbon tax in some form for these 

commodities. 

3. All CO2 storage operations that safely and permanently store CO2 receive a non-

zero storage tax credit. 

4. All stakeholders gain benefit from participation in CO2 market. This rule may be 

violated in the short-term, similar to any other free market; however, it is a 
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necessary condition for market sustainability. We discuss this rule in the 

following. 

2.4.4 Analysis of Economic Sustainability 

Long-term sustainability is an important consideration for a CO2 market because 

it enables all stakeholders to initiate long-term CCUS partnerships, and lowers the risk of 

capital-intensive CCUS projects. In a sustainable market, all stakeholders benefit from 

their participation in the long-term. CO2 market is a complicated dynamic system that is 

affected by many factors. The comprehensive analysis of the CO2 market dynamics may 

provide an insight to appropriate regulation and optimization of the market. We follow a 

basic analysis of sustainability for an established market in this study. Figure 2-9 shows a 

schematic model for a sustainability analysis from an economic viewpoint. We make the 

following assumptions: 

1. Steady-state condition in the market. The economic parameters of the market 

including the oil price, CO2 price, tax and tax credit, investment and O&M costs, 

and potential capacities of different supplier and customers, are pre-specified and 

do not change with time. The reader is referred to the system dynamics literature 

for a discussion on the states for a dynamic system (for example, see Sterman, 

2000) 

2. Equilibrium-state condition in the market. All stakeholders intend to participate in 

the market and the decision of the suppliers, customers, and the government does 

not change the values of economic parameters (Sterman, 2000).  

3. Levelized values for the economic parameters and cashflows. We analyze the 

market in the equilibrium condition and on a per-tonne-of-CO2 basis. For 
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example, we define a CO2 price per tonne of CO2, or a tax credit per tonne of CO2 

generated/emitted CO2.  

4. A coupled power plant-capture plant is the CO2 supplier. The supplier receives a 

levelized revenue (cfmkt→sup) from the CO2 sales. The supplier pays a levelized 

investment cost (invcpt), a levelized operation and maintenance cost (omcpt), and a 

levelized transportation cost (invtrsp) for the capture plant and pipeline transport. 

We refer to the aggregate levelized cost as ccpt, in units of $/tonne CO2.  

An income tax may be collected from the supplier, depending on the overall costs 

and revenues. Also, a carbon tax may be collected from the consumer of 

electricity because of the carbon footprint, and transferred to the government. We 

refer to the aggregate levelized tax as txsup→gov.  

Other suppliers may perform similar activities in the market, but with different 

cost elements, for example if the CO2 source is a naturally-occurring, then no 

capture cost is imposed and CO2 is less expensive; however, no tax incentives are 

allocated to the CO2 supplier. 

5. An oilfield operator is the customer. The customer pays a levelized purchase cost 

of cfcus→mkt for CO2. The customer makes an investment for the wells and the 

facilities, with a levelized value (invEOR), and performs the operation and 

maintenance of facility and wells with a levelized cost (omEOR). We refer to the 

aggregate levelized cost as cEOR, in units of $/tonne CO2. 

The goal of coupled EOR-storage operation is to increase oil recovery while 

honoring the storage commitment; the oilfield operator receives a levelized 

cashflow (cfoil) for the produced oil, and a levelized tax credit for the storage. An 

income tax may be collected from the customer, depending on the overall costs 

and revenues. We refer to the aggregate levelized tax as tcgov→cus. 
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Other customers may perform similar activities in the market. For example, the 

operators of saline aquifers will not benefit from oil production revenue; however, 

they may receive more tax incentives for the storage, and because the CO2 

injection into a saline aquifer may be optimized for a storage purpose, the 

operational cost of storage is likely to be lower than a CO2 EOR-storage 

operation. 

6. Free CO2 market. The CO2 price is determined by supply and demand. The 

market provides the infrastructures for the transactions between the suppliers and 

customers, and the tools for regulating and monitoring the activities. Any CO2 

contract has a levelized market overhead cost of cmkt. For the sake of simplicity, 

we assume that the market does not impose any overhead costs of operation. This 

implies that the overhead cost is zero, and we have cfcus→mkt= cfmkt→sup=cfCO2. 

7. The government is the regulator, tax collector and creditor. The government 

establishes the regulations, which imposes a carbon tax on the consumer and a tax 

revenue on the supplier. An aggregate levelized tax (txCO2) is collected from the 

supplier. The government also collects an income tax from the oilfield operator, 

and awards the storage tax credit. Therefore, an aggregate levelized tax (txcCO2) is 

collected from the customer.  

The government is not seeking any benefits. This assumption is not necessary; but 

if made, it implies that the collected tax is used as tax incentives for both suppliers 

and customers. By default, we assume that the carbon tax (txCO2) is a revenue 

element for the government, and the customer tax credit (txcCO2) is a cost element 

for the government. This assumption does not affect the results and is merely 

made to keep our analysis clear. 
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With these assumptions, we present an example to show how the government’s 

CO2 tax policy can change the long-term economic sustainability of the market. In a 

sustainable market, all stakeholders benefit from their participation; this implies that the 

overall economic gain for all stakeholders should be non-negative in long-term. We write 

this condition in mathematical form for each stakeholder, 

supplier:  gsup= cfmkt→sup –txCO2-ccpt≥ 0,      (2-1) 

market:  gmkt = cfmkt→cus – cfmkt→sup≥ 0,      (2-2) 

government:  ggov= txCO2- txcCO2≥ 0,       (2-3) 

customer:  gcus= cfoil +txcCO2- cfcus→mkt-cEOR ≥ 0.     (2-4) 

For the supplier Eq. 2-1 suggests that CO2 sales revenue (cfmkt→sup) should not be 

less than the sum of the supplier tax (txCO2) and the levelized capture cost (ccpt). 

Equations 2-2 and 2-3 imply that the market operation and the government participation 

should be profitable for the involved organizations. Equation 2-4 implies that for the 

customer, the oil revenue (cfoil) and the sum of government tax credit (txcCO2) should be 

greater than sum of CO2 purchase cost (cfcus→mkt), and the levelized cost of EOR-storage 

operation (cEOR). Table 2-4 summarizes the elements of revenue and cost for the 

stakeholders and the individual sustainability conditions. 

To simplify Eqs. 2-1 through 2-4, we assume that the market does not seek any 

benefits from the transactions (cfmkt→cus=cfmkt→sup=cfCO2). This assumption results in the 

following conditions for the economic sustainability of the market. 

txcCO2 ≥cEOR+cfCO2- cfoil,        (2-5) 

txCO2 ≤ cfCO2-ccpt,         (2-6) 

txCO2- txcCO2≥0.         (2-7) 
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Table 2-4: Cashflow breakdowns for individual stakeholders. 

Stakeholder Revenue source Cost sinks Sustainability condition 

Supplier CO2 sales revenue, cfCO2 levelized capture cost, ccpt 
carbon tax, txCO2 

 

cfmkt→sup -ccpt- txCO2≥0 

Customer oil production revenue, cfoil levelized EOR cost, cEOR 

CO2 purchase cost, cfCO2 

customer tax, txcCO2 

 

cfoil+ txcCO2-cEOR- cfmkt→cus ≥0 

Market no revenue  no cost 

 

cmkt=cfcus→mkt- cfmkt→sup=0 

always sustainable  

if frictionless 

 

Government carbon tax, txCO2 customer tax, txcCO2 txCO2- txcCO2≥0 
if not seeking benefits 

 

These conditions are derived based on a steady-state and equilibrated market, in 

which all the infrastructure and physical structure are fully developed. Equations 2-5 

through 2-7 imply the following conclusions for market sustainability. 

1. The minimum requirement for the storage tax credit is specified. A positive value 

on the right side of Eq. 2-5 implies that the EOR operations should be supported 

by CO2 tax credit, while a negative value implies that EOR operations are already 

sustainable at the given market conditions. 

2. The minimum requirement for the carbon tax or supplier tax is specified. A 

positive value on the right side of Eq. 2-6 implies that the capture operation is 

sustainable and consumer CO2 tax may not be required to support capture 

operations. A negative value implies that an additional resource is required to 

cover the upfront investment for CO2 capture and consumer tax.  

3. The minimum requirement for the long-term participation of the government is 

specified. A positive value on the left side of Eq. 2-7 implies that the government 
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gains sufficient income from a carbon tax or supplier tax to award a storage tax 

credit.  

4. If any of the specified sustainability conditions do not hold, the government 

should revise the supplier tax or storage tax credit, or look for new sources of 

income such as a carbon tax to make the market sustainable.  

The corresponding values of the economic parameters in Eqs. 2-5 through 2-7 

depend on the supplier/customer type and the nature of their activity. A tax regime may 

be favorable for some suppliers and customers and unfavorable for the others. For 

example, while the natural CO2 suppliers and oilfield operators can operate at favorable 

economic conditions, anthropogenic CO2 suppliers and operators of saline aquifers may 

be unable to operate economically.  

In this study, the supplier refers to a coupled power-capture plant and the 

customer refers to an oilfield operator. We denote the right side of Eq. 2-5 by A (= 

cEOR+cfCO2- cfoil) and the right side of Eq. 2-6 by B (=cfCO2-ccpt). Depending on the values 

of A and B, the market may have one of the following four conditions. 

2.4.4.1 Market condition I: A<B<0 

This condition implies a favorable condition for the customers (the oilfield 

operators) and an unfavorable condition for the suppliers (the capture plants).  The 

unfavorable condition for the suppliers may be because of the following reasons: 

1. Significant upfront investment requirement for capture plants.  

2. High interest rates and limited financial resources and significant uncertainty in 

the future CO2 market. 

3. Instability in government policies for carbon management, lack of well-

established regulations and tax credit regimes.  
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4. Long distance between the anthropogenic CO2 sources and favorable destinations 

such as oilfields.  

Favorable conditions for the oilfield operators may be because of the following 

reasons: 

1. Favorable oil prices and economic recovery of residual oil zone under the current 

state of CO2 EOR technology.  

2. Existence of an infrastructure, especially a CO2 pipeline for enhanced oil 

recovery, near both the CO2 source and sink.  

3. Clear and well-established regulations for the well permits and operational 

guidelines.  

4. Experience in the development and operation of CO2 EOR projects 

5. Availability of long-term loan guarantees and favorable interest rates because of 

the presence of a well-established EOR industry.  

This condition is not sustainable because there is a shortage of CO2 supply in the 

market. Under this condition, the operators of natural CO2 resources have CO2 available 

at a relatively low cost and benefit from the supply shortage because CO2 price 

significantly increases over time. On the other hand, anthropogenic CO2 suppliers cannot 

compete with the natural CO2 suppliers because the development of long-term 

infrastructure takes a long time (typically between 7-10 years), and the uncertainty in oil 

price, CO2 demand, and the future government policy is significant. 

The unfavorable situation for the capture and transport side, and favorable 

conditions for oilfield operators can be observed in the current status of CO2 market. 

Possible solutions for moving towards a more sustainable market are long-term loan 

guarantees with favorable interest rates, improvement of tax credits for CO2 capture, 
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long-term agreements to purchase all of captured CO2 by customers. Any of these 

solutions help with the economy of CO2 capture by affecting cfCO2, ccpt, and txcCO2.  

2.4.4.2 Market condition II: A>0 and B<0 

This condition implies unfavorable conditions for both suppliers and customers. 

This is the most challenging situation for the CO2 market, because neither suppliers nor 

customers are willing to invest in CCUS projects, the consequence of this situation is 

most probably a market recession, which is clearly not sustainable.  

Any of the described reasons for unfavorable conditions for a CO2 supplier in the 

previous part can be again mentioned here. Besides, the following reasons might result in 

unfavorable conditions for the customers: 

1. Low oil price (similar to the experience in the late 90’s when the oil price dropped 

to about $10/stb) 

2. Significant risk of investment and high interest rates due to the uncertainty in 

EOR projects 

The incentives should be dedicated to both capture and storage sides. Lower tax 

rates for EOR operations, tax incentives for both capture and storage, and long-term loan 

guarantees are some of the possible solutions; however these incentives may not be 

sufficient for recovery from a recession, and often an external drive such as change in oil 

price or development of new and low cost capture technologies may be necessary for a 

complete recovery of CO2 market.  

2.4.4.3 Market condition III: 0<A<B 

This condition implies an unfavorable condition for customers and a favorable 

condition for the supplier. This condition is less likely to happen for a anthropogenic CO2 

supplier in future because the biggest challenges with CCUS are currently in capture and 
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transport, and many considerations are taken into account before an investment for CO2 

capture from an anthropogenic source is made; however, this situation might happen for 

natural CO2 resources in the case of an abrupt or unexpected drop in oil price, similar to 

what was observed in the 80’s. Under this condition, the CO2 market is not sustainable, 

willingness to invest in new EOR projects is minimal, and the oilfield operators try to 

adjust the EOR operations such that minimum CO2 is utilized for incremental oil 

recovery. 

One possible solution for this condition is to provide tax credits for CO2 storage to 

offset some of the losses from oil production revenue. The continuation of EOR 

operations in the long-term is beneficial to the government because part of the 

government revenue is provided by royalties and income tax.  

2.4.4.4 Market condition IV: A≤0 and B≥0 

This is the only condition under which the CO2 market is sustainable. Under this 

condition, we can expect stabilized CO2 capture and storage, growing market of CO2 and 

CO2 pipeline network, development of new capture projects in power plants, faster 

growth of carbon regulations in different states and favorable economic growth on both 

capture, transport, and storage sectors. Table 2-5 summarizes the results on the economic 

sustainability analysis. 
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 Table 2-5: Market sustainability is determined according to values of A and B in Eq. 2.5 

(A≤ txcCO2 ≤B, A=cEOR+cfCO2-cfoil, B=cfCO2-ccpt). 

Condition Sustainable Consequences Possible reasons Potential solutions 

A<B<0 No increasing demand for CO2, 

high CO2 price and monopoly 

of CO2 supplier 

large upfront investment 

requirement for CO2 capture 

and transport, weak carbon 

regulation infrastructure, 

uncertain or insufficient 

incentives for carbon capture 

government loans with 

favorable interest rate 

offered to capture 

projects, improve or 

increase the tax 

incentives to capture side 

A>0, B<0 No market recession, minimal 

willingness to invest either in 

capture or EOR – storage 

low oil price, high production 

tax, large upfront 

investments 

lower oil production tax, 

incentives for carbon 

capture investments, 

incentives for alternative 

storage options, e.g. 

storage in aquifers 

0<A<B No abundant CO2 supply, 

unwillingness to invest in 

CO2 capture prospects and 

new EOR projects,  CO2 

storage decline, significant 

long-term environmental 

concerns 

(unexpected or significant) 

drop in oil price 

alternative methods for 

CO2 storage, increase 

storage tax incentives, 

increase consumer tax 

A≤0,B≥0 Yes stabilized capture and  storage 

long – term reduction in CO2 

emissions 

favorable oil price, well 

established carbon 

regulations, competitive CO2 

market, minimal overhead 

costs 

continuous monitoring of 

the market condition, 

development of carbon 

regulations at both state 

level and federal level 
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2.5 SPECIAL PROBLEMS IN FUTURE CO2 MARKET 

The general model for the CO2 market is complicated. It has features that may not 

be captured if the effects of all parameters are considered in one problem. To better 

understand the implications of this model, we follow a step-by-step development of the 

model. In each step, we investigate the effect of one parameter or one market condition, 

and analyze the results by comparing to the previous cases. We refer to these sub-models 

as special cases of CO2 market. The special cases follow: 

1. Fixed storage requirement 

2. Integrated asset model for coupled EOR-storage 

3. CO2 storage tax credit policy 

4. CO2 EOR-storage design optimization under uncertainty 

In this section, we review the objectives of the proposed problems and their 

features, and a detailed quantitative analysis is presented in Chapters 5 and 6. 

Chapter 5 is devoted to the method and to the first three problems. These 

problems are solved using a decision analysis tool. Decision analysis is widely applied in 

different problems of reservoir engineering, petroleum economics and integrated asset 

models, and therefore a relatively brief description of the method is sufficient.  

Chapter 6 is devoted to the solution method for the last problem which is not 

widely used in the reservoir engineering literature.  
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Figure 2-10: CO2 market model for the fixed storage requirement problem. 

Abbreviations: S=supplier, C=customer, ccpt = levelized CO2 capture cost, 

cEOR = levelized CO2 EOR-storage cost, cfCO2= CO2 cost, O = oil 

production, cfoil=oil production cash flow. 

2.5.1  Problem-I: Fixed Storage Requirement 

Figure 2-10 schematically presents problem-I. There is one CO2 supplier (coupled 

power-capture plant) and one CO2 customer (an oilfield operator). CO2 is captured at a 

fixed rate and the oilfield operator is committed to purchase and store all captured CO2. 

This means that a stream of fresh CO2 is constantly supplied to the operator which is 

constrained to store. We find the optimum design and operational conditions for the 

EOR-storage process, such that the oilfield operator’s benefit is maximized under the 

given storage constraint. The objective of this problem is to explain how the oilfield 

operator’s policy can change under different operating conditions, and how we find the 

optimum EOR-storage policy at a given storage constraint. 
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Figure 2-11: CO2 market model for the integrated asset optimization problem. 

Abbreviations: S=supplier, C=customer, ccpt = levelized cost of CO2 capture, 

cEOR= levelized cost of CO2 EOR-storage, O = oil, cfoil =oil production cash 

flow, poil=oil price, Sʹ=other suppliers, Cʹ=other customers, G=government. 

2.5.2 Problem-II: Integrated Asset Optimization for EOR-Storage 

Figure 2-11 schematically presents problem-II. In this problem there are multiple 

CO2 suppliers (coupled power-capture plants and natural sources) and multiple customers 

(oilfield operators). Therefore, both suppliers and customers have the option to sell/buy 

CO2 to/from other customers/suppliers. The goal of this problem is to find the optimum 

annual fresh CO2 slug and the optimum design of EOR-storage operation for a given 

asset.  

In the integrated asset model, the reservoir candidates for CO2 EOR-storage are 

pre-specified and the oilfield operator is not constrained to store a pre-determined CO2 

slug. There are other suppliers and customers in the market which can provide extra CO2 

or store the surplus CO2; however, CO2 cannot be returned to the market from the oilfield 

once the fresh annual CO2 slug is determined; it should be all stored. Under these 

conditions the oilfield operator selects the (optimum) annual fresh CO2 slug, the facility 

design and operational plan for the pre-determined EOR-storage candidates.  
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Figure 2-12: CO2 market model for the storage tax credit policy problem. Abbreviations: 

S=supplier, C=customer, ccpt = levelized cost of CO2 capture, cEOR= 

levelized cost of coupled EOR-storage, O = oil, cfoil =oil production cash 

flow, cfCO2 = CO2 transfer cash flow, poil=oil price, txCO2 = supplier tax, 

txcCO2 = storage tax credit, txrev = EOR-storage revenue tax, Sʹ=other 

suppliers, Cʹ=other customers, G=government. 

2.5.3 Problem-III: CO2 Storage Tax Credit Policy 

Figure 2-12 schematically presents problem-III. This problem investigates the 

effect of a storage tax credit. All other features and constrains of the examples are similar 

to Problem-I and Problem-II; for each problem, we present one example to investigate the 

effect of storage tax credit on the oilfield operator and the government. A tax credit 

increases the levelized revenue of CO2 EOR-storage and therefore, the use of 

anthropogenic CO2 becomes more competitive to natural CO2.  

The objective of this problem is to show how a tax credit for storage and a lower 

anthropogenic CO2 price affects the optimum design and operation of CO2 EOR-storage. 

An appropriate tax credit regime can help the CO2 market achieve a sustainable 

condition; therefore, implications of this problem are important for the long-term 

development of carbon regulations. 
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Figure 2-13: CO2 market model for the EOR-storage design optimization under 

uncertainty problem. Abbreviations: S=supplier, C=customer, ccpt = capture 

investment, cEOR= coupled EOR-storage investment, O = oil, cfoil =oil 

production cash flow, cfCO2 = CO2 transfer cash flow, poil=oil price, Sʹ=other 

suppliers, Cʹ=other customers, G=government, txCO2= CO2 tax, txcCO2= CO2 

tax credit. 

2.5.4 Problem-IV: CO2 EOR-Storage Design Optimization under Uncertainty 

Figure 2-13 schematically presents problem-IV. This problem investigates the 

effect of uncertainties in the EOR-storage field-scale operating parameters or economic 

parameters. All other features and constrains of the examples are similar to Problem-I and 

Problem-II, with one difference: the oil price, the CO2 price or some field-scale operating 

parameters are uncertain, and we find the optimum design and operation under these 

uncertainties. Uncertainty in the oil price originates from the global oil and gas market, 

the CO2 price is strongly correlated to the oil price and therefore is uncertain as well. The 

uncertainties in field-scale operating parameters originate from the upscaling of the pilot-

scale projects to field-scale. 
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The objective of this problem is to show how the uncertainties affect the CO2 

EOR-storage design and operation. An interesting implication of this problem for the 

oilfield operator is to decide if it is feasible to make a long-term commitment to perform 

a coupled EOR-storage, which brings the responsibilities of following the sequestration 

regulations, development of backup storage sites (e.g. saline aquifers) and monitoring the 

storage site after the EOR-storage period. Chapter 6 is devoted to answer this question. 
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Chapter 3. Case Studies in CO2 EOR-Storage 

 

 

We introduce two reservoir simulation models: Sandstone and Carbonate. 

Sandstone is mainly characterized by high permeability, no layering (no permeability 

contrast between the layers), moderate areal heterogeneity (VDP,areal = 0.65), and 

relatively low initial watercut.  

Reservoir integrity is strong, i.e. no sealing faults, no impermeable layers, and no 

inaccessible pore volume. Carbonate is mainly characterized by low-to-moderate average 

permeability, considerable layering (VDP,v = 0.9), i.e. high permeability contrast, 

moderate areal heterogeneity (VDP,areal = 0.6), and high initial watercut. Both reservoir 

cases have the same stratigraphic structure and the same oil composition. 

We investigate different CO2 EOR-storage designs to find the reservoir response 

under various operational conditions. The three major investigated design variables are 

the WAG ratio, gas injection rate, and the EOR-storage duration. Three reservoir 

response variables are monitored, namely the average oil production rate, CO2 utilization 

and CO2 recycle ratio. The injection pressure and bottomhole production pressure are 

selected such that the displacement mechanism is miscible and the injection pressure 

remains below the fracture pressure.   

The simulation results show that, in general, there is a significant difference 

between the response ranges for Sandstone and Carbonate, and the reservoir response is a 

strong function of the selected values for the design parameters. The results of these 
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simulation studies are used in Chapter 4 for an integrated asset model development and in 

Chapter 5 for solving the CO2 market problems. In the following sections, we describe 

the details of the EOR-storage case studies. 

3.1 CONSIDERATIONS IN COUPLED EOR-STORAGE PROCESS DESIGN 

Coupled EOR-storage is an economically attractive option for sustainable 

underground CO2 storage because of the potential gain from incremental oil production. 

Through the primary recovery process, between 5 to 15% of the original oil in place is 

typically produced. The recovery factor depends on geological structure, fluid properties 

and aquifer and/or gas cap characteristics (Holt et al., 1995). An additional 10 to 20% is 

recovered by secondary recovery (Lake, 1989; Bondor, 1992). Various enhanced oil 

recovery processes are proposed and applied, including CO2 EOR, that typically recover 

7 to 23% of the original oil in place (Martin and Taber, 1992; Taber, 1994; Moritis, 

2003).  

For coupled CO2 EOR- storage, oil reservoirs should meet several criteria (Klins, 

1984; Taber et al., 1997; Kovscek, 2002; Shaw and Bachu, 2002). Reservoir depth should 

be more than 600 m (about 1800 ft). CO2 is usually immiscible with heavy and 

intermediate gravity oil (12
o
<API<25

o
) while the more desirable miscibility develops 

with light, low-viscosity oil (25
o
<API<48

o
). Minimum miscibility pressure (MMP) 

defined as minimum pressure required to develop miscibility between oil and CO2, is 

typically between 1500 psi to 2200 psi. MMP depends on oil composition, gravity, 

temperature and CO2 purity (Metcalfe, 1982). To maintain miscibility in all reservoir 

regions, especially the near-wellbore region where the pressure drop is significant, the 

bottomhole production pressure should be ideally above the MMP. 
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CO2 EOR is preferred for relatively thin (<60 ft), dip reservoirs with low vertical 

permeability at low temperature and minimum or no communication with an aquifer. For 

horizontal reservoirs, natural water flow, gas cap and natural fractures are detrimental to 

the recovery efficiency. Reservoir thickness and permeability can significantly impact the 

economics of CO2 EOR because of their effect on the recovery speed. These properties 

also become important for storage if CO2 storage is an objective as well. Reservoir 

heterogeneity also affects both recovery and storage efficiencies. The density difference 

between CO2 and reservoir oil and water causes gravity segregation, which results in 

movement of CO2 along reservoir top, particularly in homogeneous, high permeability 

layers. Gravity segregation deteriorates both CO2 storage and oil recovery. Consequently, 

reservoir heterogeneity may slow down CO2 migration to reservoir top and improve areal 

sweep efficiency (Bondor, 1992; Kovscek, 2002; Flett et al., 2005).  

Major parameters that should be considered for coupled EOR-storage are the 

ultimate CO2 slug size, CO2 half cycle size, WAG ratio, CO2 injection rate, CO2 quality, 

well patterns, facility investment, and reservoir characteristics. In this section, we briefly 

address the considerations in these parameters. 

3.1.1 Ultimate CO2 Slug Size 

The ultimate CO2 slug size refers to the cumulative amount of CO2 injected to the 

reservoir throughout the project life and is usually reported in terms of pore volumes 

injected (PVinj) or hydrocarbon pore volumes injected (HCPVinj). This parameter is 

mostly affected by the oil price and CO2 purchase price, processing cost and the reservoir 

storage capacity. The ultimate slug size determines the ultimate recovery.  If CO2 storage 

is a goal as well, then it is important to select the slug size such that sufficient storage 

capacity and sufficient injectivity for storage are available over the project lifetime. 
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3.1.2 CO2 Half-Cycle Size  

The range for the half-cycle size is typically 1-4% of hydrocarbon pore volume 

(HCPV). Apparently, if full miscibility is developed smaller half-cycle size yields a better 

sweep because it does not allow CO2 to cycle through high permeability and low pore 

volume zones in the reservoir. Half-cycle slug sizes greater than 4% HCPV may not be 

economically attractive because they deteriorate the sweep and yield significant CO2 

production. However, this should not be considered as a general rule. If the pore volume 

between an injector-producer pair is small and homogeneous and there is enough gas 

processing and injection capacity and one goal is ultimately to store CO2, then large half-

cycle sizes would be feasible. Selecting a small half-cycle size requires frequent switches 

between CO2 and water, which increases the operation costs. However, for well patterns 

with large HCPV and low permeability small half-cycle size would be appropriate 

because the length of time required to inject the slug is relatively long. Thus, there is an 

optimal value for the half-cycle slug size, which is affected by permeability, 

heterogeneity, HCPV, and gas processing capacity. 

Several operating parameters affect the optimal CO2 half cycle size. Variances in 

water and CO2 cycle sizes affect mobility ratio and consequently the CO2 and oil 

production profiles. Small CO2 cycle sizes that approach simultaneous injection of water 

and gas will minimize viscous fingering. Considering a relatively low oil price, 

minimizing CO2 slug cycle sizes will also increase profitability by limiting CO2 

production rates. In stratified reservoirs, especially where thin layers with high porosity 

are present, mobility control and areal sweep efficiency are substantially influenced. 

Miscible floods that consist of large irregular patterns may benefit from minimizing CO2 

cycle slug sizes (Martin and Taber, 1992). However, because the injection wells are 

switched manually between gas and water, it would demand field personnel to properly 
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set the cycle sizes. Smaller sizes necessitate more frequent switches and impose a setup 

cost.  

3.1.3 WAG Ratio  

The water-alternating-gas (WAG) ratio is an important operating parameter which 

refers to the ratio of injected water volume to the injected gas volume at reservoir 

conditions in one cycle. For a piston-like miscible displacement the optimal WAG ratio is 

large because once CO2 develops miscibility, the chase fluid would be sufficient to 

displace the mobile oil and there will not be even the need to repeat the cycle. However, 

the effects of heterogeneity, fingering and channeling, gravity and layering prevents 

piston like displacements.  

Typical WAG ratio ranges from zero to five. Walsh and Lake (1989) presented a 

graphical analysis method to determine the optimal WAG ratio based on the fractional 

flow theory with an objective of maximizing oil recovery for a given half cycle size. 

They show that the optimum WAG ratio occurs when the water and CO2 fronts advance 

with the same velocity. In practice, the optimum WAG ratio is a function of injection 

pattern geometry and reservoir heterogeneity and the available gas and oil processing 

capacity and is mainly determined by the economics and the constraints on CO2 

availability.  

The optimal WAG ratio usually increases throughout the flooding process 

(Pariani et al. 1992). Also, the investment requirement for the processing units can be 

decreased. With a region by region flooding plan, starting with high-quality regions of 

reservoir and then moving towards the low-quality regions, smaller plants with lower 

capital investments can be installed and operated at capacity through the life of the 

project. Increasing the WAG ratio may also lower the compression cost. Therefore, the 
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problems of finding an optimum WAG ratio, surface facility size, and patterns flood 

sequence are related. We address different aspects of these problems in an integrated 

asset model in Chapter 4. 

3.1.4 CO2 Injection Rate  

The optimum CO2 injection rate is affected by gas processing cost and the system 

capacity or the availability of gas. Normally, the CO2 injection rate is reduced once the 

CO2 production rate reached a certain level through the life of the flood.  Subsequently, 

decreasing the injection rate increases mobility control and helps to maintain a constant 

CO2 production rate. 

3.1.5 CO2 Quality 

The injected CO2 may have impurities. The mixture of fresh CO2 feed and 

produced CO2 does not contain 100% CO2. Presence of impurities in CO2 gas stream 

affects processes of capture, transport and injection as well as the trapping mechanisms 

and the CO2 storage capacity. Some contaminants, such as hydrocarbon gases, SOx, NOx, 

H2S, may require different injection equipment because the potential environmental side-

effects (Bergman et al., 1997). The impurities affect the miscibility condition for EOR 

process because they alter the CO2 solubility in the oleic phase and the vaporization of oil 

components to the gaseous phase (Metcalfe, 1982; Lake, 1989). Methane and nitrogen 

deteriorate CO2 miscibility, whereas H2S and intermediate-weight hydrocarbons (C3-C6) 

improve miscibility (Alston et al., 1985; Sebastian et al., 1985). H2S improves 

miscibility; however, it is not generally used as a solvent with CO2 because of the 

hazardous effects (Lake, 1989).  The presence of SOx improves oil recovery, as opposed 

to NOx which may retard miscibility and ultimately reduce the recovery (Bryant and 

Lake, 2005). In the presented reservoir cases, we assume a 1% mole CH4 in the injected 
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CO2 feed. This assumption is plausible because the injected CO2 is a mixture of fresh 

CO2 feed and produced CO2 with hydrocarbon impurities.  

Gas impurities also affect the surface facility design. Impurities affect CO2 

compressibility and therefore increase the pore space requirement for the storage of a 

specific ultimate CO2 slug size.  

3.1.6 Well Patterns  

Pattern development can significantly affect the design of a new CO2 flood. Large 

or irregularly shaped patterns can greatly diminish the effectiveness and consequently the 

value of a CO2 flood project. Large patterns often necessitate the use of high WAG ratio 

early in life of the flood to maintain reservoir pressure. A high WAG ratio for long times 

can diminish the ultimate incremental recovery and consequently the project value.  

In some situations, the reservoir pressure is insufficient for a miscible CO2 flood 

and additional injection support must be installed. An infill drilling design, which has 

marginal waterflood economics, may increase the future value of CO2 flood and improve 

the overall project economics. However, having dense pattern developments can affect 

the value of a CO2 flood negatively because of an increased facility size. As a result of 

these conflicting objectives, one must consider future CO2 flood implications of any infill 

drilling. In this study, we do not consider an infill drilling option in the EOR-storage 

design. 

3.1.7 Facility Investment  

The magnitude and timing of surface facility capital investments can be controlled 

through the CO2 flood startup plan and the CO2 injection scheme, more aggressive CO2 

schemes will require larger, more expensive field facility installations, while a more 

gradual startup will reduce surface facility size requirements and defer some surface 
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facility investments. The most effective way to reduce and defer surface facility 

investments is to stagger the startup of the CO2 flood. With this approach, the project is 

divided into several areas that are then CO2 flooded in a stepwise manner, starting with 

the best part of the field and progressing to the poorest. Each area is started on CO2 

injection after oil production has peaked and CO2 injection is being reduced in the 

previous area. This minimizes CO2 supply line investments and defers investments for 

both CO2 injection and produced gas handling facilities.  

The investment requirements for facility capacity can be optimized through the 

CO2 flood startup plan and CO2 injection scheme. Large-scale CO2 startup schemes 

require larger, more expensive facility installation while a more gradual startup will 

reduce surface facility size requirements and defer some facility investments. Chapter 4 

proposes a method to find the optimum sequence of pattern development in field-scale. 

3.1.8 Reservoir Characteristics 

Reservoir characteristics differences substantially affect the design and value of a 

CO2 flood project. Highly-stratified reservoirs are very difficult to CO2 flood 

economically as a result of early CO2 breakthrough and high recycle rates. Any problems 

noted during waterflood operations with ineffective water injection, early breakthrough 

or cycling will be compounded during CO2 flood operations because of lower viscosity 

and higher mobility ratio of CO2. The most cost effective way to handle this problem is to 

use a WAG injection scheme. Increases in the WAG ratio can then be used to control gas 

breakthrough rates and economically recover incremental oil. Other options include 

pattern reorientation and the use of chemical sweep treatments, such as gels or foams. 

Depending on the reservoir characteristics and flood design 30-50% of the gross 

CO2 injection is retained and the remaining is recycled to produce more oil. CO2 
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utilization factor, or the net volume of CO2 stored in the reservoir to produce an 

incremental barrel of oil, decreases with time, typically declining from 10 Mscf/stb to a 

stabilized value of 5 Mscf/stb. 

3.2 RESERVOIR SCALE CO2 EOR-STORAGE 

In this section, we review the performance of the US CO2 EOR projects and 

define two reservoir cases that fall within the optimistic and moderate ranges of 

performance compared to the performance of actual CO2 EOR projects. 

3.2.1 A Review of the U.S. CO2 EOR Projects 

Figure 3-1 shows a statistical review of the US CO2 EOR projects. Figure 3-1(a) 

shows the reservoir depth. The majority of the current reservoirs under CO2-EOR fall 

within a 4000 to 6000 ft range. Figure 3-1(b) shows the average production well spacing. 

The majority of reservoirs fall within a 10 to 40 acre/well range. Figure 3-1(c) shows the 

average oil production rate per well since the project inception. The average production 

range is 10 to 60 bopd/well. The oil production rate normally increases at beginning and 

then declines towards the project completion. Many of the patterns are set to an EOR 

operation sometime after the beginning of EOR project, and the wells are not active all 

through the project life. Therefore, we would expect that the actual range average 

production would be greater (e.g. 50 to 100 bopd/well). Figure 3-1(d) shows the maturity 

state of the CO2 EOR projects. The data source (O&J, 2012) does not exactly report the 

criteria for this classification; however, the data shows that the majority of projects are 

still active, while more than half of the projects have 20 years of operation or more ahead. 

We select the properties of generic reservoir cases such that they fall within the 

specified majority range of the actual fields. Specifically, we selected a reservoir depth of 
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about 6000 ft, an average well spacing of 25 to 33 acres/well, an average oil production 

rate of 50 to 100 bopd/well, and an active project life of at least 25 years. 
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(a) 

 

(b) 

 Figure 3-1: Statistical review of active U.S. CO2-EOR projects as published in the Oil 

and Gas Journal, April 2, 2012 (a) reservoir depth (b) average well spacing 

for producers. 
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(c) 

 

(d) 

Figure 3-1: Continued, statistical review of active U.S. CO2-EOR projects as published in 

the Oil and Gas Journal, April 2, 2012 (c) average oil production rate per well, and (d) 

maturity state of projects.  

10 20 40 60 80 100
0

5

10

15

20

25

30

35

40

Average oil rate per producer (bopd/w)

F
re

q
u

e
n

c
y

 

 

US fields

P
10

 = 3.0bopd/w

P
50

 = 10bopd/w

P
90

 = 33.7bopd/w

1 2 3 4
0

10

20

30

40

50

60

Project maturity

F
re

q
u

e
n

c
y

 

 

US fields

1:  Just started
2:  Half finished
3:  Near completion
4:  Completed



 55 

3.2.1 Measures of Performance for CO2 EOR-Storage Projects 

We are interested in three measures of performance in CO2 EOR-storage process: 

average oil production performance, CO2 utilization and CO2 recycle ratio. These 

measures frequently show up in the calculations for integrated asset development. The 

definitions follow. 

3.2.1.1 Average oil production performance 

Average oil production performance is the average oil production rate per well 

during the CO2 EOR-storage operation. Average production performance can be 

measured based on the total number of producers (including the active producers and 

shut-in producers) in the field or the total number of active producers only. The second 

definition is used in this study. Average production performance is a function of time, 

previous waterflood history and reservoir characteristics and the typical range is 15-100 

bopd/well. The minimum average production rate is the dependent on the economic limit 

of the recovery process. 

3.2.1.2 Net CO2 utilization ratio 

Net CO2 utilization ratio is the amount of CO2 retained (stored) per incremental 

barrel of produced oil. Gross CO2 utilization ratio may be defined based on the amount of 

CO2 injected to produce an incremental barrel of oil. The first definition is used in this 

study, i.e. net CO2 utilization ratio; and we refer to this parameter briefly as CO2 

utilization. CO2 utilization is a function of time, reservoir characteristics and flood 

design, and it has a wide range of 3.5-12 Mscf/stb, or 0.2-0.56 tonne/stb. Table 3-1 shows 

CO2 utilization predictions for several actual EOR projects. 
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 Figure 3-2: Schematic model of CO2 recycling. After CO2 breakthrough, produced CO2 

is coupled with the fresh feed and injected. CO2 recycle ratio is defined as 

the ratio of CO2 production rate to fresh CO2 rate; in this example, the 

recycle ratio is (3÷1 =) 3. 

 

3.2.1.3 CO2 recycle ratio 

CO2 recycle ratio is the ratio of CO2 production rate to fresh CO2 injection rate. 

Recycle ratio is a function of time, injection rate and well pattern design. Typical range 

of recycle ratio is 0-3. Figure 3-2 schematically presents the concept of CO2 recycle ratio. 

These measures of performance are important because many of the field-scale 

design parameters, which determine the investment requirements, depend on these 

measures. Average production performance determines the main revenue and cost 

streams. By having the production performance and the investment break-down on a per-

well basis, we can provide a quick estimate on the feasibility of EOR project. CO2 

utilization determines the volume of CO2 fresh feed throughout the project, and CO2 

recycle ratio determines the CO2 plant size, compression power requirements including 

pumps and compressors, and the energy consumption rate. Chapter 4 is devoted to 

estimation of the capital and operating expenditures of EOR-storage based on these 

measures of performance.   
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Table 3-1: Estimated CO2 effectiveness of CO2-EOR projects (Bock et al., 2003). 

Operator Field Basin 
Ultimate 

recovery 

Ultimate CO2 

sequestered 
CO2 utilization 

   MMstb Bscf Mscf/stb tonne/stb 

Altura Wasson Permian 348 1660 4.8 0.25 

Devon Energy Sacroc Permian 169 920 5.4 0.28 

Texaco Vacuum Permian 33 110 3.3 0.17 

Spirit Energy Devonian Permian 28 180 6.2 0.33 

Chevron Rangely Rocky mountain 136 600 4.5 0.23 

Merit Energy Lost soldier Rocky mountain 24 110 4.1 0.21 

Anadarko Northeast Purdy Mid-continent 17 70 4.1 0.21 

Henry Petroleum Sho-vel-Tum Mid-continent 10 110 10.3 0.54 

PanCanadian Weyburn Saskatchewan 130 320 2.5 0.13 

 

 

In the following sections, we introduce the Sandstone and Carbonate reservoir 

cases, which represent typical sandstone and typical carbonate reservoirs, respectively. 

The reservoirs’ responses under different continuous CO2 and WAG injection schemes 

are investigated.  
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3.3 SANDSTONE RESERVOIR  

Sandstone is mainly characterized by high-permeability (average of 63 md), no 

layering, and moderate areal heterogeneity (Dykstra-Parsons coefficient of 0.65). This 

case is designed to represent a typical sandstone reservoir. We present a description of 

the reservoir structure, fluid properties, rock-fluid properties and the simulation results. 

3.3.1 Reservoir Description 

The reservoir structure is described by a 3D corner-point grid, consisting of 

28×40×15 gridblocks in the x,y, and z directions respectively. The reservoir consists of 

two adjacent anticlines, each with a 150 ft approximate thickness, at a depth of 6100 ft. 

Figure 3-3(a) shows the 3D view of the reservoir, the oil saturation distribution at the 

beginning of the CO2 EOR phase, and the well names and locations. There are 6 injectors 

and 8 producers in this reservoir pattern, and the well pattern is a line-drive with 

producers located on the surrounding and the producers located around the center. The 

majority of the residual oil is in the middle. Figure 3-3(b) shows the pressure distribution 

at a late time in the CO2 EOR-storage phase (year 25) in layer 10. All 6 injectors remain 

active during the CO2 EOR phase, and out of 8 producers, 6 producers remain active. 

Two producers (P0826 and P1307) are shut-in early in the EOR phase because of 

excessive water production (a watercut greater than 0.99). Two active wells (P2209 and 

P2228), have a relatively high productivity, while the remaining four active wells have a 

moderate productivity. 
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(a) 

 

(b) 

 Figure 3-3: 2D and 3D views of the reservoir (a) initial oil saturation distribution and 

well locations, a non-sealing fault passing parallel to the J-direction is shown 

(b) pressure distribution at a late time in the CO2 EOR-storage phase (year 

25) in layer 10.  
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Table 3-2: Summary of Sandstone reservoir properties. 

Property Unit Value 

Length ft 3500 

Width ft 2500 

Thickness ft 150 

Number of blocks / 28×40×15 

Gridblock size ft 90×90×10 

Number of gridblocks / 16800 

Vertical to horizontal perm. ratio / 0.1 

Average horizontal permeability md 67 

Average vertical permeability md 6.7 

Average porosity / 0.19 

Reference initial pressure psia 3000 

Reference depth ft 6140 

Initial average oil saturation / 0.68 

Initial average water saturation / 0.32 

Temperature 
o
F 110 

Dykstra-Parsons coefficient / 0.6 

Dimensionless correlation length in x, y directions (λx,λy) / 0.3 

Dimensionless correlation length in z direction (λz) / 0.3 

Pore volume MMbbl 44.9 

Oil formation volume factor bbl/stb 1.1 

Initial oil in place MMstb 12.5 

Initial water in place MMstb 31.1 

 

Table 3-2 summarizes the general reservoir properties. The reservoir grid and the 

initial reservoir conditions are adapted from Ghomian (2008). A detailed description of 

the reservoir grid is presented in Ghomian (2008). 

The reservoir rock consists of water-wet (25%) and intermediate-wet (75%) 

rocks. Figure 3-4 shows the relative permeability curves for the waterwet and 

intermediate-wet rocks. Imbibition curves are calculated by the CMG-GEM internal 

rock-fluid package, based on the Land (1968) and Larsen and Skauge (1998) models. 

Table 3-3 summarizes the rock-fluid and PVT data. 
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(a) 

 

(b) 

 Figure 3-4: Relative permeability curves (drainage) for the water-wet rock (a) water-oil 

(b) gas-liquid, and the intermediate-wet rock.  The imbibition curves are 

calculated based on Land (1968) and Larsen and Skauge (1998). 

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

R
e

la
ti

v
e

 P
e

rm
e

a
b

il
it

y

Water Saturation

Sar=0.4 Sorw=0.25

oil water

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1

R
e

la
ti

v
e

 P
e

rm
e

a
b

il
it

y

Liquid Saturation

gas liquid



 62 

 
 

(c) 

 

(d) 

 Figure 3-4: Continued, relative permeability curves (drainage) for the water-wet rock (c) 

water-oil (d) gas-liquid. The imbibition curves are calculated based on Land 

(1968) and Larsen and Skauge (1998). 
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 Table 3-3: Rock-fluid parameters for the water-wet and intermediate-wet rock types 

(Ghomian, 2008). 

Property Unit Type-1 Type-2 

Fraction of blocks / 0.25 0.75 

Average porosity / 0.16 0.25 

Average permeability md 1.82 114 

Endpoint water permeability / 0.45 0.5 

Endpoint oil relative permeability / 1 0.5 

Maximum trapped gas saturation / 0.45 0.3 

Irreducible water saturation / 0.4 0.25 

Residual oil saturation / 0.25 0.3 

Water-oil interfacial tension dyne/cm 25 25 

Gas-oil interfacial tension dyne/cm 18 18 

Entry value j-function for gas / 0.2 0.2 

Entry value j-function for water / 0.4 0.4 

Pore size distribution index / 1 1 

 

Table 3-4: EOS parameters for pseudo-components (Ghomian, 2008). 

Property Unit CO2 C1 C2-3 C4-6 C7-16 C17-29 C30+ 

Initial composition / 0.0192 0.0693 0.1742 0.1944 0.3138 0.1549 0.0742 

Pc atm 72.799 45.400 44.932 33.238 20.676 15.675 15.636 

Tc K 303.89 166.67 338.34 466.12 611.116 777.784 972.23 

Acentric factor / 0.225 0.008 0.126 0.244 0.639 1.000 1.281 

Mw g/gmol 44.010 16.043 36.013 70.520 147.182 301.476 562.81 

Volume shift / 0.140 -0.154 -0.009 -0.041 0.064 0.179 0.301 

Parachor / 49.00 71.000 135.00 231.62 439.147 788.222 1112.5 

ωa / 0.4572 0.3496 0.4572 0.4572 0.45724 0.45724 0.4572 

ωb / 0.0778 0.0680 0.0778 0.0778 0.0778 0.0778 0.0778 
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The oil composition is adapted from Ghomian (2008), and is presented in Table 3-

4. The phase behavior calculations are performed with CMG-GEM
TM

. Based on the 

CMG-Winprop
TM

 calculations, the oil viscosity at the initial reservoir conditions is 0.40 

cp and the water viscosity is 0.24 cp. Therefore, the endpoint mobility ratios for the rock 

types Type-1 and Type-2 are 0.7 and 1.74, respectively.  

3.3.2 Operational Designs and Results 

A waterflood is performed before the EOR phase. During the waterflood period, 6 

injectors and 8 producers are active, all vertical wells, and average well spacing is 25 

acres per producer. The injectors are located on the edge of the oil trap, while the 

producers are located in the middle. The reservoir goes under waterflood long enough to 

reach a watercut range of 85 to 98% before the CO2-EOR periods starts. The CO2 EOR 

phase is performed with 6 active injectors and 6 active producers with an average well 

spacing of 33 acres and producer-injector ratio of 1:1; two of the producers are shut-in 

because of excessive water production (>99%). 

In the EOR phase, CO2 and water are simultaneously injected for 15 to 25 years. 

90 simulation cases are performed for Sandstone. Table 3-5 presents the values or ranges 

of major simulation inputs-outputs for different EOR-storage designs.  

We present a brief illustration of the simulation results for one of the EOR-storage 

designs, namely, Dsn-1.  
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Table 3-5: Summary of Sandstone simulation inputs. 

Simulation input/output Unit Value/Range 

EOR-storage duration  year 15-25 

Injection scheme / simultaneous WAG injection 

continuous CO2 injection 

Maximum injection pressure psi 3300 

Minimum bottomhole pressure 

for producers 

psi 1500 

Gas injection rate MMscfd 0.75-20.1 

WAG ratio / 0-5 

  

Figure 3-5 shows the overall reservoir response to CO2 flood over 25 years (1.38 

pore volumes) of injection. Figure 3-5(a) shows the bottomhole injection rates of water 

and gas. Both injection rates remain fairly constant up to year 18, when one of the 

producers is shut-in because of an excessive gas production. The WAG ratio has a small 

variation, and the average value is 1.5:1. Figure 3-5(b) shows the production rates of 

water and oil; the water production has an overall declining trend because the WAG ratio 

is fairly low (1.5:1) and CO2 gradually occupies a greater portion of reservoir pore space, 

and thus decreases the water production. The oil production response to the WAG 

injection is fairly fast (after about year), a peak oil rate of 1000 bopd is observed after 

two years. A smooth production decline begins in the fifth year, and extends to the end of 

project life, which is a stereo-type behavior of an isothermal EOR project.  
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Figure 3-6 shows the annual injection rates of individual injectors and producers. 

Figure 3-6(a) presents gas injection rates. Figure 3-6(b) presents water injection rates. 

Figure 3-6(c) presents oil production rates. Figure 3-6(d) presents water production rates. 

Figure 3-6(e) presents gas production rates. The well injection rates do not have a 

significant variation, which indicates that a constraint on CO2 availability and/or water 

availability constrain the injection and the potential injectivity of the reservoir pattern 

may be greater than the current observed injectivity. A decline in the injectivity of well 

J2620 is observed in year 18, which is attributed to the producer P2228 shut-in. Figure 3-

6(c-e) show the production rates, which clearly indicate a variation of well productivities. 

Producers P2228 and P1418 have considerably greater productivities than the other four 

producers.  

The reservoir response parameters are calculated based on the presented results in 

Figure 3-6, and the presented reservoir properties in Table 3-2. Figure 3-7 shows the 

variations of different response parameters, CO2 utilization (Figure 3-7(a) average = 4.43 

Mscf/stb), CO2 storage mass (Figure 3-7(b), cumulative storage = 0.91 MMtonne), 

recycle ratio (Figure 3-7(c), average recycle ratio=1.8), and average oil production rate 

(Figure 3-7(d) average= 91.3 bopd/well). Figures 3-5 and 3-7 serve as an input to the 

integrated asset model, which is described in Chapter 4. 
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(a) 

 

(b) 

 Figure 3-5: Reservoir response to CO2 EOR Dsn-1 (a) bottomhole injection rates of water 

and gas (b) production rates of water and oil at standard conditions. 
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(c) 

 

(d) 

Figure 3-5: Continued, reservoir response to CO2 EOR Dsn-1 (c) CO2 mass injection and 

production rates (d) WAG ratio.  
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(a) 

 

(b) 

 Figure 3-6: Flowrates of active wells, yearly (a) water injection rates (b) gas injection 

rates. 
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(c) 

 

(d) 

 Figure 3-6: Continued, flowrates of active wells, yearly (c) oil production rates (d) water 

production rates (e) gas production rates. 

  



 71 

 

(e) 

Figure 3-6: Continued, flowrates of active wells, yearly (e) gas production rates.  



 72 

 
 

(a) 

 

(b) 

 Figure 3-7: Reservoir response to CO2 EOR Dsn-1 (a) CO2 utilization (b) annual storage 

mass. 
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(c) 

 

(d) 

 Figure 3-7: Continued, reservoir response to CO2 EOR Dsn-1 (c) recycle ratio (d) average 

oil production rate of active wells. 
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3.3.3 Effects of CO2 EOR-Storage Design Parameters 

Three major design parameters are selected for analysis: the duration of the CO2 

flood (or the pore volumes injected), CO2 injection rate, and WAG ratio. We run 90 

simulations with different flood durations, WAG ratios and gas injection rates for 

Sandstone and collect the reservoir responses. A summary of the results including the 

average values of design variables and average values of reservoir response parameters 

for 30 simulation cases with EOR-storage duration of 25 years are presented in Appendix 

A. A comparison of results shows that the design parameters significantly affect the EOR 

performance measures.  

3.4 CARBONATE RESERVOIR  

We present a reservoir simulation model to approximate the typical behavior of 

reservoirs with low-to-moderate permeability under CO2 EOR operation. Carbonate 

represents a CO2 EOR candidate with a low-to-moderate permeability, a high degree of 

layering and heterogeneity, and an initial watercut of 95% at the onset of the CO2 EOR 

phase. Different CO2 injection schemes are investigated to ultimately find the best 

economical design for oil recovery and CO2 storage. Similar to Sandstone, these schemes 

include continuous CO2 injection, and simultaneous water and CO2 injection with various 

WAG ratios, flood durations and injection rates. The injection pressure and bottomhole 

production pressure are selected such that the displacement mechanism is miscible.  

3.4.1 Reservoir Description 

Carbonate has low-to-moderate permeability and high vertical heterogeneity. We 

investigate the effect of areal heterogeneity in Carbonate in the following. This 

characteristic has a significant effect on the production or the injection performance of 

wells, and these effects have not been investigated as extensively as the permeability and 
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vertical heterogeneity. Specifically, we define three reservoirs with all properties being 

the same, except for the areal heterogeneity, which may be either extremely low (VDP,areal 

= 0), moderate (VDP,areal = 0.6), or extremely high (VDP,areal = 0.9).  

We compare the corresponding production performance distributions with the 

actual field data. The results show that for real fields, the production performance 

distribution generally follows the well-known 80-20 rule (i.e. 80% of the production 

originates from 20% of the wells). An important implication of the actual field data 

analysis is that the reservoir simulation studies with generic models should adjust the 

heterogeneity such that the variability of production flowrates would fairly match a log-

normal distribution with a Dykstra-Parsons coefficient of 0.6. Based on this conclusion, 

the case with a moderate areal heterogeneity has the best response proxy for the actual 

field production performance. Therefore, throughout the rest of the chapters, we use the 

simulation results for the case with moderate heterogeneity. Table 3-6 summarizes the 

results of this section. 

The reader is encouraged to follow the rest of this section for a detailed 

description of the investigated sub-cases, the simulation results, and the detailed 

conclusions. 
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Table 3-6: Summary of areal heterogeneity effects for Carbonate. 

Parameter Description of the Areal Heterogeneity Effect  

Dykstra-Parsons Coefficient, 

VDP,areal 

VDP,areal is the main measure of areal heterogeneity, increases 

with an increase of the areal heterogeneity.  

three sub-cases of high (VDP,areal=0.9), low (VDP,areal =0), and 

moderate (VDP,areal =0.6) are investigated 

Injection/production rate Areal heterogeneity deteriorates the inter-well connectivity and 

decreases the injection and production flowrates 

Production flowrate 

distribution 

High (VDP,areal =0.9): highly discontinuous and scattered 

distribution 

 Low (VDP,areal =0): continuous distribution with a relatively low 

variation range, a normal distribution sufficiently matches the 

flowrate data 

Moderate: (VDP,areal =0.6): some discontinuity and a fairly 

moderate distribution, a log-normal distribution may sufficiently 

match the flowrate data if the discontinuity issue is resolved by 

introducing a variability in the injection signal, i.e. well shut-ins 

and/or assuming a bigger population of wells  

Average oil production 

performance 

Strong function of areal heterogeneity, decreases with an 

increase of VDP,areal 

CO2 utilization Strong function of areal heterogeneity, increases with an 

increase of VDP,areal 

CO2 recycle ratio Strong function of areal heterogeneity, decreases with an 

increase of VDP,areal 

Actual field data Production flowrate distribution is consistently matched by a 

log-normal distribution with an average VDP,areal of 0.6. No 

discontinuities are observed, which may be attributed to frequent 

well shut-ins and a big well sample size (greater than 40 

producers).  

 

 

3.4.2 High Vertical Heterogeneity and High Areal Heterogeneity 

A 3D compositional simulation model in CMG-GEM
TM

 is specified to investigate 

the problem of coupled EOR-storage in a layered reservoir with low-to-moderate 

permeability and high degree of heterogeneity. The stratigraphic structure, the grid mesh, 

rock-fluid properties, and the reservoir fluids are all the same as Sandstone (see Section 

3.3), and therefore, we do not repeat the description of these properties in this section. 

Figure 3-8(a) shows a 3D view of the reservoir, presenting the well locations and porosity 

distribution; Figure 3-8(b) shows the permeability distribution. Table 3-7 summarizes the 

general reservoir properties.  
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(a) 

 

(b) 

 Figure 3-8: Carbonate (a) 3D view of the reservoir structure, presenting the permeability 

distribution (units are md) of the whole reservoir pattern, wells types, names 

and locations (b) permeability distribution in layer 10. The numbers beside 

each well present the bottomhole fluid rates at reservoir condition in year 24, 

units are bbl/d.  
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Table 3-7: Summary of properties for Carbonate. 

Property Unit Value 

Length ft 3500 

Width ft 2500 

Thickness ft 150 

Number of blocks / 28×40×15 

Gridblock size ft 90×90×10 

Number of gridblocks / 16800 

Total producers/injectors / 8p/6i 

Active producers/injectors / 6p/6i 

Average horizontal permeability md 17.6 

Average vertical permeability md 0.1×kh 

Average porosity / 0.22 

Reference initial pressure psia 3000 

Reference depth ft 6140 

Initial average oil saturation / 0.68 

Initial average water saturation / 0.32 

Temperature 
o
F 110 

Dykstra-Parsons coefficient / 0.9 

Dimensionless correlation length in x, y directions (λx,λy) / 0.4 

Dimensionless correlation Length in z direction (λz) / 0.3 

Pore volume MMbbl 44.9 

Oil formation volume factor bbl/stb 1.1 

Initial oil in place MMstb 12.5 

Initial water in place MMstb 31.1 

 

3.4.2.1 Permeability description 

The reservoir is mainly characterized by low-to-moderate permeability, high 

degree of heterogeneity within the layers, and permeability contrast between the layers. 

Figure 3-9(a) schematically shows the average horizontal permeability variation with 

reservoir depth; Figure 3-9(b) shows the average horizontal permeability values for the 

layers. The permeability variation pattern, which is adapted from Kerans et al. (1994) and 

Lucia et al. (2003), consists of a sequence of three regions of low, intermediate, and high 

permeability.  The ratio of average values in high permeability region to low permeability 

region is about 10 to 1. These regions are about 30 ft thick (3 layers, each 10 ft thick) and 

repeat across the entire reservoir thickness. The sequence of regions is selected such that 

the overall average permeability is approximately 17 md. A log-normal distribution is 
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used to generate random permeability values. The mean permeability value for each 

region is set to the desired average permeability; the Dykstra-Parsons coefficient is 0.9, 

correlation lengths in x and y directions are 1000 ft and the vertical-to horizontal 

correlation length ratio (LX/LZ) is 33.3. Figure 3-9(c) shows the permeability distribution 

in the bottom layer (layer 1); vertical axis shows the permeability on a log scale and 

horizontal axis shows the normal inverse of the cumulative distribution. The observed 

straight line is an indicator of a log-normal distribution. The vertical permeability at all 

gridblocks is assumed to be 10% of the corresponding horizontal permeability of the 

gridblock. 

3.4.2.2 Rock-fluid properties 

The reservoir rock consists of water-wet and intermediate-wet rocks. The 

description of rock-fluid properties is similar to Sandstone. The reader is referred to 

Table 3-3.  
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Table 3-8: Properties of five layer sets, each consisting of three layers. 

Layer 

set 

Average 

thickness 

Average 

permeability 

PV weighted 

avg. permeability 

VDP,areal Avg. 

por. 

k×h k×φ 

 ft md md   md.ft md 

1-3 30 17.56 15.83 0.891 0.22 527 3.86 

4-6 30 4.31 3.86 0.895 0.18 129 0.78 

7-9 30 2.1 1.93 0.905 0.16 63 0.34 

10-12 30 40.56 36.14 0.890 0.23 1217 9.33 

13-15 30 10.1 9.09 0.910 0.21 303 2.12 

 

3.4.2.3 Reservoir fluids, injected fluids properties, and initial conditions 

The oil composition is described by seven pseudo-components. The oil viscosity 

at reservoir conditions (reservoir temperature of 110 
o
F and initial pressure of 3300 psi) is 

0.4 cp, brine viscosity is 0.24 cp and injected CO2 viscosity is 0.063 cp. The injected CO2 

is miscible with the oil, the minimum miscibility pressure being about 1500 psi at 

reservoir conditions. A detailed description of the composition and fluid properties for 

the pseudo-components is presented in Table 3-4. 

The initial reservoir pressure is 3300 psi. Reservoir pressure is above the bubble 

point of oil (no gas cap) and above the minimum miscibility pressure. The original oil 

saturation is 0.68; reservoir top layer depth is 6140 ft. At the beginning of CO2 EOR-

storage phase, the oil saturation is 0.31. There are initially 6 injectors and 8 producers. 

All wells are fully perforated and the skin factors are all set to zero. We define active 

producers as the producers with an average oil production rate of at least 10 bopd; this 

definition is similar to the definition of an economic limit. For this case, out of total 8 

producers, 6 wells are considered as active producers. 

The reservoir is confined, so there are no external sources of energy for the 

reservoir other than the injectors. The injected gas is fairly pure CO2, and the injected 

fluid composition is 99% mole CO2 and 1% mole methane.  
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(a) 

 

(b) 

 Figure 3-9: Statistical properties of permeability distribution for Carbonate with high 

areal and vertical heterogeneity (a) average horizontal permeability 

distribution with respect to reservoir depth (b) average horizontal 

permeability distribution with respect to depth; a periodic trend is observed, 

which may be attributed to different deposition regimes throughout geologic 

times  
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(c) 

 Figure 3-9: Continued, statistical properties of permeability distribution for Carbonate 

with high areal and vertical heterogeneity (c) horizontal permeability 

distribution of layers 1-3 (medium permeability) on log scale: kavg,h=17.56 

md, k50=3 md, k84.1=0.32 md, VDP,areal=0. 9 (=[3-0.3]/3). The observed 

straight line indicates a log-normal distribution for the horizontal 

permeability; the horizontal permeability distribution for the other layer sets 

is log-normal as well. 

3.4.2.4 Operational designs and results 

We perform 90 simulations with different EOR designs for each of the three sub-

cases for Carbonate. We present detailed results for one EOR design “Dsn-1” as an 

illustrative example; for the other designs, we only present a summary of final results, 

which will be later used in Chapters 4 through 6. The average values of major EOR 

design parameters for the illustrative example are the flood duration (=25 yr), the average 

gas injection rate (=3.15 MMscfd), and the average WAG ratio (=1.73:1). Table 3-9 

summarizes the results. Three major outputs of the reservoir response are the CO2 

utilization (=5.38 Mscf/stb), the average recycle ratio (=1.8) and the average oil 

production rate of active producers (=35 bopd/well).  
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 Table 3-9: Summary of reservoir response to design “Dsn-1” for Carbonate with highly 

heterogeneous layers. Major design parameters are the EOR-storage duration 

(=25 yr), gas injection rate (=3.15 MMscfd) and WAG ratio (=1.73:1). 

Parameter Unit Value 

EOR-storage duration yr 25 

Pore volumes injected / 0.65 

Average water injection rate stb/d 2000 

Average gas injection rate MMscfd 3.15 

Average water injection rate res.bbl/d 2025 

Average gas injection rate res.bbl/d 1168 

Average WAG ratio / 1.73 

Average oil production rate bopd 210 

Average water production rate stb/d 217 

Cumulative CO2 injection MMtonne 1.50 

Cumulative CO2 production MMtonne 0.96 

Ultimate CO2 storage MMtonne 0.54 

Average water production rate stb/d 217 

Average CO2 utilization Mscf/stb 5.38 

Average recycle ratio / 1.8 

Average oil production rate bopd/well 35 

 

Figure 3-10(a) shows the well bottomhole flowrates and the streamlines at a late-

time (t=24 yr) bottomhole flow rates of producers and gas injectors are shown beside 

each well. Out of 8 producers only 6 are active, producer P1333 has an extremely low 

production rate, and producer P0826 is shut-in because of excessive water production 

(water cut > 0.99); permeability maps show that producer P2228 has high production rate 

because of the high permeability around the well. Injector Jg0338 has limited injectivity 

because of the low permeability, and limited connectivity to producers P0826 and P2228. 

These values indicate a high connectivity between injectors Jg2620 and Jg2737 and 

producer P2228; moderate connectivity between injector Jg0519 and producers P1418 

and P1325; and extremely low connectivity between injector Jg0338 and producer P1333. 

These results are consistent with our observation of the permeability maps. Figure 3-
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10(b) shows the distribution of bottomhole fluid rates. The extreme discontinuity of the 

well production performance is an indicator of a high degree of reservoir heterogeneity, 

an important observation that confirms the extremely limited connectivity of the 

producer-injector pairs in Figure 3-10(a). 

Figure 3-11 summarizes the overall reservoir response to CO2 flood over 25 years 

(0.65 pore volumes) of injection. Figure 3-11(a) shows the bottomhole injection rate of 

water and gas. While the gas injection rate remains fairly constant (about 3.2 MMscfd), 

the water injection rate increases with time, which results in an increase of the WAG ratio 

from 1.5:1 to 1.8:1 and an average of 1.73:1.  

Figure 3-11(b) shows the production rates of water and oil; the watercut first 

decreases from 0.97 to a stabilized value of 0.92 and then further decreases to 0.87; after 

10 years of injection, the watercut begins to ramp up from 0.87 (in year 10) to 0.94 (in 

year 25). The oil production rate initially increases (from 80 to 300 bopd) and follows a 

stabilized period (between 250 and 300 bopd) and finally declines (down to 180 bopd in 

year 25). Figure 3-11(c) shows the injection and production mass rates of CO2; the 

breakthrough occurs after approximately 1.5 years, and by the end of EOR period, about 

86% of the CO2 injection feed is recycled from the produced CO2 and 14% comes from 

the fresh feed. Figure 3-11(d) shows the variation of WAG ratio. The WAG ratio is 

generally increasing over time and the rate of increase is fairly low. The average WAG 

ratio is 1.73:1. 
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(a) 

 

(b) 

Figure 3-10: Reservoir simulation results for Sandstone with high areal heterogeneity (a) 

streamline map at late time (t = 24 yr) (b) production flowrate distribution of 

active wells. The discontinuity and a long tail is an indicator of extreme 

areal heterogeneity, which results in high production rate for one well, 

moderate production rate for one well,  and extremely low production rate 

for the majority of the wells (= 4 wells).  
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Figure 3-12 shows the annual injection and production rates of the individual 

wells. Figure 3-12(a-b) present the water and gas injection rates, respectively. Figure 3-

12(c-d) present the oil and water production rates, respectively. Few wells produce at 

extremely low rate and/or shut-in (= 1 well), the majority of producers have low-to-

moderate production rates (= 4 wells), and few producers have extremely high production 

rate (= 1 well). This observation is again consistent with the results shown in Figure 3-10. 

Figure 3-13 shows the variation of reservoir response parameters versus pore 

volume injection, CO2 utilization (Figure 3-13(a), average =5.38 Mscf/stb), CO2 storage 

mass (Figure 3-13(b), final value=0.54 MMtonne), recycle ratio (Figure 3-13(c), 

average= 1.8), and average oil production rate (Figure 3-13(d), average=35 bopd/well).  

The observed trends for all response parameters are similar to Sandstone; 

however, the overall range of parameters is different: CO2 utilization, CO2 storage mass, 

and recycle ratio are all greater, and the average production rate is smaller. 
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(a) 

 

(b) 

Figure 3-11: Reservoir response to CO2 EOR Dsn-1 (a) bottomhole injection rates of 

water and gas (b) production rates of water and oil at standard conditions. 
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(c) 

 

(d) 

Figure 3-11: Continued, reservoir response to CO2 EOR Dsn-1 (c) CO2 mass injection 

and production rates (d) WAG ratio. 
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(a) 

 

(b) 

Figure 3-12: Flowrates of individual wells (yearly) (a) water injection rates (b) gas 

injection rates.  
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(c) 

 

(d) 

Figure 3-12: Continued, flowrates of individual wells, yearly (c) oil production rates (d) 

water production rates.  
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(a) 

 

(b) 

Figure 3-13: Reservoir response to CO2 EOR Dsn-1 (a) CO2 utilization (b) annual storage 

mass. 
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(c) 

 

(d) 

Figure 3-13: Continued, reservoir response to CO2 EOR Dsn-1 (c) recycle ratio (d) 

average oil production rate of active wells. 
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3.4.3 High Vertical Heterogeneity and Homogeneous Layers 

The second sub-case for Carbonate assumes homogeneous layers (kh = constant in 

each layer) and a high degree of vertical heterogeneity (VDP,v=0.9).  All the other 

properties of this sub-case are similar to the first sub-case presented in Section 3.4.1. In 

the following, we present a description of the permeability distribution, and the 

simulation results. 

3.4.3.1 Permeability description 

The permeability distribution in the vertical direction is segmented into five layer-

sets, each consisting of three layers. The horizontal permeability within each layer is 

constant. Table 3-10 summarizes the properties of the layer-sets, the average permeability 

varies between 1.5 and 45 md. Figure 3-14(a-b) show the permeability distribution with 

respect to reservoir depth. Figure 3-14(c) shows the permeability distribution on a log-

normal scale, the observed straight line trend is an indicator of a log-normal distribution, 

and the Dykstra-Parsons coefficient is 0.9. 
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(a) 

 

(b) 

Figure 3-14: Statistical properties of permeability distribution for Carbonate with high 

vertical heterogeneity and homogeneous layers (a) schematic distribution of 

average horizontal permeability with respect to reservoir depth. Horizontal 

permeability is the same in x and y directions; vertical permeability is 10% 

of the horizontal permeability (b) distribution of average horizontal 

permeability with respect to depth. A periodic trend with high permeability 

contrast may be attributed to the different deposition regimes throughout 

geologic times. 
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(c) 

Figure 3-14: Continued (c) distribution of horizontal permeability on a log-scale (15 data 

points for 15 layers); kh,avg=17 md; k50=10 md;k84.1=1 md; VDP,v=0.9. A 

straight line indicates a log-normal distribution. 
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Table 3-10: Properties of 5 regions; each region consists of 3 layers. 

Layer 

set 

Avg.  

thickness (h) 

permeability  

(kh) 

PV weighted 

kh 

VDP,areal Avg. porosity 

 (φavg) 

kh×h kh×φavg 

 ft md md   md.ft md 

1-3 30 2.5 2.8 0 0.22 75 0.55 

4-6 30 21.6 22.4 0 0.18 650 3.90 

7-9 30 45 42.7 0 0.16 1350 7.20 

10-12 30 1.5 1.1 0 0.23 45 0.35 

13-15 30 14.3 15.1 0 0.21 430 3.01 

 

 Table 3-11: Summary of reservoir response to design “Dsn-1” for Carbonate with high 

vertical heterogeneity and homogeneous layers. Major design parameters are 

the EOR-storage duration (=25 yr), gas injection rate (=6.0 MMscfd) and 

WAG ratio (=4.72:1). 

Parameter Unit Value 

EOR-storage duration year 25 

Pore volumes injected / 2.61 

Average water injection rate stb/d 10700 

Average gas injection rate MMscfd 6.0 

Average water injection rate res.bbl/d 10600 

Average gas injection rate res.bbl/d 2250 

Average WAG ratio / 4.72 

Number of active producers / 8 

Average oil production rate bopd 480 

Average water production rate stb/d 10600 

Cumulative CO2 injection MMtonne 2.85 

Cumulative CO2 production MMtonne 2.17 

Ultimate CO2 storage MMtonne 0.68 

Average water production rate per well stb/d 1325 

Average CO2 utilization Mscf/stb 3 

Average recycle ratio / 3.2 

Average oil production rate per well bopd/well 60.13 
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3.4.3.2 Operational designs and results 

We present the detailed results for one EOR-storage design for this sub-case. The 

average values of design parameters are the flood duration (=25 yr), gas injection rate 

(=6.0 MMscfd), and WAG ratio (=4.72:1). Table 3-11 summarizes the EOR-storage 

design and the reservoir response. Three major outputs of the reservoir response are CO2 

utilization (=3 Mscf/stb), average recycle ratio (=3.2), total active producers (=8), and 

average oil production rate of active producers (=60.1 bopd/well).  Compared to the first 

sub-case, which has a high areal heterogeneity, the average values of the CO2 recycle 

ratio and production rate have increased, while the CO2 utilization has decreased. 

Figure 3-15(a) shows the pressure distribution in a high-permeability layer and 

well bottomhole flowrates at a late-time (t=24 yr). The bottomhole flow rates of 

producers and gas injectors are shown beside each well. All the 8 producers remain active 

all through the EOR-storage process.   

Figure 3-15(b) shows a streamline map at a late-time (t=24 yr). A strong 

connectivity between the producer-injector pairs is observed. Producers P2228 and P2209 

have a high production rate because of the reservoir structure and a relative vicinity to the 

injection wells. The injection rates are all within the same order, which is an indicator of 

an operation at a constrained flowrate.   
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(a) 

 

(b) 

Figure 3-15:  Statistical properties of permeability distribution for Carbonate with high 

vertical heterogeneity (VDP,v=0.9) and homogeneous layers (VDP,areal=0) (a) 

Pressure distribution in high-permeability layer 9 (kh =40 md) at late time 

(t=24 yr), units in psi. Numbers beside each well show the total bottomhole 

fluid rate at reservoir conditions, in res.bbl/d. All producers remain active 

during this WAG flood (b) corresponding streamline map, illustrating the 

well connectivities and contributions of individual producers. 
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(a) 

 

(d) 

Figure 3-15: Continued (c) distribution of the total production rates at all months on a log 

scale, VDP,prd=0.18; and (d) the same total production rates data on a linear 

scale. Low Dykstra-Parsons coefficient and relatively moderate variation in 

production rates imply that for this homogeneously layered reservoir a 

normal distribution may better describe the production data. 
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Figure 3-15(c) shows the distribution of bottomhole fluid rates for the producers. 

As opposed to the first sub-case with high areal heterogeneity, the flowrate distribution 

for this case is smooth, continuous, with a small variation (VDP = 0.18). The latter 

property is an indicator of a normal distribution for the flowrate in this example which is 

confirmed by the fairly linear trend observed in Figure 3-15(d).  Also, the continuity of 

the well production performance is an indicator of a strong well connectivity of the 

producer-injector wells, a result which was previously observed in the streamline map 

(Figure 3-15(b)). 

3.4.4 High Vertical Heterogeneity and Moderately Heterogeneous Layers 

The third sub-case for Carbonate assumes moderately-heterogeneous layers 

(VDP,areal = 0.6) and a high degree of vertical heterogeneity (VDP,v=0.9).  All the other 

properties of this sub-case are similar to the first sub-case presented in Section 3.4.1. In 

the following, we present a description of the permeability distribution, and the 

simulation results. 
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Table 3-12: Properties of 5 regions; each region consists of 3 layers. 

Layer 

set 

Avg. 

thickness 

Avg. 

perm 

PV wtd. 

Avg. perm. 

Areal 

VDP 

Avg. 

por. 

k×h k×φ 

 ft md md   md.ft md 

1-3 30 2.5 2.64 0.6 0.22 75 0.55 

4-6 30 21.6 22.7 0.6 0.18 650 3.90 

7-9 30 45 43.1 0.6 0.16 1350 7.20 

10-12 30 1.5 1.4 0.6 0.23 45 0.35 

13-15 30 14.3 14.3 0.6 0.21 430 3.01 

 

3.4.4.1 Permeability description 

The permeability distribution in the vertical direction is segmented into five layer-

sets, each consisting of three layers. The horizontal permeability in each layer is equal in 

the x- and y-direction and the vertical permeability is 10% of the corresponding value in 

the x-direction. The permeability distribution is selected such that the mean is set to the 

specified value for the layer-set, and the Dykstra-Parsons Coefficient is set to VDP,areal = 

0.6. Table 3-12 summarizes the properties of the layer-sets, the average permeability 

varies between 1.5 and 45 md. The average permeability variation with respect to depth is 

presented Figure 3-16(a). Figure 3-16(b) shows the permeability distribution on a log-

normal scale, the observed straight line trend is an indicator of a log-normal distribution; 

and the Dykstra-Parsons coefficient is 0.6. 
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(a) 

 

(b) 

Figure 3-16: Statistical properties of permeability distribution for Carbonate with high 

vertical heterogeneity (VDP,v=0.9) and moderately heterogeneous layers 

(VDP,areal=0.6) (a) Permeability distribution with respect to depth (b) 

permeability distribution of layer-set 1-3 on a log-normal scale, for this 

layer-set, Kh,avg = 2.5 md and VDP,areal  ([1.65-0.65]/1.65=) 0.6. 
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 Table 3-13: Summary of reservoir response for Carbonate with high vertical 

heterogeneity and high, low, and moderate areal heterogeneity for the three 

sub-cases.  

Parameter Unit II-high II-low II-med 

EOR-storage duration year 25 25 25 

Pore volumes injected / 0.65 2.61 2.1 

Average water injection rate stb/d 2000 10700 8100 

Average gas injection rate MMscfd 3.15 6.0 6.0 

Average water injection rate bbl/d 2025 10800 8170 

Average gas injection rate bbl/d 1168 2250 2260 

Average WAG ratio / 1.73 4.72 3.56 

Number of active producers / 6 8 8 

Average oil production rate bopd 210 480 390 

Average water production rate stb/d 217 10600 8170 

Cumulative CO2 injection MMtonne 1.50 2.85 2.85 

Cumulative CO2 production MMtonne 0.96 2.17 2.13 

Ultimate CO2 storage MMtonne 0.54 0.68 0.72 

Average water production rate per well stb/d 217 1325 8170 

Average CO2 utilization Mscf/stb 5.38 3 3.87 

Average recycle ratio / 1.8 3.2 2.96 

Average oil production rate per well bopd/w 35 60.13 48.8 

 

3.4.4.2 Operational designs and results 

The average values of major EOR design parameters for the illustrative example 

are the flood duration (=25 yr), gas injection rate (=6.0 MMscfd), and WAG ratio 

(=3.56:1). Three major outputs of the reservoir response are CO2 utilization (=3.87 

Mscf/stb), average recycle ratio (=2.96), total active wells of 8, and average oil 

production rate of active producers (=48.8 bopd/well).  

Table 3-13 summarizes the results for all the three sub-cases. The results show 

that increasing the areal heterogeneity would increase the CO2 utilization, and decrease 

the recycle ratio and the well productivities, which ultimately results in a reduced average 

oil production rate.  
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(a) 

 

(b) 

Figure 3-17: Simulation results for Carbonate with high vertical heterogeneity and high, 

low, and moderate areal heterogeneity (a) Permeability distribution in high-

permeability layer 9 (kh,avg=45 md). Numbers beside each well show the 

total bottom hole fluid rate at reservoir conditions, all producers remain 

active. (b) streamline map at late time (t=23 yr), illustrating the well 

connectivities and contributions of individual producers/injectors  
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(c)
 

Figure 3-17: Continued: (c) distribution of the production rates at all months on log scale 

VDP,prd=0.7. 

 

Figure 3-17(a) shows the pressure distribution in a high-permeability layer and 

well bottomhole flowrates at a late-time (t=24 yr). The bottomhole flow rates of 

producers and gas injectors are shown beside each well. All the 8 producers remain active 

all through the EOR-storage process. 

Figure 3-17(b) shows a streamline map at a late-time (t=24 yr). A low-to-

moderate connectivity between the producer-injector pairs is observed. Producer P2228 is 

the only well with a strong inter-well connectivity and therefore a high production rate. 

The injection rates have a fairly high variability, which is a heterogeneity effect.   

Figure 3-17(c) shows the distribution of bottomhole fluid rates for the producers. 

The flowrate distribution for this case is fairly smooth, but discontinuous and highly 

variable (VDP,prd = 0.7).  The discontinuity may be attributed to the small well sample size 

(8 producers) and the absence of well shut-ins, which is frequently observed for real 
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fields. The individual segments of the distribution may be described by straight lines and 

if the discontinuity is neglected, the three segments may be all considered to be part of a 

log-normal distribution with long smeared tails on both sides.  

Three main groups of producers may be specifies based on the observed 

productivity performance: low productivity group which includes 2 producers, namely 

P1333 and P1418, moderate productivity group which includes 5 producers, namely 

P1325, P1512, P2209, P1307, and P0826, and high productivity group which includes 1 

well, P2228. As we show in the following section, such a trend is fairly close to what we 

observe for actual fields.  
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3.4.5 Effect of Areal Heterogeneity on Production Distribution 

We investigate the well production data for three fields, namely Andrews 

Wolfcamp, Bullseye, and Sacroc to find an appropriate distribution for the well 

production flowrate. Figure 3-18(a-c) show the flowrates for all wells in all months. 

Figure 3-18(d) shows the flow rates for all wells for Andrews Wolfcamp in a single 

month. The observations and conclusions follow: 

1. A three orders of magnitude variation is observed in the flowrate distribution in 

Figure 3-18(a-c). 

2. The flowrates are consistently log-normally distributed. Such a distribution trend 

is called a sub log-normal distribution, which refers to a fairly straight line, 

though not perfect. The Dykstra-Parsons coefficient is consistently in the range of 

0.6.  

3. Long tails on the top and bottom of the distributions indicate a top and especially 

bottom truncation, which may be attributed to well shut-ins. 

4. The single-month flowrate distribution follows the same trend as the all-month 

distributions, which indicates that the production rates may vary from month to 

month but maintain the same order and trend over all times.  

Figure 3-19 compares the results of monthly production distribution for Carbonate 

with different levels of areal heterogeneity. Figure 3-19(a) presents the extremely high 

areal heterogeneity (VDP,areal=0.90). The distribution of production rate is highly 

discontinuous and has a wide range of 10-2000 bopd and a Dykstra-Parsons coefficient 

(VDP,prd) of 0.82, which is greater than the observed values for actual fields.  
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(a) 

 

(b) 

Figure 3-18: Total monthly production distribution (a) Andrews Wolfcamp, 

VDP,prd=0.60~[1650-650]/1650  (b) Bullseye, VDP,prd=([41000-

20000]/41000=) 0.50 .  
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(c) 

 

(d) 

Figure 3-18: Continued, total monthly production distribution   (c) Sacroc, VDP,prd= 

([28000-11000]/28000=) 0.56 (d) monthly production distribution for Andrews 

Wolfcamp in one month, VDP,prd=([2500-900]/2500=) 0.58.  
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Figure 3-19(b) presents a moderate areal heterogeneity (VDP,areal=0.60). The 

distribution of production rate is discontinuous; 25% of the wells fall in the low 

production range (2 out of 8), 62.5% in the intermediate range (2 out of 8), and 12.5% in 

the high rate (1 out of 8). The production rate has a moderate range, i.e. 100-3000 bopd 

with a Dykstra-Parsons coefficient (VDP,prd) of 0.7. The discontinuity of distribution is 

eliminated and the Dykstra-Parsons coefficient decreases when the reservoir model is 

expanded from small-scale (8 producers) to field-scale (200 producers or more) and 

natural variations in the injection rates and production rates, such as well shut-ins are 

included.  

Figure 3-19(c) presents an extremely low areal heterogeneity (VDP,areal=0). The 

distribution of production rate is continuous and has a small range of 700-2000 bopd with 

a Dykstra-Parsons coefficient (VDP,prd) of 0.18, which is far smaller than the observed 

values for the fields. Low Dykstra-Parsons coefficient and relatively moderate variation 

in production rates imply that for this homogeneously layered reservoir a normal 

distribution may better describe the production data. 

The case with moderate areal heterogeneity may represent an actual field case if 

the model is upscaled to field-scale (from 14 wells to and order of 400 wells), and 

flowrate variations are introduced. These variations are mainly because of the frequent 

well shut-ins in actual cases. Through the rest of this study, we use the results of the 

moderate areal heterogeneity for Carbonate in all calculations. 
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(a) 

 

(b) 

 

(c) 

Figure 3-19: Total monthly production distribution for Carbonate (a) high areal 

heterogeneity, VDP,prd=0.82 (b) moderate areal heterogeneity VDP,prd=0.7, and 

(c) low areal heterogeneity VDP,prd=0.18. 
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Chapter 4. Economic Model of CO2 EOR-Storage 

 

 

In this chapter, we develop an integrated asset model (IAM) for CO2 EOR-storage 

and predict the project costs and profitability under different design configurations. We 

review the latest cost models for technical and economic assessment of CO2 capture from 

several anthropogenic CO2 sources, such as gas sweetening plant, pulverized coal (PC) 

plant and integrated gasification combined cycle (IGCC) power plant. In addition, we 

develop a cost model to investigate the operational and economic aspects of coupled 

EOR-storage. We upscale the proposed cost model from a cost-pattern to field-scale. 

Using the most recent available cost data, we quantify the proposed IAM and calculate 

the cost of coupled EOR-storage for Sandstone and Carbonate, described in Chapter 3. 

The proposed IAM is used in Chapters 5 and 6 to find the optimum CO2 EOR-storage 

design under different assumptions and market and/or uncertainty conditions.  

4.1 CONSIDERATIONS IN ECONOMIC ASPECTS OF COUPLED EOR-STORAGE 

The economic feasibility of coupled EOR-storage projects is subject to several 

considerations, which are reviewed in the following. 

4.1.1 Finances 

CO2 EOR projects are capital-intensive even without a CO2 storage element. The 

minimum capital investment requirement to justify feasibility of a CO2 EOR at 2012 oil 
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price (80 to $100/stb) and facility costs is about $100MM (see Section 4.3 for the 

details). Capital investment does not include the cost of CO2 purchase, transport and any 

well drilling/completion, or any potential costs of back-up storage capacity, and 

regulatory and/or legal costs of monitoring, liability insurance, and pore-space 

ownership.   

CO2 purchase cost is usually paid up-front, while the peak oil production 

(response to CO2 injection) for a successful EOR often has a 2-year delay. The typical 

break-even time for a successful CO2 EOR process is between 5-7 years; delays due to 

facilities setup, finalizing CO2 contracts and acquiring numerous permits deteriorate the 

project economics.  

CO2 EOR is capital-intensive and therefore the competition with other oil plays is 

intense.  The economic fate of a CO2 EOR project is dependent on the future oil price 

(typically 4 to 5 years after the beginning of CO2 injection), which implies a significant 

degree of uncertainty. Therefore, the discount rate of CO2 EOR projects is typically high 

(around 10%). The investment is exposed to more risk compared to the secondary 

recovery process because CO2 compression, monitoring, injection and separation is more 

expensive.   
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Table 4-1: Example - main cash flow elements of CO2 EOR. 

Cashflow element Present value ($MM) 

for 5 MMstb oil 

Present value ($MM) 

for 2.5 MMstb oil 

Gross income 307 153 

Tax and royalties -71 -36 

Operating cost -31 -16 

Capital investment -140 -80 

CO2 purchase cost -37 -18 

Net income 28 3 

 

4.1.2 Project Scale 

The economic success of a technically-feasible CO2-EOR project depends on the 

CO2 cost and availability as well as the scale of project; we present a simple example. 

Preliminary studies of a CO2-EOR project shows that the CO2-recoverable oil in the first 

10 years is 5 MMstb, with an average of 0.5 MMstb/yr. The average oil price over the 

next 10 years will be $100/stb. The expected gross income is $500MM, equivalent to 

$307MM at a 10% discount rate. Capital investment is $140MM. About 23% of the gross 

income goes to the federal tax and royalties, and 10% goes the operating costs. CO2 

purchase cost is $2/Mscf, and the net CO2 utilization is 6 Mscf/stb. With these 

assumptions, and not including the infill drilling costs, well completions and 

maintenance, labor, and the cost of acquiring the asset, the project NPV is $28MM, 

indicating a fairly small profit margin. If there is not enough CO2 to achieve the peak oil 

response on time, or the development of new patterns is delayed, the economics 

significantly deteriorates. 

A similar calculation for a smaller field with half CO2 recoverable oil, i.e. 250 

MMstb, yields a net income of $3MM, which is not economical with the considerations 

of infill drilling, well completion, and acquisition costs. Therefore, the project scale 
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should be sufficiently large to justify the economics. Table 4-1 summarizes the results of 

the project scale example. 

4.1.3 CO2 Source 

CO2 price depends on the CO2 source; natural CO2 is generally less expensive 

than anthropogenic CO2, a rule of thumb to estimate the natural CO2 cost is 2% of the oil 

price. Anthropogenic CO2 may be captured from different industrial resources such as 

refineries, gas sweetening plants, pulverized coal (PC) plants, and integrated combined-

cycle (IGCC) power plants. The cost of CO2 capture from these sources on a large-scale 

depends on the CO2 source and capture technology.  

The PC and IGCC plants have recently received especial attention because coal 

has a considerable contribution to the US power generation (about 50%) and the 

increasing environmental concerns about CO2 pollution. The CO2 concentration in flue 

gas of coal-fired power plants is fairly high, ranges between 12-15%, which is almost 3 

times greater than natural gas power plants. Significant efforts are recently made to 

implement the CO2 capture technology in the IGCC and PC plants. Economic feasibility, 

limited and unclear regulations and insufficient incentives are the main challenges for the 

commercial implementation of CO2 capture technologies (IPCC, 2005; Thompson et al., 

2010; Black et al., 2011). Further discussion on this subject is beyond the scope of this 

study. 

4.1.4 CO2 Transport and Injection 

CO2 compression and transport is an important cost element, because CO2 

requires especial treatments. CO2 should be clean (at least 96% pure, little N2, CH4, H2S 

and no O2), continuous (no interruptions due to plant shut-downs) and available in 

sufficient volumes (at least 200 Mtonne/yr). CO2 density is almost three times more than 
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methane, and the required energy to compress CO2 is twice as much as methane. If CO2 

should be transported to higher elevations, compression costs significantly increase 

because more compression stations should be installed. CO2 pipeline and compression is 

none-standard, and special operating procedures are often required to ensure the safety of 

CO2 pipelines. Therefore, the costs of CO2 compression and transport are considerably 

more than natural gas. A long distance between the CO2 source and the oilfield sink often 

renders a technically-successful EOR project economically-infeasible. 

Pumps, compressors and CO2 plant at the oilfield require significant power (order 

of several megawatts). The produced water is often more than the water injection 

requirement, and special treatments are required to either dispose or purify water for 

other purposes.  

4.1.5 Legislations, Regulations and Public Relations  

The rights of asset land ownership often increase the negotiation times, and 

impose significant investments and financial responsibilities. Multiple owners for an 

asset introduce issues of CO2 plume migration, especially when a permanent storage 

objective is considered. The acts of Bureau of Land Management (BLM), National 

Environmental Policy, Energy Policy Act (EPA) should be followed and (many) permits 

should be acquired before the project can be started; these permits are often time-

consuming, and any problems may delay the EOR project for a long time or even 

permanently stop the project. Public relations also impose rules on public safety, noise, 

odors and public views. CO2 facilities may not be constructed near houses, habitats and 

wetlands.  
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Investigation of the abovementioned issues is beyond the scope of this research. 

We assume that all legal, regulatory and public issues are resolved, and there are no 

barriers against the implementation of the CO2 EOR-storage project. 

4.2 DESIGN BASIS OF CO2 CAPTURE SOURCE: CO2 SUPPLIER 

Black et al. (2011) present a detailed analysis on the current state of technology 

for pulverized coal (PC) plant and integrated gasification combined cycle (IGCC) plant 

with CO2 capture. The report reflects the considerable engineering work required for the 

techno-economic analysis of these projects. In our study, we use the final results of the 

Black et al. (2011) report on the ranges of CO2 capture volumes and costs and the major 

economic assumptions used to derive the numbers. We also present a brief economic 

analysis for CO2 capture from a gas sweetening plant which is used to estimate the costs 

of CO2 separation from the produced oil and gas in the EOR-storage process. The CO2 

capture costs and volumes from PC plants serve as a reference for anthropogenic CO2 

cost and other estimations in this study,  

4.2.1 Financial Structure and Discounted Cash Flow  

The economic assumptions for cashflow calculations of PC plant and IGCC plant 

are adapted from Black et al. (2011) and are listed in Table 4-2. The assumptions are 

based on an investor-owned utility (IOU). The presented financial structure in Black et 

al. (2011) reflects the project developers/owners, financial organizations and law firms 

viewpoints about the associated risks of PC and IGCC plants with CO2 capture.  
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 Table 4-2: Economic assumptions for PC plant and IGCC plant calculations, adapted 

from Black et al. (2011). 

Parameter   Value 

Taxes  
 

Income Tax Rate   38% (Effective 34% Federal, 6% State)  

Capital Depreciation   20 years, 150% declining balance  

Investment Tax Credit 0% 

Tax Holiday 0 years  

Contracting and financing terms 
 

Contracting strategy  

Engineering Procurement Construction 

Management (owner assumes project risks for 

performance, schedule and cost)  

Type of debt financing  
Non-Recourse (collateral that secures debt is 

limited to the real assets of the project) 

Repayment term of debt   15 years  

Grace period on debt repayment   0 years  

Debt reserve fund   None  

Analysis time periods  
 

Capital expenditure period   5 Years  

Operational period   30 years  

Economic analysis period  
35 Years (capital expenditure period plus 

operational period)  

Treatment of capital costs  
 

Capital cost escalation during capital 

expenditure period (nominal annual rate)  
3.6% 

Distribution of total overnight capital over 

the capital expenditure period (before 

escalation) 

5-Year Period: 10%, 30%, 25%, 20%, 15%  

Working capital   zero for all parameters  

% of total overnight capital that is 

depreciated  

100% (this assumption introduces a very small 

error even if a substantial amount of TOC is 

actually non-depreciable)  

Escalation of operating costs and revenues 
 

Escalation of COE (revenue), O&M costs,  

and fuel costs (nominal annual rate)  
3% 

 

  



 120 

The presented financial structure generally assumes a minimal direct government 

support and/or interference, long-term, low-interest loan guarantee, on-time development 

schedule (5 years), relatively mature state of development for capture technology, and no 

unpredicted delays due to unexpected technical, regulatory and financial issues. 

Therefore, that the results of Black et al. (2011) analysis provide an optimistic prediction 

for the costs of PC or IGCC plants with CO2 capture. 

4.2.2 Pulverized Coal Plants  

Black et al. (2011) provides a detailed analysis on the current state technology for 

a PC plant with CO2 capture and economic performance of post-combustion CO2 capture 

in the range of 30 to 99% CO2 capture.  The report performs a detailed literature survey 

and analysis to verify that less than 90% CO2 capture is most economical rate with the 

available capture technology, which is called as “slip-stream” or “bypass” approach. The 

details of this analysis are beyond the scope of this study. One important consideration is 

the volume of captured CO2 and the cost of capture, which varies between 2.2 to 4.9 

MMtonne/yr CO2 and 66 to $79/tonne CO2 avoided, depending on the CO2 capture rate. 

Also, the project as-spent capital cost varies between 1.2 to $2.2B, which is an indicator 

of a capital intensive project with significant investment risk for being “first of the kind”. 

Table 4-3 summarizes the final results from Black et al. (2011). 
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4.2.3 IGCC Plants  

Black et al. (2011) provides a detailed analysis for an IGCC power plant, coupled 

with different process configurations (i.e. water-gas shift (WGS) bypass ratio and 

Selexol
TM

 CO2 removal efficiency) to evaluate the technical and economic performance 

of pre-combustion CO2 capture for the following four designs.  

1. Design-1 (D1) has no water-gas shift (WGS) reactor with minimum and 

maximum capture levels of 0 to 25%.   

2. Design-2 (D2) has a single-stage WGS, with CO2 capture levels of 25 to 75% 

which is the maximum achievable level for this design. Two design parameters 

may be varied to achieve the desired capture level for this design: WAG bypass 

ratio and the CO2 removal efficiency. The separation efficiency of a physical 

solvent-based system such as the Selexol
TM

 process is directly proportional to the 

concentration of CO2 in the syngas.  Therefore, the level of CO2 capture can be 

manipulated by varying the extent of the water gas shift reaction.  In Design-2, the 

amount of CO being converted to CO2 is varied by only shifting a portion of the 

syngas stream.  The Selexol
TM

 removal efficiency is changed by varying the 

solvent circulation rate, which changes the size and cost of the Selexol
TM

 system.  

3. Design-3 (D3) has two-stages of WGS with CO2 capture ranging from 25 percent 

(upper limit from D1) to the maximum achievable limit for this particular 

configuration (85 percent) by varying the WGS bypass ratio and the two-stage 

Selexol
TM

 CO2 removal efficiency.  The Selexol
TM

 removal efficiency is changed 

by varying the solvent circulation rate, which changes the size and cost of the 

Selexol
TM

 system.    

4. Design-4 (D4) has two-stages of WGS with no bypass (therefore the entire syngas 

stream is shifted) with CO2 capture ranging from 90 to 97%.  To achieve greater 
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than 90% CO2 removal, the two-stage Selexol
TM

 CO2 removal efficiency is 

increased by raising the solvent circulation rate, which increases the size and cost 

of the Selexol
TM

 system.   

Table 4-4 and 4-5 summarize the final results of Black et al. (2011) for the IGCC 

plant with CO2 capture. 

4.2.4 CO2 capture from Gas Sweetening Plant  

This case is based on a generic study for CO2 capture from a gas sweetening plant 

located in the US (Assessment of the Cost of CO2 Capture from Process & Power Plants, 

2008) performed by BP alternative energy group. The report performs a high-level 

economic assessment on the capture, compression, transport and storage of 2 

MMtonne/yr CO2 from an existing natural gas sweetening. Table 4-6 summarizes the 

results; this assessment shows that the overall cost of CO2 capture from gas sweetening 

plant is lower than the PC and IGCC plants. In the current study, we assume that the CO2 

supplier is either a PC or IGCC plant; therefore, the results of this work provide a lower 

bound (pessimistic estimate) for CO2 capture and storage from gas sweetening plants. 

The cost estimations for CO2 capture from the presented gas sweetening plant are used to 

estimate the costs of CO2 separation from the produced oil and gas in the oilfield. 
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 Table 4-3: Summary of techno-economic analysis of PC plant; adapted from Black et al. 

(2011). 

 
Unit PC0 PC50 PC70 PC85 PC90 PC95 PC99 

CO2 capture % 0 50 70 85 90 95 99 

Gross power 

output 
MWe 580.4 618.2 637.8 654.8 661.3 667.9 679.6 

Net power 

output 
MWe 550 550 550 550.1 550 550 550 

Capacity factor % 85 85 85 85 85 85 85 

Net plant 

efficiency 
%(HHV1) 39.3 32.9 30.6 28.9 28.2 27.5 25.7 

Net plant heat 

rate 

Btu2/kWh 

(HHV) 
8,687 10,379 11,151 11,819 12,083 12,400 13,269 

Coal flowrate (Mlb/hr) 410 489 526 557 570 585 626 

Total CO2 

captured 
lb/MWhnet 0 1,057 1,582 2,037 2,213 2,398 2,674 

Average daily 

CO2 capture 
Mtonne/day 0 6.0 9.3 12.3 13.5 14.7 16.7 

Annual CO2 

capture 
MMtonne/yr 0 2.19 3.39 4.48 4.91 5.38 6.10 

Capture & 

compression  
$MM  NA  

                     

267  

                     

337  

                     

442  

                     

463  

                     

485  

                     

517  

Total plant cost $MM 
               

906  

                 

1,259  

                 

1,379  

                 

1,525  

                 

1,563  

                 

1,602  

                 

1,679  

Owner’s costs $MM 
               

208  

                     

285  

                     

312  

                     

345  

                     

353  

                     

362  

                     

380  

Total overnight 

cost 
$MM 

            

1,114  

                 

1,544  

                 

1,691  

                 

1,870  

                 

1,916  

                 

1,965  

                 

2,059  

Total overnight 

cost 
$/kW 

            

2,025  

                 

2,808  

                 

3,075  

                 

3,400  

                 

3,484  

                 

3,572  

                 

3,744  

Total as-spent 

capital 
$MM 

            

1,263  

                 

1,761  

                 

1,928  

                 

2,132  

                 

2,184  

                 

2,240  

                 

2,347  
Total as-spent 

capital 
$/kW 2,296 3,201 3,505 3,876 3,972 4,072 4,268 

CO2 capital cost 

penalty 
$/kW NA 783 1,050 1,375 1,459 1,548 1,719 

Percent increase 

in COE 
% NA 43.3 57.5 72.3 77.1 81.7 91.3 

Cost of CO2 

avoided 
$/tonne NA 79.1 69.2 67.2 65.9 64.7 68.2 

CO2 emissions lb/MWh 1,765 1,055 687 369 246 126 27 

SO2 emissions lb/MWh 0.75 0.46 0.34 0.17 0.17 0.17 0.17 

NOx emissions lb/MWh 0.608 0.646 0.673 0.695 0.703 0.715 0.752 

PM emissions lb/MWh 0.113 0.12 0.125 0.129 0.131 0.133 0.14 

Hg emissions lb/TWh 9.93 10.6 11 11.3 11.5 11.7 12.3 

Raw water 

withdrawal 
gpm 5,394 6,987 8,386 9,615 10,095 10,512 11,664 

Raw water 

consumption 
gpm 4,301 5,433 6,474 7,392 7,753 8,074 8,961 

1
 High heating value, 

2
 1Btu = 1.055kJ 
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 Table 4-4: Summary of techno-economic analysis of IGCC power plant (1/2); adapted 

from Black et al. (2011). 

 
Unit D1A D1B D2A D2B D2C D2D 

CO2 capture % 0 25 25 45 60 75 

Gross power output MWe 747.8 750.4 750.4 746.9 745.2 742 

Net power output MWe 622 607.2 607 590.8 578.4 563.9 

Capacity factor % 80 80 80 80 80 80 

Net plant efficiency %(HHV) 39 38.4 38.4 36.8 35.5 34.3 

Net plant heat rate Btu/kWh(HHV) 8,756 8,891 8,895 9,283 9,604 9,958 

Coal flowrate (Mlb/hr) 467 463 463 470 476 481 

Total CO2 captured lb/MWhnet 0 425 430 809 1,127 1,476 

Average daily CO2 capture Mtonne/day 0.0 2.8 2.8 5.2 7.3 9.5 

Annual CO2 capture MMtonne/yr 0.00 1.01 1.02 1.91 2.65 3.46 

Capture & compression $MM 0 166 167 193 212 232 

Total plant cost $MM 1,236 1,345 1,346 1,389 1,420 1,449 

Owner’s costs $MM 286 309 309 319 327 334 

Total overnight cost $MM 1,522 1,654 1,655 1,708 1,746 1,783 

Total overnight cost $/kW 2,447 2,724 2,726 2,891 3,019 3,161 

Total as-spent capital $MM 1,735 1,886 1,887 1,947 1,991 2,032 

Total as-spent capital $/kW 2,790 3,105 3,108 3,296 3,442 3,604 

CO2 capital cost penalty $/kW 0 277 279 444 572 715 

Percent increase in COE % NA 11.8 11.9 19.0 24.7 31.0 

Cost of CO2 avoided $/tonne NA 48.7 48.6 44.9 43.1 42.5 

CO2 emissions lb/MWh 1,723 1,314 1,310 1,010 758 495 

SO2 emissions lb/MWh 0.04 0.02 0.02 0.02 0.02 0.02 

NOx emissions lb/MWh 0.43 0.397 0.397 0.39 0.384 0.379 

PM emissions lb/MWh 0.052 0.051 0.051 0.052 0.053 0.054 

Hg emissions lb/TWh 4.16 4.11 4.11 4.2 4.26 4.32 

Raw water withdrawal gpm 4,734 4,697 4,700 5,039 5,301 5,531 

Raw water consumption gpm 3,755 3,726 3,729 4,034 4,271 4,482 
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 Table 4-5: Summary of techno-economic analysis of IGCC power plant (2/2); adapted 

from Black et al. (2011). 

Case Unit D3B D3C D3D D3E D4A D4B D4C 

CO2 capture % 45 60 75 85 90 95 97 

Gross power output MWe 746.2 744.2 741.6 739.8 734 726.6 723.6 

Net power output MWe 590 577.4 563.8 554.5 543.2 528.5 522.9 

Capacity factor % 80 80 80 80 80 80 80 

Net plant efficiency %(HHV) 36.7 35.5 34.2 33.4 32.6 31.8 31.5 

Net plant heat rate Btu/kWh(HHV) 9,289 9,614 9,969 10,222 10,459 10,731 10,840 

Coal flowrate (Mlb/hr) 470 476 482 486 487 486 486 

Total CO2 captured lb/MWhnet 810 1,125 1,467 1,710 1,899 2,159 2,269 

Average daily CO2 capture Mtonne/day 5.2 7.2 9.4 11.0 12.1 13.6 14.2 

Annual CO2 capture MMtonne/yr 1.91 2.65 3.44 4.00 4.41 4.96 5.19 

CO2 capture & compression cost $MM 194 212 231 243 252 265 228 

Total plant cost $MM 1,390 1,420 1,448 1,466 1,473 1,484 1,488 

Owner’s costs $MM 319 327 334 338 339 341 342 

Total overnight cost $MM 1,710 1,746 1,781 1,804 1,812 1,825 1,830 

Total overnight cost $/kW 2,897 3,024 3,160 3,253 3,335 3,453 3,501 

Total as-spent capital $MM 1,949 1,991 2,031 2,056 2,065 2,081 2,087 

Total as-spent capital $/kW 3,303 3,447 3,602 3,709 3,802 3,937 3,991 

CO2 capital cost penalty $/kW 450 577 713 806 888 1,007 1,054 

Percent increase in COE % 19.20 24.90 31.00 35.10 38.50 43.30 45.10 

Cost of CO2 avoided $/tonne 45.4 43.6 42.5 41.7 42.7 45.2 46 

CO2 emissions lb/MWh 1,011 762 496 308 206 112 71 

SO2 emissions lb/MWh 0.02 0.02 0.02 0.02 0.02 0.02 0.02 

NOx emissions lb/MWh 0.391 0.385 0.379 0.375 0.376 0.38 0.382 

PM emissions lb/MWh 0.052 0.053 0.054 0.054 0.055 0.055 0.056 

Hg emissions lb/TWh 4.2 4.26 4.33 4.38 4.42 4.46 4.48 

Raw water withdrawal gpm 5,048 5,308 5,571 5,749 5,818 5,740 5,708 

Raw water consumption gpm 4,040 4,277 4,515 4,678 4,742 4,680 4,655 
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 Table 4-6: CO2 capture cost estimate from a natural gas sweetening. CO2 is 99% pure and 

CO2 capture capacity is 2 MMtonne/yr.  

 Cost element  Units  Value  Comments 

CO2 captured MMtonne/yr 
 

2   

  tonne/day 6000 annual operation ratio= 333d/365d 

CO2 avoided tonne/day 5370 
0.105 tonne emitted/ tonne 

captured 

Capture costs 

Compression and drying $MM 68.6   

Utilities & off-sites $MM 10.3 0.15×compression 

Capital cost base (CCB) $MM 78.8   

Owners cost $MM 7.9 0.10×CCB 

Contractors fees $MM 11.8 0.15×CCB 

Duty, insurance, license fees $MM 2.4 0.03×CCB 

Contingency / UAP $MM 15.8 0.2×CCB 

Total capital $MM 116.7   

Total capital  

(location & inflation adjusted) 
$MM 175.0 

total capital × location 

factor(=1.5)×inflation (=1.0) 

Specific capex $M/tonne/h 700   

Capital (upper) $MM 245 1.4×total cap 

Capital (lower) $MM 105 0.6×total cap 

Installation factor   1.70   

Utility requirements 

Steam tonne/h 200 low pressure steam ~ 4barg  

Total power consumption MW 119.4   

Effective power output MW 29.8  25% efficiency 

Cooling water tonne/h 3975   

Fixed costs 

Annual O&M costs $MM/year 3.15 4% of capital per year 

Total fixed costs $MM/year 3.15   

Fixed costs $/tonne CO2 1.58   

Variable costs    

Steam $/tonne CO2 12 steam price $12/tonne CO2 

Power $/tonne CO2 9.3 power price $75/MWh 

Chemicals $/tonne CO2 0.0 guestimate 

Cooling water $/tonne CO2 0.5 cooling price $0.03/tonne CO2 

Total variable costs of capture $/tonne CO2 21.7   

Total operating costs of capture $/tonne CO2 23.3   

Total cost of capture $/tonne CO2 33.8 
capital depreciated at 12% in 8 

years 
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4.3 PIPELINE TRANSPORT 

The capital and O&M costs for CO2 pipeline transport are estimated based on the 

following assumptions, which are adapted from Bock et al. (2003). 

1. CO2 pipeline length from the plant gate to the storage site is 62 miles (100 km). 

2. The pipeline inlet pressure is 152 bar (2200 psi). 

3. Pipeline pressure is not allowed to fall below 1500 psi. Therefore, the pipeline 

outlet pressure is assumed to be 1500 psi. The maximum allowable pressure drop 

per unit length is found as the difference between the pipeline inlet and outlet CO2 

pressures divided by the pipeline length. The pipeline diameter is then calculated 

using the equations for pressure drop and head loss due to frictional resistance in a 

pipe, assuming a turbulent flow.  

4. Pipeline construction costs are site-specific; Bock et al. (2003) used the land 

construction data for natural gas pipelines to estimate the costs of CO2 pipelines. 

These data are filed by the US Federal Energy Regulatory Commission, FERC 

(2002). Bock et al. (2003) report $20,989/in/km ($33,853/in/mile) for capital 

costs. We update the data for 2012, to $35,460/in/km (57,091 $/in/mile) assuming 

a 6% escalation factor. 

5. O&M cost of pipeline is assumed to be $3,100/km ($5000/mile) for 2003, which 

is updated to $5237/km ($8432/mile) for 2012. Bock et al. (2003) report that 

economies of scale are achieved above an annual flowrate of 10 MMtonne/yr, 

where the transport costs are less than $0.01/tonne/km.  

The CO2 transportation costs breaks down between the supplier, pipeline owner, 

and the customer, and, the cost shares of the stakeholders are therefore contingent upon 

their agreement. In this study, we assume that the capital costs of CO2 compression 

facility, and operational and maintenance costs of compressors, from the capture plant to 
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the storage site is the responsibility of the oilfield operator, the pipeline capital 

investment and maintenance is the responsibility of the pipeline owner, and the pipeline 

lease cost is the responsibility of the supplier. 

4.4 DESIGN BASIS OF CO2 EOR-STORAGE SITE: CO2 CUSTOMER  

CO2 may be stored in geological structures that meet the two criteria of sufficient 

long-term containment and storage capacity. Depleted oil and/or gas fields, reservoir 

candidates for CO2 EOR, saline aquifers, salt covens, and coalbed methane are examples 

of candidates for geological storage. We select an oilfield with the potential for coupled 

EOR-storage as the design basis of CO2 storage site. 

Storage costs are strongly dependent on the type of geological structure. The 

required data for a representative oilfield in each cost category is obtained from the 

publicly available sources in the literature. Some of these sources are relatively old, 

which necessitate a cost escalation because of the inflation and the increased energy 

costs. We consistently use an annual escalation factor of 6% to update the cost data to 

2012. This escalation factor is calculated based on the general increasing trend of oil 

price from 2002 to 2012, and the average inflation rate of 3.6% on the overall cost of 

equipment (Black et al., 2011). EOR-Storage costs are generally divided into six 

categories, as follows: 

1. Site screening: The data may be obtained from Economic Evaluation of CO2 

Storage and Sink Enhancement Options (Smith et al., 2001). We do not 

investigate this cost element in this study. 

2. Capital costs for surface facilities, well completions, and CO2 plant: the costs of 

injection and production wells, injection equipment and O&M costs are obtained 

from the EIA annual report on secondary recovery costs in different US regions, 
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including the West Texas fields (EIA report, 2009). The latest available version of 

this report, which is used in this study, is “the Oil and Gas Lease Equipment and 

Operating Costs” for 2009. We assume an average cost escalation of 6% from 

2009 to 2012 due to the significant increase in energy costs from 2009 to 2012. 

3. Injection equipment and compression power: the pump and compression costs are 

calculated based on a technical report, Techno-Economic Models for Carbon 

Dioxide Compression, Transport, and Storage (McCollum and Ogden, 2006).  

4. Operational and maintenance (O&M) costs: operation and maintenance cost of 

producers, injectors and CO2 plant are taken from EIA (2009); O&M costs of 

compression and pumps are taken from McCollum and Ogden (2006) and 

escalated with an average annual rate of 6%.  

5. Acquisition costs and long-term pore space ownership: asset acquisition refers to 

the right of CO2 EOR and/or storage operation on a specific field over a long-term 

period. The owner of an asset may be the government, or an oil company which 

might be currently performing secondary recovery operation. By default, we 

assume that the company that is planning to perform the coupled EOR-storage 

operation already owns the asset and the land is owned by the government 

(federal lands); therefore, a loyalty cost is associated with the oil production.  

The acquisition price is site-specific and involves complicated processes of 

accounting and negotiation, and is beyond the scope of this study. Black et al. 

(2011) used the data from Economic Evaluation of CO2 Storage and Sink 

Enhancement Options (Smith et al., 2001), which are based on the similarity 

between the existing subsurface rights acquisition for natural gas storage and 

potential acquisition rights for CO2 storage. Black et al. (2011) suggest that long-

term lease rights are acquired from the property owners in the projected CO2 
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plume growth region for a nominal fee, and is paid when the plume reached each 

individual acre of their property for a period of up to 100 years from the injection 

start date.  The present value of the life cycle pore volume costs are assessed at a 

10 percent discount rate and a capital fund is set up to pay for these costs over the 

100 year rent scenario.  

6. Liability and monitoring costs: liability protection addresses the fact that if 

damages are caused by injection and long-term storage of CO2, the injecting party 

may bear financial liability.  Several types of liability protection schemes have 

been suggested for CO2 storage, including bonding, insurance, and federal 

compensation systems combined with either tort law, or with damage caps and 

preemption, as is used for nuclear energy under the Price Anderson Act (Klass 

and Wilson, 2008).  However, at present, a specific liability regime has yet to be 

dictated either at a Federal or a State level. 

Monitoring costs may be evaluated with the methodology proposed by the 

International Energy Agency Greenhouse Gas R&D Programme (Benson et al. 

2004). This methodology assumes that the CO2 plume behavior is monitored over 

80 years, including 30 years of injection and 50 years of post-injection. Several 

state-of-the-art technologies are recommended for the monitoring, including the 

electromagnetic survey, gravity survey, and periodic seismic survey.  

Electromagnetic and gravity surveys are performed continuously while the 

seismic survey is intermittently performed during the injection period in 1- to 5-

year intervals, and once every 10 years thereafter. 
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Table 4-7: Global economic parameters for the CO2 storage site. 

Parameter  Description/Value 

Taxes   
Gross revenue tax rate  28% (effective 23% federal, 5% state) 

Capital depreciation  25 years, $0 salvage value for wells/facilities, project 

may operate longer 

Investment tax credit 0% 

Tax holiday 0 year 

Financials  
Contracting strategy Engineering procurement construction management 

(owner assumes project risks for performance, schedule 

and cost) 

Type of financing 100% financed from operator resources 

Time periods  
Capital expenditure period 1 year for the initial facility installation, and contingent 

upon the project expansion thereafter 

Operational period  25 years 

Economic analysis period 25 years  

Capital costs   
Capital cost escalation in the project 

expansion periods 

0% 

Distribution of total overnight capital over the 

capital expenditure period (before escalation) 

1-Year Period: distribution 100% 

Asset lease cost Operator owns the asset. The federal government owns 

the land, and the loyalty is 12% of the gross revenue 

(included in the gross revenue tax rate). If acquisition 

cost required, may be estimated as the gross production 

income projected over 7 years of waterflood 

Pore-space ownership 5% of total EOR-storage operational cost at the end of 

CO2 injection 

% of total overnight capital that is depreciated 100% 

Escalation of operating costs and revenues  
Cashflow discount rate 10% 

Escalation of production revenue, expansion 

costs, O&M costs,  and tax credit 

0% 

 

  



 132 

4.5 COST ESTIMATES OF CO2 EOR – STORAGE  

We estimate the costs of a coupled EOR-storage project with 3 MMtonne/yr CO2 

storage capacity based on the global economic assumptions presented in Table 4-7 and 

the information from the presented sources in Section 4.4.  

3.4.1 Capital and O&M Costs of Facility 

Implementation of CO2 EOR requires new surface facilities, well completions, 

and infill drilling. The following assumptions are made to calculate the capital and O&M 

costs for CO2 EOR-storage operation: 

1. The oilfield has been under a waterflood operation long enough and the oil 

production rate is close to the economic limit.  

2. All costs are current to the latest available version EIA (2009); we update the data 

to 2012 with an annual escalation factor of 6%. 

3. The costs of new facilities and well completions for CO2 EOR are the same as 

secondary recovery. The cost indices are for 10-producer lease operations, we 

refer to the whole set as a “cost pattern”. Each cost pattern includes all capital and 

O&M cost of CO2 EOR for 10 producing wells, 11 injection wells, and 1 disposal 

well, and the well depth ranges from 2000 to 8000 ft. The cost elements are 

strongly dependent on the well depth. We select the cost pattern for 4000 ft wells 

in West Texas as the reference cost pattern.  

4. All costs for injection wells are adapted from the Joint Association Survey data, 

EIA (2009). No infill drilling is assumed and therefore, no additional costs for 

infill drilling are included.  

5. We do not include any cost elements for primary production period in the EOR 

cost pattern because we assume the primary production phase has already passed. 

We also assume that the existing facilities for water injection can be used for 
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water injection if a WAG scheme for EOR operation is selected; therefore no 

additional investment costs for the implementation of water injection during the 

CO2 WAG process are included. 

6. The cost of CO2 separation plant is adapted from the associated costs of a gas 

sweetening plant with 2 MMtonne/yr CO2 capture capacity (see Section 4.2.4). 

The advantage of selecting the EIA report (2009) as the reference is that the report 

is publically available and annually updated. Therefore, the results of economic analysis 

may be reproduced and/or compared in future studies. Note that, the results of this study 

or any other feasibility study may not be generalized to all locations and all reservoirs. 

For example, Table 4-8 shows the capital costs of lease and equipment for primary 

production in different US locations for 10 producing wells. The capital and O&M costs 

are strongly dependent on the location and depth of reservoir.  

Table 4-9 shows the incremental costs and composite indices for lease equipment 

and injection wells in West Texas for secondary oil recovery operations (10 producing 

wells and 11 injection wells). These numbers are used to estimate the additional costs of 

lease equipment for producers, injectors and CO2 plant for CO2 EOR operations. Table 4-

10 provides more details on the breakdown of the costs for 4000 ft wells in West Texas. 

Table 4-11 summarizes the operational costs of direct annual operating costs for 

secondary oil recovery operations in West Texas (10 producing and 11 injection wells); 

Table 4-12 provides the details of cost elements for 4000 ft wells in West Texas.  
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 Table 4-8: Capital costs of lease and equipment for primary production in different US 

locations (10 producing wells). For 2012 calculations, an annual escalation 

factor of 6% is applied to the 2009 data, units in US$. 

Area 2009 2012 

2,000ft wells 

California 2,034,500 2,423,122 

Oklahoma 1,123,700 1,338,345 

South Louisiana 1,276,800 1,520,689 

South Texas 1,166,700 1,389,558 

West Texas 1,114,800 1,327,745 

Rocky Mountains 1,178,400 1,403,493 

Average 1,315,800 1,567,139 

4,000ft wells 

California 2,405,000 2,864,393 

Oklahoma 1,605,900 1,912,653 

South Louisiana 1,701,200 2,026,156 

South Texas 1,601,800 1,907,769 

West Texas 1,570,000 1,869,895 

Rocky Mountains 1,633,700 1,945,763 

Average 1,752,900 2,087,732 

8,000ft wells 

California 3,237,200 3,855,557 

Oklahoma 2,519,500 3,000,765 

South Louisiana 2,165,600 2,579,264 

South Texas 2,005,000 2,387,987 

West Texas 2,612,100 3,111,053 

Rocky Mountains 2,584,400 3,078,062 

 Average 2,520,600 3,002,075 

12,000ft wells 

California 3,923,000 4,672,356 

Oklahoma 2,972,700 3,540,533 

South Louisiana 3,376,700 4,021,704 

South Texas 3,300,900 3,931,425 

West Texas 2,978,600 3,547,560 

Rocky Mountains 3,033,100 3,612,471 

Average 3,264,200 3,887,714 

Aggregate Average 2,213,400 2,636,195 
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 Table 4-9: Summary of additional costs and composite indices for lease equipment and 

injection wells in West Texas for secondary oil recovery operations (10 

producing wells and 11 injection wells), units in US$. 

Component 2009 2012 

2,000ft wells 
  

Injection equipment 1,051,900 1,252,800 

Producing equipment 223,600 266,300 

Injection wells 3,911,900 4,659,100 

Total 5,187,400 6,178,300 

4,000ft wells 
  

Injection equipment 1,053,700 1,255,000 

Producing equipment 878,100 1,045,900 

Injection wells 8,267,000 9,846,100 

Total 10,198,800 12,147,000 

8,000ft wells 
  

Injection equipment 1,843,100 2,195,200 

Producing equipment 1,619,000 1,928,300 

Injection wells 20,235,000 24,100,200 

Total 23,697,100 28,223,600 

Aggregate average 13,027,800 15,516,300 

 

Table 4-10: Additional lease equipment costs and indices for secondary oil production in 

West Texas; 10 wells producing from 4000 ft by rod lift and 11 water 

injection wells, units in US$. 

Component 2009 2012 

Injection equipment 
  

Supply wells 465,400 554,300 

Plant 165,300 196,900 

Distribution lines 146,600 174,600 

Header 86,100 102,500 

Electrical service 190,300 226,700 

Subtotal or index 1,053,700 1,255,000 

Producing equipment 
  

Tubing replacement 159,000 189,400 

Rods & pumps 143,000 170,300 

Pumping equipment 576,100 686,100 

Subtotal or index 878,100 1,045,800 

Injection wells 
  

Subtotal or index 8,267,000 9,846,100 

Total or index 10,198,800 12,146,900 
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Table 4-11: Summary of direct annual operating costs for secondary oil recovery 

operations in West Texas (10 producing and 11 injection wells), units in 

US$/year. 

Component 2009 2012 

2000ft wells  
 

Normal daily costs 295,100 351,500 

Surface repair 77,000 91,700 

Subsurface repair 138,000 164,400 

Total or index 510,100 607,500 

4000ft wells  
 

Normal daily 376,800 448,800 

Surface repair 130,700 155,700 

Subsurface repair 199,400 237,500 

Total or index 706,900 841,900 

8000ft wells  
 

Normal daily 530,200 631,500 

Surface repair 143,300 170,700 

Subsurface repair 339,400 404,200 

Total or index 1,012,900 1,206,400 

 

Table 4-12: Direct annual operating costs for secondary oil production in West Texas; 10 

Wells producing from 4000 ft by rod lift and 11 water injection wells, units 

in US$/year. 

Component 2009 2012 

Normal daily expense 
  

Supervision and overhead 94,100 112,100 

Labor  76,200 90,800 

Chemicals 16,900 20,100 

 Fuel, power & water 178,800 213,000 

Operative supplies 10,800 12,900 

Surface maintenance 
  

Labor  35,400 42,200 

Supplies & services 72,400 86,200 

Equipment usage 16,900 20,100 

Other 6,000 7,100 

Subsurface maintenance 
  

Work over rig services 118,700 141,400 

Remedial services 38,800 46,200 

Equipment repair 29,400 35,000 

Other 12,500 14,900 

Total or index 706,900 842,000 
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4.5.2 Pump and Compression Costs 

Compression is a significant cost element in CO2 transport and EOR-storage 

operations. Compressors are used for pipeline transport of CO2 from the capture plant to 

the oilfield and require a considerable capital investment. They are also used to recycle 

the produced CO2 back to the injection wells after separation from the produced fluids. 

Compression is initially used for CO2 transport in the beginning of EOR operations 

because the supercritical dense CO2 is delivered through the pipeline and pumps may be 

used to further boost the CO2 pressure to the desired injection pressure. However, after 

the CO2 breakthrough, CO2 production rate rapidly increases and the produced CO2 

should be separated and compressed for reinjection. CO2 recycle ratio is defined as the 

ratio of CO2 production rate to the injection rate of fresh CO2.  Recycle ratio is time-

dependent. If the field injection rate of fresh CO2 is constant, the number of required 

compressors and pumps gradually increase because the recycle ratio of the field increases 

with time. Therefore, recycle ratio is a key design parameter in the estimation of 

compression costs.  

We make a set of assumptions to calculate the capital and operational costs of 

pumps and compressors. The captured CO2 is compressed from a low pressure of 0.7 

MPa (100 psi) in the capture plant to the high pressure of 10.2 MPa (1500 psi) for 

pipeline transport. The oilfield operator (CO2 customer) is responsible for this portion of 

the compression cost, which we consider as the CO2 transport cost for the oilfield 

operator. We also assume that CO2 pressure drops down from 10.2 MPa to 7.4 MPa 

(1100 psi) at the oilfield gate. At this stage, CO2 is still in the supercritical dense phase 

and we use pumps to boost the pressure to the injection pressure at bottomhole conditions 

(e.g. 22.4 MPa or 3300 psi).With a first-order approximation, we assume that a CO2 

pressure of  2000 psi at the surface pump outlet would impose a bottomhole injection 
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pressure of 3300 psi. Produced CO2 is recycled after the CO2 breakthrough. We assume 

the same initial and final pressure values for both compressors and pumps in the 

recycling process. To summarize, the compressors boost the CO2 pressure from 0.7 MPa 

to 10.2 MPa, and then pumps boost the pressure from 7.4 MPa to 22.4 MPa. The 

difference between the compressor’s discharge pressure (10.2 MPa) and the pump’s inlet 

pressure (7.4 MPa) is because of the pressure drop through pipeline transport. Table 4-13 

summarizes the assumptions for compressor and pump calculations. 

We perform the following steps to calculate the capital and operational costs of 

compression.  

1. Calculate the total compression power based on the initial and final pressures, 

initial flow rate of CO2 and the recycle ratio. 

2. Calculate the number of compressors required for a commercial compressor for 

which the design parameters are specifically defined. 

3. Specify the per-unit capital cost of compression based on the compressor capacity 

and the economies of scale, calculate the total capital. 

4. Calculate the total operational cost based on the electric power consumption. 
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 Table 4-13: Input parameters for compression power calculation. 

Parameter Unit Value 

Compressors at the capture plant   

Suction pressure psi 100 

Discharge pressure psi 1500 

CO2 Pipeline   

Inlet pressure psi 1500 

Outlet pressure psi 1200 

Pumps at the oilfield   

Inlet pressure psi 1100 

Outlet pressure psi 2000 

Compressors at the CO2 plant   

Suction pressure psi 100 

Discharge pressure psi 1500 

 

Table 4-14: Input parameters for compression power calculation. 

Parameter Unit Value Comments 

R kJ/kmol/K 8.314 Universal gas constant 

M kg/kmol 44.01 Molecular weight of CO2 

Tin K 313.15  

ηis  0.75  

Stage 1  
 

0.1-0.24 MPa; 356 K  

Zs  0.995  

Ks  1.277  

Stage 2  
 

0.24-0.56 MPa; 356 K  

Zs  0.985  

Ks  1.286  

Stage 3  
 

0.56-1.32 MPa; 356 K  

Zs  0.970  

Ks  1.309  

Stage 4  
 

1.32-3.12 MPa; 356 K  

Zs  0.935  

Ks  1.379  

Stage 5  
 

3.12-7.38 MPa; 356 K  

Zs  0.845  

Ks  1.704  
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Mohitpour et al. (2000) proposed the optimum compression ratio (CR) at each 

stage in a 5-stage compression process as 
1
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is the inlet pressure. The compression power requirement at any stage (Ws,i) is given by 
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where i denotes the stage, Ws,i (kW) is the compression power required for stage i,  m 

(tonne/day) is the CO2 mass flowrate to be transported to injection site, M (kg/kmol) is 

the molecular weight of CO2, Zs is the average compressibility for each individual stage, 

ηis is the isentropic efficiency of the compressor, R (kJ/kmol/K), is the universal gas 

constant, Tin (K) is the CO2 temperature at compressor inlet with a default value of 356 

K, ks (=Cp/Cv) is the average ratio of specific heat capacities at constant pressure and 

constant volume for CO2 at each stage, and Ws,tot (kW) is the total compression power 

requirement. The numeric coefficients are unit conversion factors, 1000 kg/tonne, 24 

hr/day, and 3600 sec/hr The parameters are either related to CO2 properties or adapted 

from the SPE Monograph (2002), and summarized in Table 4-14. 

The pumping power requirement for boosting CO2 may be calculated as (IEA, 

2002), 
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where m (tonne/day) is the CO2 mass flow rate; other parameters are, average CO2 

density as a liquid dense phase (ρ = 630 kg/m
3
), pump efficiency (ηp = 0.75), and the 

conversion factors are 1000 kg/tonne, 24 hr/day, 10 bar/MPa, 36 m
3
×bar/hr/kW. 

The capital and operational costs of compression and pumps may be calculated 

based on the maximum power input and the electricity consumption. The economies of 

scale have significant effect on the compression capital cost, and a moderate effect on the 

pump capital cost. The operational costs of both compressors and pumps are linearly 

related to the electrical power consumption. Compressors are considerably more 

expensive than pumps; therefore, for CO2 injection operations we ideally use 

compressors to pressurize CO2 up to the supercritical liquid state; however, the choice of 

final CO2 pressure is dependent on the design of commercial compressors as well. Table 

4-15 shows the characteristics of a specific compressor, Superior Model WG74, sized by 

Cooper Energy Services, presented in Bock et al. (2003). Based on the provided data, the 

number of compression stages is 2 and maximum power consumption is 330 kW, initial 

pressure is 0.7 MPa (100 psi) and final pressure is 10.2 MPa (1500 psi). McCollum and 

Ogden (2006) state that compression capital cost below a maximum capacity of 1000 kW 

falls in the range of $2500/kW to $3000/kW. We assume the minimum capital cost of 

$2500/kW based on the rule of economies of scale, because the total daily injection 

volume of CO2 is significant (initial injection rate is 2.5-3 MMtonne/yr or 7400-8200 

tonne/day, and increases with time), and many compressors are required. 

Operational costs of pumps and compressors are directly related to the electrical 

power consumption (McCollum and Ogden; 2006). The average electricity cost is 

assumed to be $0.08/kWh. Based on these data, the compressor capital cost is $1.39MM 

and annual operational cost is $388M/yr.  
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 Table 4-15: Description of compressor parameters, Superior Model WG74, sized by 

Cooper Energy Services (Bock et al., 2003), and a generic pump; costs are 

estimated based on the formulas and assumptions of McCollum and Ogden 

(2006). 

Parameter Unit Value 

Compressor   
 

Compression capacity MMscfd 3.6 

 
tonne/day 202 

Compressor type  reciprocating 

Suction pressure psia 100 

Discharge pressure psia 1500 

Compressor displacement scm/min 71 

Overall compression ratio / 33 

Number of stages / 2 

Connected horsepower hp 500 

Maximum power consumption kW 320 

Average power consumption kW 120 

Power consumption kW/MMscfd 90 

Compression capital cost $/kW 2500 

Electricity cost $/kWh 0.08 

Compressor capital cost  $MM/unit 1.39 

Compressor operational cost $M/yr 388 

Generic pump  
 

Suction pressure psia 1100 

Discharge pressure psia 3300 

Pump capital cost $/kW 1400 

Pump capital cost  $M/unit 114 

Pump operational cost $M/yr 57 

 

We perform a similar procedure to calculate the capital and operational costs of 

pumps. For a generic pump, we assume 3.6 MMscfd pump capacity, suction pressure of 

7.4 MPa (1100 psi) and discharge pressure of 22.4 MPa (3300 psi), capital cost of 

$1400/kW and average electricity cost of $0.0989/kWh. Based on these data the capital 

cost of pump is $114M/unit and the operational cost is $70M/yr.  The assumptions and 

calculation results are summarized in Table 4-15. 
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4.5.3 New Wells 

The storage type (oil field, aquifer or salt covens), formation depth and geological 

characteristics would affect the number, type and spacing of wells as well as the facilities 

cost. Drilling and injection costs both increase with depth and significantly vary 

depending on the location. Drilling cost ranges from 200 thousand dollars for onshore 

sites to $25MM for offshore horizontal wells, reflecting the impact of well type and 

required technology, location, and regulations (Kaarstad, 2002). We assume that the 

required injection wells and infill drilling have already performed during the secondary 

recovery period and no further cost of drilling is imposed for the EOR-storage operation. 

In the case that we explicitly state that infill drilling is performed, we assume a $2.2MM 

cost for new wells, which is obtained from word of experts for typical 4000 to 5000 ft 

wells in West Texas. 

4.5.4 Other Costs of CO2 EOR-Storage Operation 

There are several other cost elements that affect the overall costs of a coupled 

EOR-storage operation, such as screening, permits and contracts, pore space ownership, 

liability insurance, pipeline lease contract cost, and monitoring costs. 

1. Screening costs refer to the costs of the initial studies and perhaps pilot-scale 

implementation costs.  

2. Permit and contract costs refer to the costs of acquiring the permits for coupled 

EOR-storage (Class VI well permits), negotiations and contracts with the CO2 

supplier(s), pipeline owner(s), land owners and the current owners of the 

production facility, negotiations and contracts with the government for the tax 

credits, long-term pore-space ownership, and potential government loans and 

financial assistance.  
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3. Liability insurance is a deposit or annual premium paid to an insurance company 

or the government that protects the oilfield operator against the imposed costs of a 

potential damage because of incidents, especially a CO2 leakage. 

4. The capital and operation costs of CO2 transport is a part of the compression cost.  

5. Monitoring costs include the additional equipment for surveillance of CO2 plume 

behavior and performing periodic tests, especially the leakage test, to insure the 

safety of storage site in short-term and long-term. 

These cost elements are site-specific and each requires a study to find a 

reasonable set of assumptions and perform the cost estimations. We simply assume that 

the overall capital cost of these elements is $1MM per cost pattern and total annual 

operational costs is $0.1MM per cost pattern. In the presence of site-specific data, these 

estimates may be replaced with more accurate numbers. 
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4.6 DEVELOPMENT OF THE COUPLED EOR-STORAGE COST MODEL  

The design basis of the cost model includes 10 producers and 11 injectors. Capital 

costs include the costs of surface facilities and equipment, well completions and 

compressors, and do not include infill drilling costs; operational costs include the CO2 

pipeline transport and re-injection costs and do not include the CO2 purchase cost; site 

screening, transaction and monitoring refer to all the costs for initial studies and tests, 

acquiring the permits and finalizing all financial, regulatory, and insurance contracts.  

Table 4-16 summarizes the annual cost of each category for a 10/11 cost pattern at 

different depths, with the following assumptions.  

1. Capital and O&M costs of the facilities and pumps are adopted from Tables 4-9 

through 4-12. CO2 purchase cost is not included in the operational costs. 

2. One compressor is sufficient for the injection design through all injection cycles 

of CO2; and the capital and O&M costs of compression are taken from Table 4-

15.  

3. Capital and O&M costs of screening, transactions and contracts, insurance and 

monitoring costs are assumed to be 1 and $0.1MM/yr per cost pattern, 

respectively. 

4. No infill drilling is performed; and the cost of asset acquisition is not included. 

5. The project life is 25 years and discount rate for annualized calculations is 10 %. 
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 Table 4-16: Summary of the annualized capital cost, O&M costs, and miscellaneous costs 

of CO2 EOR-storage for one cost pattern, including 10 producers and 11 

injectors. Values are in $MM/yr per cost pattern, 25-year project life and 

10% discount rate are assumed. 

Aggregate Cost Element Value 

$MM/yr 

Contribution 

% 

Well depth = 2000 ft   
 

Annualized capital and fixed costs 0.89 44 

O&M, variable and transport costs 0.89 44 

Site screening, transactions, insurance, 

and monitoring costs 
0.24 12 

Well depth = 4000 ft   
 

Annualized capital and fixed costs 1.63 54.5 

O&M, variable and transport costs 1.12 37.5 

Site screening, transactions, insurance, 

and monitoring costs 
0.24 8 

Well depth = 8000 ft   
 

Annualized capital and fixed costs 3.62 66.8 

O&M, variable and transport costs 1.56 28.8 

Site screening, transactions, insurance, 

and monitoring costs 
0.24 4.4 

 

The presented annualized capital and O&M costs in Table 4-16 show that 

increasing the well depth significantly increases the capital costs, and moderately 

increases the O&M costs. The total annualized costs of 4000 ft wells is almost 1.5 times 

greater than the 2000 ft wells, while the corresponding cost for 8000 ft wells is 1.8 times 

greater than the 4000 ft wells. Also, an increasing trend of annualized capital cost share 

of the total annualized costs is observed. For an average well depth of 4000 ft in West 

Texas, the annualized value of capital costs and O&M costs account for 54.5% and 

37.5% of the total costs, respectively; the corresponding values for 8000 ft wells is 66.8% 

and 28.8%, respectively.  
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3.4.1 Sensitivity Analysis of the Cost Model 

A sensitivity analysis shows the effect of different field-scale operating 

parameters and economic parameters on the cost of EOR-storage. We make the following 

assumptions and calculations to analyze the cost model.  

1. Three major parameters describe the behavior of reservoir response: average oil 

production per well, CO2 utilization factor, and recycle ratio. These parameters 

are time-dependent; we assume average values over time because the cost model 

is not integrated with an actual prediction of reservoir response at this stage.  The 

base case design is based on a CO2 utilization of 6 Mscf/stb oil (0.3125 tonne/stb), 

an enhanced oil production rate of 26.4 bopd/well, and a field average recycle 

ratio of 0.5.  

2. The flow rate of fresh CO2 is 3 MMtonne/yr (8200 tonne/day, or 157 MMscfd), 

the total enhanced oil production rate is 26,240 bopd based on CO2 utilization of 6 

Mscf/stb.  

3. The average number of producers required to store 8200 tonne/day is found by 

dividing the total enhanced oil production by the enhanced oil production rate per 

well, which is equal to 1000 wells.  

4. Given a producer to injector ratio of 1: 1.1, 1100 injection wells are required. The 

average injection rate of CO2 per well is 7.45 tonne/day (142.7 Mscfd). 

5. Based on the design of the cost pattern, the initial number of cost patterns for 

coupled EOR-storage operation is 100 patterns. The initial injection rate for each 

cost pattern is 74.54 tonne/day (1427 Mscfd).  

6. Average field recycle ratio is 0.5, so the total average CO2 injection rate is 12300 

tonne/day (236 MMscfd) and the average number of cost patterns is 100 (1000 
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producers and 1100 injectors), which shows the considerable scale of the EOR 

operations required to store the captured CO2 from a power plant. 

7. Assuming an average well depth of 4000 ft, a project life of 25 years and a 

discount rate of 10%, the initial annualized capital cost of facilities is 

$108MM/yr, the initial O&M cost is $74MM/yr, and initial annualized cost of 

miscellaneous elements is $14.8MM/yr. All these costs increase with time due to 

the project expansion; assuming a representative recycle ratio of 0.5 for the cost 

calculations, the total annualized capital, O&M and miscellaneous costs is 

$237MM/yr. This calculation provides an approximate estimation of the costs. A 

time-dependent cost calculation for project expansion is presented in Section 5.2 

for the integrated asset model. 

8. Assuming an average oil price of $60/stb, CO2 cost of $60/tonne, and storage tax 

credit of $20/tonne, the annual gross income of the project is $575MM, annual 

federal tax is $132MM and annual state tax is $29MM, annual CO2 purchase cost 

is $180MM, and annual CO2 tax credit is $60MM. Considering the aggregate 

average annual cost of $237MM/yr, the net annual income of the project is 

$56MM/yr and the levelized cost of CO2 storage is $-0.28/tonne. If the tax credit 

is zero, the net annual income is $-0.86MM/yr, which can be assumed as the 

break-even point of the project with respect to the storage tax credit. Following a 

similar analysis, the break-even points for oil price and CO2 cost are $45/stb and 

$80/tonne, respectively. 

The oil price of $60/stb serves as the worst-case scenario (World Energy Outlook, 

2012), and annual storage rate of 3 MMtonne/yr is an expected CO2 capture rate from a 

PC plant at 65% capture rate (see Section 4.3). Therefore, for a coupled EOR-storage 
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project at commercial scale, an average oil production rate of 26.4 bopd/well may be 

considered as the worst-case economic limit oil production.  

The above analysis presents the base-case for sensitivity analysis. Tables 4-17 

through 4-19 present the sensitivity analysis with respect to three economic parameters, 

namely the oil price, CO2 cost, and storage tax credit. Tables 4-20 through 4-23Table 

4-23 present the sensitivity analysis with respect to four field-scale operating parameters, 

namely the reservoir depth, CO2 utilization, average oil production rate of active wells 

and average recycle ratio. One important implication of the sensitivity analysis is the 

concept of break-even values for oil price, CO2 cost, and storage tax credit at different 

operating and economic conditions. This topic is discussed in the following section. 
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 Table 4-17: Sensitivity of cost model with respect to oil price. The annual storage rate is 

3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 6 6 6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 0.3125 0.3125 0.3125 

Enhanced oil production bopd/well 26.4 26.4 26.4 26.4 26.4 26.4 

Average field recycle ratio / 0.5 0.5 0.5 0.5 0.5 0.5 

Total oil production rate Mbopd 26.24 26.24 26.24 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 12.3 12.3 12.3 12.3 12.3 

 MMscfd 236 236 236 236 236 236 

Average cost patterns  100 100 100 100 100 100 

Average active producers M 1 1 1 1 1 1 

Recycled CO2 per pattern MMscfd 3.6 3.6 3.6 3.6 3.6 3.6 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 162 162 162 162 162 

Annualized O&M cost $MM/yr 111 111 111 111 111 111 

Annualized misc. cost $MM/yr 23 23 23 23 23 23 

Total Annualized costs $MM/yr 296 296 296 296 296 296 

Oil price $/stb 60 40 80 100 120 150 

CO2 price $/tonne 60 60 60 60 60 60 

EOR-storage tax credit $/tonne  20 20 20 20 20 20 

Annual gross income $MM/yr 575 384 768 960 1152 1440 

Annual federal tax $MM/yr 132 88 177 221 265 331 

Annual state tax $MM/yr 29 19 38 48 58 72 

Annual CO2 tax credit $MM/yr 60 60 60 60 60 60 

Annual CO2 purchase cost $MM/yr 180 180 180 180 180 180 

Annual net revenue $MM/yr 1 -134 141 280 418 625 

Annual gov. tax revenue $MM/yr 101 47 155 209 262 343 

Levelized storage cost $/tonne -0.28 45 -47 -93 -139 -208 

Breakeven CO2 price $/tonne 60 40 107 150 210 240 

Breakeven tax credit $/tonne 20 65 0 0 0 0 
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 Table 4-18: Sensitivity of cost model with respect to CO2 cost. The annual storage rate is 

3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 6 6 6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 0.3125 0.3125 0.3125 

Enhanced oil production bopd/well 26.4 26.4 26.4 26.4 26.4 26.4 

Average field recycle ratio / 0.5 0.5 0.5 0.5 0.5 0.5 

Total oil production rate Mbopd 26.24 26.24 26.24 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 12.3 12.3 12.3 12.3 12.3 

 MMscfd 236 236 236 236 236 236 

Average cost patterns  100 100 100 100 100 100 

Average active producers M 1 1 1 1 1 1 

Recycled CO2 per pattern MMscfd 2.4 2.4 2.4 2.4 2.4 2.4 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 162 162 162 162 162 

Annualized O&M cost $MM/yr 111 111 111 111 111 111 

Annualized misc. cost $MM/yr 23 23 23 23 23 23 

Total Annualized costs $MM/yr 296 296 296 296 296 296 

Oil price $/stb 60 60 60 60 60 60 

CO2 price $/tonne 60 40 80 100 120 150 

EOR-storage tax credit $/tonne  20 20 20 20 20 20 

Annual gross income $MM/yr 575 575 575 575 575 575 

Annual federal tax $MM/yr 132 132 132 132 132 132 

Annual state tax $MM/yr 29 29 29 29 29 29 

Annual CO2 tax credit $MM/yr 60 60 60 60 60 60 

Annual CO2 purchase cost $MM/yr 180 120 240 300 360 450 

Annual net revenue $MM/yr 1 63 -57 -117 -177 -267 

Annual gov. tax revenue $MM/yr 101 101 101 101 101 101 

Levelized storage cost $/tonne  -0.28 -21 19 39 59 89 

Breakeven oil price $/stb 60 51 68 76 86 99 

Breakeven tax credit $/tonne 20 0 39 60 79 100 
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 Table 4-19: Sensitivity of cost model with respect to CO2 tax credit. The annual storage 

rate is 3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 6 6 6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 0.3125 0.3125 0.3125 

Enhanced oil production bopd/well 26.4 26.4 26.4 26.4 26.4 26.4 

Average field recycle ratio / 0.5 0.5 0.5 0.5 0.5 0.5 

Total oil production rate Mbopd 26.24 26.24 26.24 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 12.3 12.3 12.3 12.3 12.3 

 MMscfd 236 236 236 236 236 236 

Average cost patterns  100 100 100 100 100 100 

Average active producers M 1 1 1 1 1 1 

Recycled CO2 per pattern MMscfd 2.4 2.4 2.4 2.4 2.4 2.4 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 162 162 162 162 162 

Annualized O&M cost $MM/yr 111 111 111 111 111 111 

Annualized misc. cost $MM/yr 23 23 23 23 23 23 

Total Annualized costs $MM/yr 296 296 296 296 296 296 

Oil price $/stb 60 60 60 60 60 60 

CO2 price $/tonne 60 60 60 60 60 60 

EOR-storage tax credit $/tonne  20 0 40 60 80 100 

Annual gross income $MM/yr 575 575 575 575 575 575 

Annual federal tax $MM/yr 132 132 132 132 132 132 

Annual state tax $MM/yr 29 29 29 29 29 29 

Annual CO2 tax credit $MM/yr 60 0 120 180 240 300 

Annual CO2 purchase cost $MM/yr 180 180 180 180 180 180 

Annual net revenue $MM/yr 1 -57 63 123 183 243 

Annual gov. tax revenue $MM/yr 101 161 41 -18 -79 -139 

Levelized storage cost $/tonne  -0.28 19 -21 -41 -61 -81 

Breakeven oil price $/stb 60 68 50 42 32 24 

Breakeven CO2 price $/tonne 60 41 81 101 121 141 
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 Table 4-20: Sensitivity of cost model with respect to reservoir depth. The annual storage 

rate is 3 MMtonne/yr (8200 tonne/day or 157MMscfd). 

Parameter Unit Base  S1 S2 

Average CO2 utilization Mscf/stb  6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 

Enhanced oil production rate bopd/well 40 40 40 

Average field recycle ratio / 0.5 0.5 0.5 

Total oil production Mbopd 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 12.3 12.3 

 MMscfd 236 236 236 

Average cost patterns  100 100 100 

Average active producers M 1 1 1 

Recycled CO2 per pattern MMscfd 2.4 2.4 2.4 

Reservoir depth ft 4000 2000 8000 

Annualized capital cost $MM/yr 162 87 357 

Annualized O&M cost $MM/yr 111 85 145 

Annualized misc. cost $MM/yr 23 23 23 

Total Annualized costs $MM/yr 296 195 524 

Oil price $/stb 60 60 60 

CO2 price $/tonne 60 60 60 

EOR-storage tax credit $/tonne  20 20 20 

Annual gross income $MM/yr 575 575 575 

Annual federal tax $MM/yr 132 132 132 

Annual state tax $MM/yr 29 29 29 

Annual CO2 tax credit $MM/yr 60 60 60 

Annual CO2 purchase cost $MM/yr 180 180 180 

Annual net revenue $MM/yr 1 100 -230 

Annual gov. tax revenue $MM/yr 101 101 101 

Levelized storage cost $/tonne  -0.28 -33 77 

Breakeven oil price $/stb 60 46 93 

Breakeven CO2 price $/tonne 60 93 40 

Breakeven tax credit $/tonne 20 0 96 
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 Table 4-21: Sensitivity of cost model with respect to CO2 utilization. The annual storage 

rate is 3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 2 4 8 10 12 

 tonne/stb 0.3125 0.104 0.208 0.4167 0.5208 0.625 

Enhanced oil production 

rate  
bopd/well 26.4 26.4 26.4 26.4 26.4 26.4 

Average field recycle ratio / 0.5 0.5 0.5 0.5 0.5 0.5 

Total oil production rate Mbopd 26.24 78.72 39.36 19.68 15.74 13.12 

Average injection rate Mtonne/day 12.3 12.3 12.3 12.3 12.3 12.3 

 MMscfd 236 236 236 236 236 236 

Average cost patterns  100 296 148 74 59 49 

Average active producers M 1 2.96 1.48 0.74 0.59 0.49 

Recycled CO2 per pattern MMscfd 2.4 2.4 2.4 2.4 2.4 2.4 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 456 234 123 102 86 

Annualized O&M cost $MM/yr 111 275 150 88 76 68 

Annualized misc. cost $MM/yr 23 66 33 17 13 11 

Total Annualized costs $MM/yr 296 798 417 227 191 165 

Oil price $/stb 60 60 60 60 60 60 

CO2 price $/tonne 60 60 60 60 60 60 

EOR-storage tax credit $/tonne  20 20 20 20 20 20 

Annual gross income $MM/yr 575 1720 860 432 345 288 

Annual federal tax $MM/yr 132 397 199 99 79 66 

Annual state tax $MM/yr 29 86 43 22 17 14 

Annual CO2 tax credit $MM/yr 60 60 60 60 60 60 

Annual CO2 purchase cost $MM/yr 180 180 180 180 180 180 

Annual net revenue $MM/yr 1 326 84 -36 -62 -78 

Annual gov. tax revenue $MM/yr 101 424 182 61 36 21 

Levelized storage cost $/tonne  -0.28 -108 -28 12 20 25 

Breakeven oil price $/stb 60 44 52 67 75 83 

Breakeven CO2 price $/tonne 60 145 88 48 40 34 

Breakeven tax credit $/tonne 20 0 0 32 41 46 
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 Table 4-22: Sensitivity of cost model with respect to average production rate per well. 

The annual storage rate is 3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 6 6 6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 0.3125 0.3125 0.3125 

Enhanced oil production 

rate 
bopd/well 26.4 10 40 60 80 100 

Average field recycle ratio / 0.5 0.5 0.5 0.5 0.5 0.5 

Total oil production rate Mbopd 26.24 26.24 26.24 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 12.3 12.3 12.3 12.3 12.3 

 MMscfd 236 236 236 236 236 236 

Average cost patterns  100 263 66 44 33 26 

Average active producers M 1 2.63 0.66 0.44 0.33 0.26 

Recycled CO2 per pattern MMscfd 2.4 0.9 3.6 5.4 7.2 9.1 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 407 111 78 61 52 

Annualized O&M cost $MM/yr 111 247 81 63 53 48 

Annualized misc. cost $MM/yr 23 59 15 9.8 7.4 6.0 

Total Annualized costs $MM/yr 296 713 207 150 121 106 

Oil price $/stb 60 60 60 60 60 60 

CO2 price $/tonne 60 60 60 60 60 60 

EOR-storage tax credit $/tonne  20 20 20 20 20 20 

Annual gross income $MM/yr 575 575 575 575 575 575 

Annual federal tax $MM/yr 132 132 132 132 132 132 

Annual state tax $MM/yr 29 29 29 29 29 29 

Annual CO2 tax credit $MM/yr 60 60 60 60 60 60 

Annual CO2 purchase cost $MM/yr 180 180 180 180 180 180 

Annual net revenue $MM/yr 1 -418 88 145 173 189 

Annual gov. tax revenue $MM/yr 101 101 101 101 101 101 

Levelized storage cost $/tonne  -0.28 140 -29.3 -48.2 -57.8 -63 

Breakeven oil price $/stb 60 121 47 39 34 32 

Breakeven CO2 price $/tonne 60 40 89 108 117 123 

Breakeven tax credit $/tonne 20 120 0 0 0 0 
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 Table 4-23: Sensitivity of cost model with respect to average recycle ratio. The annual 

storage rate is 3 MMtonne/yr (8200 tonne/day or 157 MMscfd). 

Parameter Unit Base  S1 S2 S3 S4 S5 

Average CO2 utilization Mscf/stb  6 6 6 6 6 6 

 tonne/stb 0.3125 0.3125 0.3125 0.3125 0.3125 0.3125 

Enhanced oil production 

rate 
bopd/well 26.4 26.4 26.4 26.4 26.4 26.4 

Average field recycle ratio / 0.5 0.2 0.7 1 1.5 2 

Total oil production rate Mbopd 26.24 26.24 26.24 26.24 26.24 26.24 

Average injection rate Mtonne/day 12.3 9.85 14. 16.4 20.5 24.6 

 MMscfd 236 189 267 315 393 480 

Average cost patterns  100 100 100 100 100 100 

Average active producers M 1 1 1 1 1 1 

Recycled CO2 per pattern MMscfd 3.6 2.9 4.1 4.8 6.0 7.2 

Reservoir depth ft 4000 4000 4000 4000 4000 4000 

Annualized capital cost $MM/yr 162 159 162 163 169 173 

Annualized O&M cost $MM/yr 111 105 112 118 127 135 

Annualized misc. cost $MM/yr 23 23 23 23 23 23 

Total Annualized costs $MM/yr 296 286 299 306 318 330 

Oil price $/stb 60 60 60 60 60 60 

CO2 price $/tonne 60 60 60 60 60 60 

EOR-storage tax credit $/tonne  20 20 20 20 20 20 

Annual gross income $MM/yr 575 575 575 575 575 575 

Annual federal tax $MM/yr 132 132 132 132 132 132 

Annual state tax $MM/yr 29 29 29 29 29 29 

Annual CO2 tax credit $MM/yr 60 60 60 60 60 60 

Annual CO2 purchase cost $MM/yr 180 180 180 180 180 180 

Annual net revenue $MM/yr 1 62 -35 -94 -191 -288 

Annual gov. tax revenue $MM/yr 101 101 101 101 101 101 

Levelized storage cost $/tonne  -0.28 -2.75 1.35 3.81 7.9 12 

Breakeven oil price $/stb 60 58 61 62 63 65 

Breakeven CO2 price $/tonne 60 62 59 56 52 48 

Breakeven tax credit $/tonne 20 17 21 24 28 32 
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4.6.2 Breakeven Oil Price 

Breakeven oil price is the price at which the total average annual revenue 

(including oil production and tax credit revenues) of CO2 EOR-storage is offset by the 

total average annual cost (including the capital cost and O&M cost) of the operation. 

Breakeven oil price is an important measure because it reflects the sensitivity of project 

economics with respect to various field-scale operating parameters and economic 

parameters. We select CO2 utilization, average oil production per well and CO2 recycle 

ratio as the main field-scale operating parameters, and well-depth and CO2 cost as the 

main economic parameters. CO2 utilization represents storage efficiency, average oil 

production represents EOR performance, CO2 recycle ratio represents surface facility size 

and energy consumption, well depth represents capital and operational costs of the wells, 

and CO2 cost represents total capture and transport costs and the value of storage tax 

credit. Other parameters are set to a default value, which are shown in the “base” column 

of Tables 4-8 through 4-23.  

Figure 4-1 shows the sensitivity of the breakeven oil price with respect to the 

major cost inputs. Figure 4-1(a) shows the break-even oil price as a function of CO2 

utilization and average oil production rate. The breakeven oil price is directly 

proportional to the CO2 utilization and inversely proportional to average production rate. 

One useful rule of thumb is that the breakeven oil price at a CO2 utilization of 6 Mscf/stb 

and average production rate of 26.4 bopd/w is about $60/stb. Figure 4-1(b) shows the 

sensitivity of breakeven oil price with respect to the well depth and CO2 utilization; 

increasing the depth significantly increases the costs and the breakeven oil price. Figure 

4-1(c) shows the sensitivity of breakeven oil price with respect to CO2 utilization and 

CO2 cost. Increasing the CO2 cost increases both EOR and storage costs, and therefore 

the slops of the contours are different. Figure 4-1(d) shows the sensitivity of breakeven 
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oil price with respect to CO2 utilization and recycle ratio. Increasing the recycle ratio 

dramatically increases the breakeven price. 

We may generate other sensitivity type-curves based on this concept; for example, 

breakeven oil price with respect to the CO2 cost and the well depth, which is an indicator 

of the relation between three economic parameters of revenue, capital cost and 

operational cost of EOR-storage. The choice of parameters is dependent on the objective 

of the sensitivity analysis. 
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(a) 

 

(b) 

Figure 4-1: Sensitivity of the breakeven oil price with respect to CO2 utilization and (a) 

average oil production rate (b) well depth. The default values for input 

parameters are, average CO2 utilization = 6 Mscf/stb, average oil production 

= 26.4 bopd/well, average field recycle ratio = 0.5, well depth = 4000 ft, CO2 

cost = $60/tonne, storage tax credit = $20/tonne.  
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(c) 

 

(d) 

Figure 4-1: Continued, breakeven oil price as a function of CO2 utilization and (c) CO2 

cost (d) CO2 recycle ratio. The default values for input parameters are, 

average CO2 utilization = 6 Mscf/stb, average oil production = 26.4 

bopd/well, average field recycle ratio = 0.5, well depth = 4000 ft, CO2 cost = 

$60/tonne, storage tax credit = $20/tonne.   
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(e) 

 

(f) 

Figure 4-1: Continued, breakeven oil price as a function of CO2 cost and (c) average oil 

production rate per well, and (f) well depth. The default values for input 

parameters are, average CO2 utilization = 6 Mscf/stb, average oil production 

= 26.4 bopd/well, average field recycle ratio = 0.5, well depth = 4000 ft, CO2 

cost = $60/tonne, storage tax credit = $20/tonne.  
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4.7 DEVELOPMENT OF THE INTEGRATED ASSET MODEL 

An integrated asset model specifies the relation between the surface facility and 

wells, subsurface behavior, and the economic response for an EOR-storage project.  We 

present an integrated asset model for EOR-storage operation in Sandstone and Carbonate. 

Sandstone presents an optimistic candidate for CO2-EOR and Carbonate presents a 

moderate candidate from economic viewpoint. This section explains the workflow for the 

development of integrated asset model and then presents the preliminary quantitative 

results for Sandstone and Carbonate. 

4.7.1 Generalizing the Reservoir Pattern-Scale Model to Field-Scale Model 

A field-scale model generalizes the operational performance of a reservoir pattern 

to the field. Figure 4-2 schematically presents the process of upscaling the operational 

performance from a single well pattern to a reservoir pattern and then from the reservoir 

pattern to a field model.  

A reservoir patterns is typically the size of a pilot study. Reservoir patterns are 

usually large enough to generalize the results to field scale. A field model consists of 

several reservoir patterns that cover the whole scope of EOR project. Field-scale CO2-

EOR projects are usually divided into several phases, depending on the CO2 availability, 

economics, and reservoir characteristics. 
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Well pattern 

Examples: line-drive, five-spot, seven-spot, nine-

spot  

 

 

Reservoir pattern 

inputs 

injected gas composition and  injection rate 

WAG ratio  

duration of EOR-storage for one reservoir pattern  

outputs 

number of active producers/injectors 

water and gas injection rates  

oil, water, and gas production rates 

 

 

 

 

Field model 

inputs 

CO2 storage base  

available CO2 for injection 

CO2 pressures at plant gate and field gate 

field size, i.e. max producers and injectors 

injection capacity of pumps and compressors 

injection loss factor 

outputs  

sequence and schedule of patterns development 

active reservoir patterns 

completed patterns 

number of compressors and pumps  

oil, water and CO2 production  

 

 Figure 4-2: Development of a field-scale model. The building block of the model is a 

well pattern; reservoir pattern consists of several well patterns. The optimum 

number and sequence of pattern CO2 flood is a major output of the field 

model. Colors show the sequence of field development, which in this 

example is white, light-gray, and dark-gray.  
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The reference reservoir models presented in this study are at a reservoir pattern 

scale, and therefore, the upscaling procedure only has one stage, i.e. from the reservoir 

pattern-scale to the field-scale. We take the following steps to complete the upscaling 

process: 

1. Select an EOR-storage design, i.e. select the injected gas composition, gas 

injection rate, WAG ratio and the duration of EOR-storage for one reservoir 

pattern (pore volume injection). The design variables being time-dependent, may 

be adjusted based on the water/gas injection strategy. If water and gas are 

alternatively injected, then the design parameters are the injection rates of water 

and gas, gas and water half cycle sizes, and the duration of EOR-storage in one 

reservoir pattern.  

2. Perform the required simulations and collect the time-dependent quantitative 

outputs for water and gas injection rates and oil, water, and CO2 production rates 

at standard and reservoir conditions. The frequency of recording the injection and 

production data depends on the overall duration of project and the planning cycle 

of the EOR operations. They are typically on a quarter or semi-annual basis; 

therefore, for a typical 25-30 year project life and a high-level planning, an annual 

planning frequency may be sufficient. 

3. Determine a CO2 storage base, and the captured CO2 pressure and the delivered 

CO2 pressure to the oilfield.   

4. Determine the field size, i.e. maximum number of producers and injectors, 

injection capacity of pumps and compressors, and the injection loss factor. 

Injection loss may occur because of the presence of thief zones, aquifers and other 

trapping mechanisms which are not considered in relatively simple reservoir 

patterns.  
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5. Based on the simulation results, in each time period calculate the amount of 

available CO2 for injection, the sequence and schedule of patterns development, 

the number of active reservoir patterns, the number of completed patterns, and the 

number of new compressors required. The outputs are the oil, water and CO2 

production, which are used for the calculations in the subsequent time period.  

The sequence of patterns development is an output of the field-scale model. 

Figure 4-2 presents a simple example, in which the white patterns are CO2 flooded first, 

followed by, the CO2 breakthrough and the availability of additional CO2, the light-gray 

patterns, and then the dark-gray patterns. The pattern development sequence depends on 

the oilfield operator’s strategy. An aggressive development strategy, for example, begins 

with flooding many patterns at the same time and uses a relatively large fresh CO2 slug. 

This strategy imposes a big upfront investment cost and an increased CO2 purchase cost; 

in return, the peak oil production response occurs faster, with a bigger value and a longer 

duration. If CO2 is anthropogenic and the tax credit is approved, larger storage volumes at 

the beginning would accelerate the occurrence of tax credit cashflows, which improves 

the project economics. The development sequence of field segments with different 

reservoir characteristics is another example, in which the oilfield operator may decide to 

follow the pattern floods from high- to low-quality segments. Once the field-scale model 

is combined with an economic model, the optimum strategy of pattern development may 

be determined using an appropriate optimization method. 

We use reservoir models Sandstone and Carbonate for the field-scale model 

development example. The following assumptions are made for the calculations. 

1. The design basis for CO2 storage is a 550 MW net pulverized coal plant coupled 

with a 65% CO2 capture plant, from which 3 MMtonne CO2 is annually captured 
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(see Table 4-3). This CO2 storage volume requirement is equivalent to a daily rate 

of 157 MMscfd CO2. 

2. The captured CO2 pressure at the plant gate and the field gate are 7 bar (100 psi) 

and 102 bar (1200 psi), respectively, and the injection pressure is 225 bar (3300 

psi). 

3. The maximum number of producers and injectors are each 1000, and the CO2 

injection loss factor is 0.15, which may be partially attributed to CO2 solubility in 

aqueous phase, and presence of potential thief/non-productive layers/zones.  

4. The compression capacity for an individual compressor is 3.6 MMscfd. The 

formulations in Section 4.5.2 are used for the costs of compressors and pumps. No 

additional costs for the water pumps are included because we assume the installed 

pumps for waterflooding are sufficient for WAG injection as well. 

5. The duration of EOR-storage for the field is 25 years, and the duration of WAG 

flood an individual reservoir pattern varies between 15 and 25 years. 

The outputs of the field model include total oil, water and CO2 production, CO2 

utilization, CO2 recycle ratio, total producers and injectors, total reservoir patterns, the 

schedule of patterns development, and the pump and compression requirements. 

Quantitative results are in Sections 4.7.3 and 4.7.4. 
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4.7.2 Integration of the Field-Scale Model and the Cost Model 

Three main steps of calculation are defined in the development of an integrated 

asset model, (1) development of reservoir pattern, (2) upscaling the reservoir pattern to 

field-scale model, and (3) integrating the field-scale model with the cost model. These 

steps are summarized in Figure 4-3. The first two steps are explained in Sections 3.6 and 

3.7, and Section 4.7.1. The last step is integrating the field-scale model with the cost 

model. In the last step, we use the outputs from the field-scale model and the cost model 

in one simulation model that performs all the calculations for the new, existing, and 

completed reservoir patterns, as well as the annual revenues and costs. The main outputs 

of the integrated asset model are the total capital cost, total operating cost, total storage 

cost, total government tax and tax revenue, and levelized profit of CO2 EOR-storage. The 

levelized profit of EOR-storage (LPOS) is the profit of the coupled EOR-storage per 

tonne of stored CO2, which includes all the revenues from enhanced oil production and 

storage tax credit, and all the costs for CO2 transport, compression and separation 

facilities, pumping equipment and surface pipelines, operation and maintenance (O&M), 

taxes and royalties, and miscellaneous costs. The LPOS units are $/tonne.   
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 Figure 4-3: Proposed workflow for development of the integrated asset model for coupled 

EOR-storage. Three development stages are specified, (1) develop the 

reservoir pattern model, (2) upscale the reservoir pattern to field-scale model 

and, (3) integrate the field-scale model with the cost model.  

  

Storage requirement 

CO2 capture source 

Annual CO2 capture 

Plant gate pressure  

Field gate pressure  

Reservoir pattern 

Design inputs 

WAG ratio 

EOR-storage duration 

Injection pressure 

Production pressure 

Well pattern 

Reservoir response 

Oil production 

CO2 production 

Water production 

CO2 recycle ratio 

CO2 utilization 

Production performance 

Cost inputs 
Oil price 

CO2 cost 

CO2 transport cost 

Reservoir depth 

Capital costs 

O&M costs 

Miscellaneous costs 

Field-scale model 

Field response 

Total oil production 

Water production 

Total producers 

Total injectors 

Total patterns 

Pumps requirement 

Compression size 

Cost response 

Total capital cost 

Total O&M cost 

Total storage cost  

Government tax, tax 

credit & tax revenue 

Levelized storage profit  

Integrated asset 

model 
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4.7.3 Sandstone Integrated Asset Model  

Sandstone simulation inputs and outputs serve as an input for the integrated asset 

model. We may select any of the EOR-storage designs (see Appendix A for the details of 

EOR-storage designs) to perform the calculations of integrated asset model; we select the 

design Dsn-1. For the rest of the designs, only the final results are presented. 

Sandstone model includes 6 active producers and 6 active injectors at a reservoir 

depth is 6100 ft. We use a cost model for 6000 ft wells by performing a linear 

interpolation with the available data between 4000 and 8000 ft wells (see Table 4-16).  

4.7.3.1 Field-scale development calculations  

We use the output simulation results in Section 3.3 to show the implementation 

steps. The EOR-storage duration for the reservoir pattern is 25 years, during which 1.38 

pore volumes of water and gas are injected at a WAG ratio of 1.5:1, a gas injection rate of 

6.9 MMscfd, and a water injection rate of 4100 stb/d; 6 producers are active, the average 

oil production rate is 94 bopd/well and average CO2 utilization is 3.56 Mscf/stb, and 

average CO2 recycle ratio is 2.65. We perform the calculations with average values over 

the project life (25 years). Time-dependent responses, such as oil, water, and CO2 

production histories are used in the optimization problems of Chapters 5 and 6.  

The annual CO2 storage base is 3 MMtonne/yr, or 157 MMscfd. The injection 

pressure is 3300 psi. Because of the injection loss and a small CO2 solubility in the 

aqueous phase, which are both ignored in the reservoir model, the CO2 utilization in the 

field scale is slightly greater than the calculated value for reservoir pattern; assuming an 

injection loss factor of 0.15, the field scale CO2 utilization is (3.56 Mscf CO2/stb÷0.85 =) 

3.94 Mscf/stb. The average oil production from the field is calculated by dividing the 

storage requirement by field scale CO2 utilization (157 MMscfd CO2÷3.94 Mscf CO2/stb 

=) 39,850 bopd. The average oil production from one well in the pattern is 94 bopd; 
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therefore, average active producers for CO2 injection is (39,850 bopday ÷ 94 bopd/well 

=) 424 wells and total injectors is (424 prd×6 inj/pattern÷6 prd/pattern=) 424 wells. There 

are 6 active producers and 6 injectors in each reservoir pattern; therefore, the average 

number of reservoir patterns is (424 prd ÷6 prd/pattern =) 71 patterns. Similarly there are 

10 producers and 11 injectors in each cost pattern. Assuming the number of producers is 

the basis of the cost calculations, the average number of cost patterns is (424 prd÷10 

prd/cost pattern=) 42 patterns. The average WAG ratio is 1.5, average water injection rate 

per pattern is 4000 res.bbl/day and average gas injection rate per reservoir pattern is 2700 

res.bbl/day. Therefore, average water injection rate for the field is (71 pattern×4000 

res.bbl/d/pattern=) 284 Mres.bbl/day, or 268 Mstb/d (Bw=1.06 res.bbl/stb).  

The reservoir recycle ratio is (2.65 Mscfd production rate of CO2÷1Mscfd 

injection rate of fresh feed CO2=) 2.65. Assuming an injection loss factor of 0.15 for the 

field, the field recycle ratio is (2.7×0.85=) 2.25. Therefore the average volume of 

recycled CO2 is [157×(1+2.25)=] 510 MMscfd, and the average number of injectors 

required for this injection rate is (510 MMscfd÷6.9 MMscfd/res.pattern×6 

injectors/res.pattern=) 443, which is fairly consistent with the previous calculated value 

of 424 injectors. The difference is because of the use of average values, which is later 

corrected by substitution with time-dependent values in Chapter 5. 

4.7.3.2 Field-scale compression calculations 

A key component of the EOR-storage at the field-scale is the recycle compressors 

because the operation requires a large amount of energy and capital investment.  The 

compressor use is relatively low at the beginning of EOR-storage operation, and after 

CO2 breakthrough, the produced CO2 is separated and re-injected with the fresh feed. 

Therefore compression calculations require a history of injection and production rates, 
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which are calculated from the field-scale results. Reservoir simulation results show that 

the produced CO2 at surface condition is mainly in the gaseous form and the dissolved 

CO2 in produced oil and water is less than 0.01 (molar mass) of the CO2 in produced gas; 

and therefore, we only account for CO2 in produced gas, and neglect the dissolved CO2 in 

the produced water and oil.  

We assume that a reciprocating compressor, with a compression capacity of 102 

Mm
3
/day (3.6 MMscfd) is used to compress gas in two stages, from 100 to 1500 psi. The 

capital and operational costs of compressors are estimated based on the presented 

equations in Section 4.5.3.  

Average number of compressors at any time is equal to average injection rate of 

reservoir patterns for the field divided by the compressor capacity. During the WAG 

injection, the average gas injection rate to the reservoir pattern is fairly constant, about 

6.9 MMscfd (see Figure 3-5(a)). The initial injection rate to the field is 157 MMscfd, 

which is equal to the CO2 capture rate. CO2 WAG injection is initially performed on (157 

MMscfd÷6.9 MMscfd/pattern=) 23 reservoir patterns, and the initial number of 

compressors is (157 MMscfd÷3.6 MMscfd=) 44. CO2 breakthrough, which depends on 

the reservoir characteristics and flood conditions, occurs after 0.1 pore volumes of WAG 

injection. After breakthrough, the CO2 production rate increases and enables the oilfield 

operator to expand the project to other reservoir patterns. The number of active patterns 

depends on the CO2 recycle ratio. We use the average recycle ratio to calculate the 

average number of active patterns. The average recycle ratio of the field is 2.65 (see 

Figure 3-7) and the total injection rate to the field is [157×(1+2.25)=] 510 MMscfd. At 

this time, total number of required compressors is (510 MMscfd÷3.6 MMscfd=) 142 

compressors.  
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4.7.3.3 Cost calculations 

We use the cost model presented in Section 4.6 with the following assumptions: 

oil price is $60/stb, CO2 cost is $60/tonne, storage tax credit is $20/tonne, well depth is 

6000 ft, infill drilling is 0%, well depth is 6000 ft, total federal tax, royalty, etc. is 23% of 

the gross income, state tax is 5% of the gross income, asset acquisition cost is $0 Based 

on the results of field-scale model and the compression cost calculations, the outputs of 

the integrated asset model follow: annualized capital cost of CO2 EOR-storage is 

$104MM/yr, O&M cost is $105MM/yr, annual miscellaneous costs is $11MM/yr, and the 

discounted levelized profit of coupled EOR-storage (discounted LPOS) is $85/tonne.  

The IAM calculations are performed for all the simulated EOR-storage designs 

for Sandstone. A considerable variation in the discounted LPOS values occurs which 

reflects the sensitivity of the economics with respect to the designs. The LPOS is a 

function of the number of compressors and the number of cost patterns. The number of 

compressors is linearly related to the recycle ratio, as shown in Figure 4-4(a). The 

average profit gained from EOR-storage operation in individual patterns is a function of 

all the major performance parameters, namely CO2 utilization, average oil production 

rate, and the recycle ratio. A general trend may be specified for this relation in Figure 4-

4(b); along the illustrated upward direction of the contour curves, CO2 utilization 

decreases, and as a result of that the recycle ratio and average oil production rate both 

decrease and the average number of patterns increases.  

Analysis of the relation between the average values of parameters provides a first-

order estimate, and an insight to the general trends and relations. An accurate quantitative 

estimate, however, requires all the calculation steps defined in the integrated asset model 

with time-dependent parameters. 
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(a) 

 

(b) 

 Figure 4-4: The levelized cost of CO2 storage is a function of compression size and 

average number of cost patterns (a) number of compressors as a function of 

recycle ratio. A linear relation is observed (b) average number of patterns as 

function of CO2 utilization, recycle ratio and average oil production rate.  

Along the contour curves and in the illustrated upward direction, CO2 

utilization, average oil production rate, and average recycle ratio decrease.  
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4.7.4 Integrated Asset Model for Carbonate 

We assume a 3 MMtonne/yr annual storage requirement for Carbonate. The EOR-

storage duration for the reservoir pattern is 25 years, during which 2.1 pore volumes of 

water and gas injected at a WAG ratio of 3.56:1, a gas injection rate of 6.0 MMscfd, and 

a water injection rate of 8100 stbd; 8 producers are active, the average oil production rate 

is 49 bopd/well, the average CO2 utilization is 3.86 Mscf/stb, and average CO2 recycle 

ratio is 3.0. We perform the calculations with average values over the project life (25 

years).  

4.7.4.1 Field-scale development calculations  

The CO2 utilization in the field scale is slightly greater than the calculated value 

for a reservoir pattern; assuming an injection loss factor of 0.15, the field scale CO2 

utilization is (3.86 Mscf CO2/stb÷0.85 =) 4.54 Mscf/stb. The average oil production from 

the field is calculated by dividing the storage requirement by the field-scale CO2 

utilization (157 MMscfd CO2÷4.54 Mscf/stb =) 34,580 bopd. The average oil production 

from one well in the pattern is 49 bopd; therefore, average active producers for CO2 

injection is (34,580 bopd ÷ 49 bopd/well =) 705 wells and total injectors is (706 prd×6 

inj/pattern÷8 prd/pattern=) 530 wells. There are 8 active producers and 6 injectors in each 

reservoir pattern; therefore, the average number of reservoir patterns is (705÷8=) 88 

patterns. Similarly there are 10 producers and 11 injectors in each cost pattern; assuming 

the number of producers as the basis of cost calculations, the average number of cost 

patterns is (705 prds÷10 prd/cost pattern=) 70.5 patterns. The average WAG ratio is 

3.56:1, average water injection rate per pattern is 4000 res.bbl/day and average gas 

injection rate per reservoir pattern is 8050 res.bbl/day. Therefore, average water injection 

rate for the field is (88 pattern×8050 res.bbl/d/pattern=) 708 Mres.bbl/day, or 668 Mstb/d 

(Bw=1.06 res.bbl/stb).  
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The reservoir recycle ratio is 2.96. Assuming an injection loss factor of 0.15 for 

the field, the field recycle ratio is (2.96×0.85=) 2.51. Therefore the average volume of 

recycled CO2 is [157 MMscfd× (1+2.51) =] 551 MMscfd, and the average number of 

injectors required for this injection rate is (551 MMscfd÷6.0 MMscfd/res.pattern×6 

injectors/res-pattern=) 551, which is fairly consistent with the previous calculated value 

of 530 injectors. 

4.7.4.2 Field-scale compression calculations 

The assumptions for the field-scale compression power calculations are the same 

as Sandstone. During the WAG injection, average gas injection rate to the reservoir 

pattern is  6.0 MMscfd. CO2 WAG injection is initially performed on (157 MMscfd ÷ 6.0 

MMscfd /pattern=) 26.2 reservoir patterns, and the initial number of compressors is (157 

MMscfd ÷3.6 MMscfd=) 44. CO2 breakthrough, which depends on the reservoir 

characteristics and flood conditions, occurs after 0.1 pore volumes of WAG injection. 

The average recycle ratio of the field is 2.51 and the total injection rate to the field is 

157×(1+2.51=) 551MMscfd. At this time, total number of required compressors is (551 

MMscfd÷3.6 MMscfd=) 153.  

4.7.4.3 Cost calculations 

The economic assumptions are the same as Sandstone. the following assumptions, 

oil price = $60/stb, CO2 cost = $60/tonne, storage tax credit = $20/tonne, well depth = 

6000 ft, infill drilling = 0%, well depth = 6000 ft, total federal tax, royalty, etc. = 23% of 

the gross income, state tax = 5% of the gross income, asset acquisition cost = $0; based 

on the results of field-scale model and the compression cost calculations, the outputs of 

the integrated asset model are, annualized capital cost of CO2 EOR-storage = 
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$204MM/yr, O&M cost = $133MM/yr, annual miscellaneous costs = $16MM/yr, and the 

discounted LPOS is $24.6/tonne.  

4.7.5 Discussion 

Table 4-24 presents the detailed results of integrated asset model for Sandstone 

(Dsn-1) and Carbonate (Dsn-1). A considerable difference between the field-scale results 

and the economic results is observed. Sandstone has a smaller WAG ratio, greater pattern 

injection rate, and therefore, the asset size for a 3 MMtonne/yr storage rate is 

considerably smaller than Carbonate (424 producers versus 705 producers). The average 

oil production performance is greater for Sandstone and the CO2 utilization is smaller; 

and therefore the discounted LPOS for Sandstone is considerably larger than Carbonate 

($85/tonne versus $25/tonne). The government’s annual tax revenue for Sandstone is 

slightly larger than Carbonate ($171MM/yr versus $151MM/yr). Based on the analysis of 

IAM economic results, under equal conditions, Sandstone is preferred to Carbonate for 

coupled EOR-storage. 
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 Table 4-24: Integrated asset model results for reservoirs Sandstone (Dsn-1) and 

Carbonate (Dsn-1). Average values are assumed for the input parameters. 

  Unit Sandstone (Dsn-1) Carbonate (Dsn-1) 

Reservoir model 
 

 
 

Design inputs 
 

 
 

WAG ratio / 1.5:1 3.56:1 

PV injected / 1.38 2.1 

Maximum injection pressure psi 3300 3300 

Minimum production pressure psi 1500 1500 

Active producers / 6 8 

Reservoir pattern response 
 

 
 

Average recycle ratio / 2.65 2.96 

Oil production rate per well bopd/well 94.00 49 

CO2 utilization Mscf /stb 3.03 3.87 

Average gas injection rate MMscfd 6.90 6.0 

Average water injection rate stb/day 4100 8050 

Average oil production rate bopd 564 392 

Average water production rate stb/day 4000 8000 

Field-scale model 
 

 
 

Capture Inputs 
 

 
 

CO2 storage base  MMtonne/yr 3 3 

Compressor capacity MMscfd  3.6 3.6 

Injection pressure psi 3300 3300 

Field response 
 

 
 

Average producers /  424 705 

Total oil production rate Mbopd 40 34.6 

Average CO2 recycle ratio / 2.25 2.51 

Average CO2 utilization Mscf/stb 3.94 4.54 

Average cost patterns / 42 71 

Average compression rate  MMscfd 573 551 

Initial compressors /  44 44 

Average compressors /  142 153 

Integrated asset model 
 

 
 

Cost inputs 
 

 
 

Reservoir depth ft 6000 6000 

Oil price $/stb 60 60 

CO2 cost $/tonne CO2 60 60 

CO2 storage tax credit $/tonne CO2 20 20 

Cost response 
 

 
 

Annualized capital cost $MM/yr 127 204 

O&M cost of storage $MM/yr 98 133 

Annual miscellaneous costs $MM/yr 9 16 

Annual cost of storage  $MM/yr 234 353 

Annual cost of CO2 $MM/yr 180 180 

Annual oil revenue $MM/yr 826 759 

Annual federal tax $MM/yr 190 175 

Annual state tax $MM/yr 41 38 

Annual tax credit $MM/yr 60 60 

Annual government tax revenue $MM/yr 171 152 

LPOS $/tonne CO2 85 25 
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4.8 INTEGRATED ASSET MODEL APPLICATIONS BEYOND THE FIELD-SCALE  

The objective of this section is to perform a sample basin-scale calculation to 

estimate the injection and storage capacity requirements for CO2 EOR-storage operations. 

Using the developed IAM for Carbonate, we present an example to estimate the EOR-

storage operation performance in the Permian Basin. 

4.8.1 Considerations in Basin-scale IAM Implementation 

Estimation of the injection and storage capacity requirements for the basing-scale 

EOR-storage operation is subject to several considerations and limitations, as discussed 

in the following: 

We made three assumptions for the field-scale integrated asset model 

calculations. If any of the assumptions are violated, appropriate cost adjustments or the 

project’s technical feasibility should be made.  

1. The anthropogenic CO2 source is sufficiently close to the oilfield to allow an 

affordable CO2 transportation. The oilfield operator is responsible for the CO2 

compression costs and the CO2 capture plant is responsible for the pipeline lease. 

The transportation does not require a pressure boost between the capture plant and 

the oilfield. 

2. The EOR operation is technically feasible, considering the oil properties 

(viscosity and specific gravity), reservoir properties (temperature, pressure, 

thickness, and connectivity), and phase behavior (miscibility, precipitation, etc.). 

The calculations are made for miscible EOR process with a relative low mobility 

ratio (about 1). 

3. A waterflood phase has been successfully implemented in the field. This 

assumption has the following implications: 
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a. Favorable reservoir integrity, injectivity, and producer-injector 

connectivity which allow moderate to high volumetric sweep efficiency. 

b. Presence of a well-established infrastructure. This includes the surface 

facilities, pipelines, wells, water treatment, oil treatment, storage and 

transportation, skilled labor, public acceptance, numerous permits. Issues 

with the acquisition and pore space ownership are resolved. This saves 

significant time, human resources, and upfront investment.  

c. Additional investments for the pipelines, compression, gas plant, oil 

treatment, well completions and workover, and infill drilling are required. 

Issues with the new government permits, new contracts, long-term liability 

and insurance have yet to be resolved; however, they are not going to 

introduce any delays in the project start-up.  

The proposed integrated asset model is an optimization tool rather than a screen 

tool: it requires an input for the residual oil in place after the secondary recovery phase. 

The EOR-storage performance cannot be generalized to basin-scale operations because 

the reservoir properties extremely vary from one field to the other. The best practice is to 

develop several tuned reservoir models to predict the EOR-storage performance for each 

field. We present an example to illustrate the method, its applications, and the limitations. 

4.8.2 Estimation of Economically-Recoverable Oil with Anthropogenic CO2 

The well-known rule of economies of scale becomes effective when substantial 

amounts of captured CO2 are used for the EOR-storage process. Therefore, the economic 

fate of an anthropogenic CO2 EOR-storage operation depends on the project scale. We 

would like to find the minimum field size required to economically store substantial 

amounts of CO2 with a miscible EOR-storage process. There are few fields in the U.S. 
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that can economically handle large-scale (e.g. 3 MMtonne/yr) fresh CO2 slug. Depending 

on the reservoir properties and the EOR-storage design, the process may need 700 to 

1200 wells (including producers and injectors); therefore, we may instead look for 2 or 3 

large fields in the same basin or state with a relatively short mutual distance and a 

promising miscible CO2-EOR prospect. This way, the captured CO2 is split over several 

fields each with an average 1 MMtonne/yr fresh CO2 storage capacity. Development of 

large-scale fields is cost-effective and therefore preferred to the small-scale fields. 

The results of integrated asset model show that 25 to 35% of the residual oil in 

place, ROIP (9 to 10.5% of the original oil in place, OOIP) may be economically 

recovered with a miscible CO2-EOR process over 25 years. Also, the ultimate 

recoverable oil is about 40% ROIP (14% OOIP). The exact value of incremental recovery 

depends on the reservoir properties and the choice of EOR-storage design. We consider a 

case where the residual oil in place is 300 MMstb and 40% of the residual oil is 

ultimately recovered with CO2-EOR process. Therefore, the ultimate recoverable oil is 

120 MMstb (40% ROIP), the cumulative incremental oil recovered over 25 years is 90 

MMstb (30% ROIP), and the average annual oil production is 3.6 MMstb. Assuming an 

average 6 Mscf/stb CO2 utilization, the average annual fresh CO2 slug is 1.14 

MMtonne/yr. Therefore, the technically recoverable oil with miscible CO2-EOR should 

be at least 120 MMstb to economically store 1 MMtonne/yr CO2 for 25 years, and the 

aggregate recoverable oil from 2 or 3 large reservoirs within the same basin or state 

should be at least 360 MMstb. This basic calculation leads to the first and the second 

rules of thumb: 

Rule-1: An oilfield is a good candidate for CO2 EOR-storage if the technical 

prospect of miscible CO2-EOR is promising and the incremental oil production 
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potential is at least 120 MMstb. This field may provide at least 1 MMtonne/yr 

CO2 storage capacity for 25 years. 

Rule-2: A state or basin is a good candidate to pioneer a coupled EOR-storage 

project if it has at least three large reservoirs with the given description in Rule-1 

and a relatively short distance between the fields and the capture plant. If all the 

three fields are developed, the average economic CO2 storage capacity will be at 

least 3 MMtonne/yr for 25 years. 

Table 4-25 shows the technically recoverable oil with miscible CO2-EOR from 

different U.S. states or basins. The data are collected from various NETL reports 

published from 2005 to 2011. The reports provide two estimates for CO2-EOR 

incremental oil recovery. The lower-bound estimates are based on the current EOR 

operation practices and the upper-bound estimates are based on the optimized “state of 

the art” and “next generation” CO2-EOR practices. There are some mismatches between 

the reported numbers across the reports. Specifically, the reported numbers for the best 

EOR practices in the 2011 report are far greater than the corresponding numbers in the 

2005 and 2006 reports. We assume that the traditional practices for miscible CO2-EOR 

present the P10, the best practices for miscible CO2-EOR present the P50, and the next 

generation practices for miscible and immiscible CO2-EOR present the P90 for the 

incremental oil production distribution. We use the best practices (P50) estimate all 

through the calculations.  

Table 4-26 presents a detailed description on the incremental oil production 

potential from 10 different U.S. regions using the traditional practices (P10) and the best 

practices (P50). We are interested in the large-scale fields bearing 120 MMstb recoverable 

oil. This provides a minimum 1.0 MMtonne/yr storage capacity for at least 25 years and 

allows for a cost-efficient cooperation between the CO2 supplier and at most 3 major 
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oilfield operators. The fields should be in the same state or basin and sufficiently close to 

each other and the CO2 capture plant. This provides sufficient storage capacity for a 

large-scale (3 MMtonne/yr) economic EOR-storage operation.  

 

 

  



 183 

Table 4-25: Technically recoverable oil with the traditional, the best, and the next 

generation CO2-EOR practices in different U.S. regions/basins. Adapted 

from several NETL reports (2005, 2006, 2010, and 2011). 

Region Incremental Technically Recoverable Oil* 

 

Traditional Practices 

Miscible 

Best Practices 

Miscible 

Best Practices 

Miscible + Immiscible 

Next Generation 

Miscible + Immiscible 

2005-6 (P10) 2005-6 (P50) 2011 2011 (P90) 

Bstb Bstb Bstb Bstb 

California 1.78 3.78 6.3 10 
Gulf Coast  

(AL, FL, MS, LA) 
1.8 4.08 7 7.4 

Mid-Continent  

(OK, AR, KS, NE) 
3.32 6.94 10.6 17 

Illinois/Michigan 0.22 0.51 1.2 3.2 
Permian 

(W. TX, NM) 
6.9 15.4 15.9 28 

Rockies 

(CO,UT,WY) 
1.19 2.64 3.9 7.1 

Texas 

(East, Central) 
4.62 10.2 17.6 20 

Williston  

(MT, ND, SD) 
0.82 1.83 2.5 5.2 

Appalachia  

(WV, OH, KY, PA) 
na na 1.6 2.6 

Louisiana Offshore 2.22 4.44 5.8 5.8 

Lower 48 States 22.87 49.82 72.4 106.3 

Alaska 5.92 12.04 12.4 12.4 

Total 28.79 61.86 84.8 118.7 

*Incremental technically recoverable oil resources after subtracting 2.3 billion barrels 

already being developed with CO2-EOR. 
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Table 4-26: Technically recoverable oil with the traditional and the best miscible CO2-

EOR practices from different U.S. regions/basins. Abbreviations: OOIP = 

original oil in place, ROIP = residual oil in place. Adapted from several 

NETL reports (2005, 2006, 2010, and 2011). 

Region/Basin Number of OOIP ROIP Incremental Technically Recoverable Oil 

 

Reservoirs   Traditional Practices Best Practices 

 
MMstb MMstb MMstb MMstb 

California 

San Joaquin 24 8900 6100 860 1800 

Los Angeles 15 7830 5500 470 970 

Coastal 20 4690 3300 450 1010 

Total 59 21,420 14,900 1780 3780 

Gulf Coast (AL, FL, MS, LA) 

Louisiana 128 16,100 9400 1430 3250 

Mississippi 17 1700 1200 150 330 

Alabama 4 800 500 80 170 

Florida 5 1100 800 140 330 

Total 154 19,700 11,900 1800 4080 

Mid-Continent (OK, AR, KS, NE) 

Arkansas 6 1000 600 100 200 

Nebraska 2 300 100 20 40 

Kansas 25 5200 3400 600 1300 

Oklahoma 63 23,400 17,500 2600 5400 

Total 96 29,900 21,600 3320 6940 

Illinois/Michigan 

Illinois 16 3120 2630 130 300 

Indiana 0 240 190 0 0 

Kentucky 0 210 170 0 0 

Michigan 8 970 740 90 210 

Total 24 4540 3730 220 510 

Permian (West TX, NM) 

New Mexico 55 11,900 8400 1300 2900 

West Texas 127 47,400 30,900 5600 12,500 

Total 182 59,300 39,300 6900 15,400 
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Table 4-26: Continued, technically recoverable oil with the traditional and the best 

miscible CO2-EOR practices from different U.S. regions/basins. 

Abbreviations: OOIP = original oil in place, ROIP = residual oil in place. 

Adapted from several NETL reports (2005, 2006, 2010, and 2011). 

Region/Basin Number of OOIP ROIP Incremental Technically Recoverable Oil 

 

Reservoirs   Traditional Practices Best Practices 

  

MMstb MMstb MMstb MMstb 

Rockies (CO,UT,WY) 

Colorado 12 3000 1800 330 740 

Utah 14 4000 2800 380 810 

Wyoming 66 11,100 7600 480 1090 

Total 92 18,100 12,200 1190 2640 

Texas (East, Central) 

Central Texas 42 13,200 10,300 1560 3400 

East Texas 16 18,500 11,000 1280 2800 

Texas Gulf Coast 103 21,500 12,800 1780 4000 

Total 161 53,200 34,100 4620 10,200 

Williston (MT, ND, SD) 

North Dakota 34 3700 2700 470 1050 

South Dakota 1 100 0 10 20 

Montana 19 3500 2400 340 760 

Total 54 7300 5100 820 1830 

Louisiana Offshore 

State Offshore 12 3600 2.2 120 240 

Federal Offshore 87 24,500 13.5 2100 4200 

Total 99 28,100 15.7 2220 4440 

Alaska 

North Slope 19 61,400 41,500 5600 11,370 

Cook Inlet 13 3100 1800 320 670 

Total 32 64,500 43,300 5920 12,040 
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The next step is to find the number of reservoir candidates for a large-scale CO2 

EOR-storage operation. For such an estimate, we need either the residual oil distribution 

of the miscible CO2-EOR reservoir candidates for different U.S. regions or their 

corresponding increment oil production distribution. The NETL report (2010) presents a 

study on the CO2-EOR incremental oil production distribution across the U.S. region. 

The results show that 70% of the incremental oil production potential is in 17 to 41% of 

the fields. Table 4-6 summarizes the results. The NETL report (2010) does not provide 

the detailed distributions of incremental oil production for different U.S. regions. In the 

absence of such detailed distributions, we use the following rule of thumb:  

Rule-3: Depending on the region, 17-41% of the field candidates bear 70% of the 

incremental oil production potential with the best practices in miscible CO2-EOR.  

Table 4-6 summarizes the application of Rule-3 to 10 different U.S. regions. Out 

of 854 reservoirs candidates for EOR-storage operation, 234 reservoirs bear 70% of the 

total recoverable oil and the aggregate recoverable is 40.2 Bstb.  

We are looking for those EOR-storage candidates that meet all the three criteria 

stated in Rule-1 to Rule-3. Specifically, we look for states or basins in which there are 

three or more large-scale fields with minimum 360 MMstb aggregate incremental 

recoverable oil. We assume that the reservoirs within one state or basin are sufficiently 

close to meet Rule-2 because the highest resolution of available data from the NETL 

reports is the state- or basin-level.  

Table 4-27 summarizes the initial screening results for different states or basins. 

For example, the San Joaquin basin in California State bears 6 large reservoirs with 1260 

MMstb miscible CO2-EOR recoverable oil potential. The most promising prospect is the 

Permian Basin with 34 reservoirs in West Texas and 15 reservoirs in New Mexico, 

bearing 8750 and 2030 MMstb incremental production potential, respectively. 
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Table 4-27: Technically recoverable oil with the traditional and best CO2-EOR practices 

in the top 70%-big oilfields across onshore U.S. regions/basins. Summary 

adapted from several NETL reports (2005, 2006, 2010, and 2011). 

Region 
Number of 

Fields  

Best Practices 

Miscible 

Fields with Technically Recoverable Oil  

Greater than 70% Cutoff 

  
2005-6 (P50) NETL (2010) Calculated 70% Recoverable 

  
Bstb % # Bstb 

California 59 3.78 23 14 2.6 

Gulf Coast  

(AL, FL, MS, LA) 

154 4.08 34 52 2.9 

Mid-Continent  

(OK, AR, KS, NE) 

96 6.94 29 28 4.9 

Illinois/Michigan 24 0.51 20 5 0.4 

Permian 

(W. TX, NM) 

182 15.40 27 49 10.8 

Rockies 

(CO,UT,WY) 

92 2.64 30 28 1.8 

Texas 

(East, Central) 

161 10.20 17 27 7.1 

Williston  

(MT, ND, SD) 

54 1.83 41 22 1.3 

Alaska 32 12.04 26 8 8.4 

Total 854 61.86 27 234 40.2 
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Table 4-28: Technically recoverable oil with the traditional and best CO2-EOR practices 

in the top 70%-big oilfields across onshore U.S. regions/basins. Details 

adapted from several NETL reports (2005, 2006, 2010, and 2011). 

Region/Basin 
Number of 

Reservoirs 

Recoverable 

Oil 

Fields with Technically Recoverable Oil  

Greater than 70% Cutoff 

 
 

Best Practices 
NETL 

(2010) 

Calculated 70% 

Recoverable 

 
MMstb % # MMstb 

California 

San Joaquin 24 1800 23 6 1260 

Los Angeles 15 970 23 3 679 

Coastal 20 1010 23 5 707 

Total 59 3780 23 14 2646 

Gulf Coast (AL, FL, MS, LA) 

Louisiana 128 3250 34 44 2275 

Mississippi 17 330 34 6 231 

Alabama 4 170 34 1 119 

Florida 5 330 34 2 231 

Total 154 4080 34 52 2856 

Mid-Continent (OK, AR, KS, NE) 

Arkansas 6 200 29 2 140 

Nebraska 2 40 29 1 28 

Kansas 25 1300 29 7 910 

Oklahoma 63 5400 29 18 3780 

Total 96 6940 29 28 4858 

Illinois/Michigan 

Illinois 16 300 20 3 210 

Indiana 0 0 20 0 0 

Kentucky 0 0 20 0 0 

Michigan 8 210 20 2 147 

Total 24 510 20 5 357 

Permian (West TX, NM) 

New Mexico 55 2900 27 15 2030 

West Texas 127 12,500 27 34 8750 

Total 182 15,400 27 49 10780 
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Table 4-28: Continued, technically recoverable oil with the traditional and best CO2-EOR 

practices in the top 70%-big oilfields across onshore U.S. regions/basins. 

Details adapted from several NETL reports (2005, 2006, 2010, and 2011). 

Region/Basin 
Number of 

Reservoirs 

Recoverable 

Oil 

Fields with Technically Recoverable Oil  

Greater than 70% Cutoff 

 
 

Best Practices 
NETL 

(2010) 
Calculated 

70% 

Recoverable 

 
MMstb % # MMstb 

Rockies (CO,UT,WY) 

Colorado 12 740 30 4 518 

Utah 14 810 30 4 567 

Wyoming 66 1090 30 20 763 

Total 92 2640 30 28 1848 

Texas (East, Central) 

Central Texas 42 3400 17 7 2380 

East Texas 16 2800 17 3 1960 

Texas Gulf Coast 103 4000 17 18 2800 

Total 161 10,200 17 27 7140 

Williston (MT, ND, SD) 

North Dakota 34 1050 41 14 735 

South Dakota 1 20 41 0 14 

Montana 19 760 41 8 532 

Total 54 1830 41 22 1281 

Alaska 

North Slope 19 11,370 26 5 7959 

Cook Inlet 13 670 26 3 469 

Total 32 12,040 26 8 8428 
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4.8.3 Estimation of the Basin-scale Injection and Storage Capacity Potentials  

The technical oil recovery potential and, subsequently, the economic CO2 storage 

capacity with coupled EOR-storage are important parameters in the long-term. In the 

short-term, however, the availability of injection capacity is the main consideration. 

Specifically, the injection capacity should be initially sufficient to accommodate the fresh 

CO2 feed from the capture plant. After the CO2 breakthrough, the injection capacity 

should proportionally increase to accommodate the fresh feed and the recycled CO2.  

We select the potential large fields in the Permian Basin as an example and find 

the annual anthropogenic CO2 feed and subsequently the required injection capacity for a 

basin-scale EOR-storage operation. This choice is made because the underlying 

assumptions for the integrated asset model are realistic and the economic potential for 

CO2-EOR operation in the Permian Basin fields is evident. Based on the presented data in 

Table 4-28, the ultimate CO2-EOR recoverable oil from 49 large fields in the West Texas 

and New Mexico is 10,780 MMstb. 

We assume that Carbonate represents the 49 large reservoirs. We select two EOR-

storage designs to illustrate the calculations and the results, namely Dsn-9 and Dsn-20.  

Dsn-9 has the following design and performance parameters: WAG ratio = 2.2, 

average gas injection rate = 10.5 MMscfd, and pattern pore volume injection over 25 

years = 2.55. For the given design, the average oil production rate is 55 bopd/well, the 

average CO2 utilization is 7.2 Mscf/stb, and the average recycle ratio is 2.3:1. 

Dsn-20 has the following design and performance parameters: WAG ratio = 4.2, 

average gas injection rate = 6.0 MMscfd, and pattern pore volume injection over 25 years 

= 2.35. For the given design, the average oil production rate is 50 bopd/well, the average 

CO2 utilization is 5.5 Mscf/stb, and the average recycle ratio is 1.8:1.  
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The result of an analysis under the above assumptions will be merely a first-order 

estimate. No design optimization can be performed at this stage because the optimization 

process requires fairly specific information about the reservoir properties. 

4.8.4 Results and Conclusions of the Basin-Scale EOR-Storage Development 

Table 4-29 presents the basin-scale integrated asset model results for EOR-storage 

design Dsn-9. We assume two recovery plans the annual fresh CO2 slug calculations: a 

moderate recovery plan and a fast recovery plan. The moderate recovery plan assumes 

that 25% of the technically recoverable oil is produced over 25 years, whereas the fast 

recovery plan assumes 35%. Therefore, depending on the development the cumulative 

recovered oil over 25 years varies between 2.7 and 3.8 Bstb, the average annual oil 

production is between 108 and 150 MMstb/yr, and the average daily oil production rate is 

between 296 and 414 Mbopd. 

The integrated asset model results show that 41 MMtonne CO2 is annually stored 

under the moderate development plan. The initial number of required reservoir patterns is 

230 (1380 injectors and 1840 producers) and the final number is 753 (4518 injectors and 

6024 producers). Therefore the overall size of the asset over 25 years grows 3.27 times 

which indicates a need for fast growth of pipelines, pumps and compressors, and CO2 

treatment plants.  

Given a projected $40/stb oil price, an $80/tonne CO2 cost, and a $40/tonne 

storage tax credit, the aggregate net present value at the basin-scale for the oilfield 

operators is $1.45B, and the levelized profit of storage (LPOS) is $1.6/tonne. The LPOS 

value for the government is $-2.2/tonne. Therefore, under the moderate development plan 

for Dsn-9 and the given economic parameters, the project is marginally profitable for the 

operators and unprofitable for the government. This subject will be discussed in detail in 
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Chapter 5. Figure 4-5(a) shows the optimum pattern development schedule for the 

moderate plan. 

Under the fast development plan, 57 MMtonne CO2 is annually stored, the initial 

and final number of patterns are 330 (1980 injectors and 2640 producers) and 1054 (6324 

injectors and 8432 producers), and the aggregate project NPV is $2.0B. Figure 4-5(b) 

shows the optimum pattern development schedule for the fast plan. 

A comparison between the moderate and fast plans shows that the injection 

capacity requirement for the fast plan is 1.4 times greater than the moderate plan. 

Therefore, one important consideration for a basin-scale project development is the 

available number of producers and injectors. There will be a need for infill-drilling or 

expansion plans if the available producers and injectors are not sufficient to 

accommodate the growing CO2 (and water) mass in the injection-production cycle. An 

expansion or infill drilling plan imposes additional costs which should be justified. For 

the selected EOR-storage design the fast plan requires an additional 4214 wells (1806 

injectors and 2408 producers), and yields an incremental (2-1.45=) $0.55B net present 

value over 25 years. By including the related costs of facilities and drilling and the 

expansion schedule from Figures 4-5(a) and 4-5(b) one may form a classic economic 

analysis problem and find the better basin-scale development plan. 
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Table 4-29: EOR-storage performance estimates with anthropogenic CO2 in the Permian 

Basin. Carbonate (Dsn-9) is assumed to represent the operation 

performance. 

Parameter Unit 
Recovery Policy 

Moderate Fast 

Total technically recoverable oil 

(West Texas ,New Mexico) 
MMstb 10,800 10,800 

EOR-storage duration  year 25 25 

Recoverable oil fraction over 25 years % 25 35 

Recoverable oil volume over 25 years MMstb 2700 3800 

Average annual recoverable oil MMstb 108 150 

Average oil production rate Mbopd 296 414 

Design parameters and outputs for Dsn-9 

Pattern flood duration year 25 25 

Pattern pore volume injection / 2.6 2.6 

Pattern average gas injection rate MMscfd 10.5 10.5 

Average WAG ratio / 2.2 2.2 

Average production rate bopd/well 55 55 

Average CO2 utilization Mscf/stb 7.2 7.2 

Average recycle ratio / 2.3 2.3 

Generalized integrated asset outputs for Dsn-9 

Average annual CO2 stored Bscf/yr 780 1080 

MMtonne/yr 41 57 

Average daily CO2 demand MMscfd 2130 2980 

Total number of patterns / 753 1054 

Total active producers / 6024 8432 

Total active injectors / 4518 6324 

Operator(s) NPV $B 1.45 2.0 

Operator(s) LPOS $/tonne 1.6 1.6 

Government LPOS $/tonne -2.2 -2.2 
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Figure 4-5: EOR-storage performance estimates with anthropogenic CO2 in the Permian 

Basin. Carbonate (Dsn-9) is assumed to represent the operation performance. 

sequence of patterns development with a (a) moderate recovery plan,  25% of 

the technically recoverable oil is produced over 25 years (b) fast recovery 

plan,  35% of the technically recoverable oil is produced over 25 years. 

  

 
 

(a) 

 

(b) 

0 5 10 15 20 25
0

100

200

300

400

500

600

700

800

Time (year)

R
e
s
e
rv

o
ir
 P

a
tt
e
rn

s

 

 

Total patterns

Completed patterns

0 5 10 15 20 25
0

200

400

600

800

1000

1200

Time (year)

R
e
s
e
rv

o
ir
 P

a
tt
e
rn

s

 

 

Total patterns

Completed patterns



 195 

Table 4-30 presents basin-scale EOR-storage operation results for design Dsn-20. 

The moderate and fast plans annually store 31 and 44 MMtonne CO2. The moderate plan 

ultimately requires 872 patterns (5230 injectors and 6980 producers) whereas the fast 

plan requires 1222 patterns (7332 injectors and 9780 producers). The corresponding NPV 

values for the moderate plan and the fast plan are 5.6 and $7.8B, respectively. Figure 4-6 

shows the pattern development schedules for the moderate and the fast plans. 

A comparison between the outputs of designs Dsn-9 and Dsn-20 reflects a 

significant difference in terms of the economic performance. The average NPV gained 

with Dsn-9 is $1.9MM per pattern and with Dsn-20 is $6.4MM per pattern. The main 

reason for this difference is the CO2 utilization factor. For Dsn-9, the utilization is 7.2 

Mscf/stb while for Dsn-20 the value is 5.5 Mscf/stb. Considering the fairly high cost of 

anthropogenic CO2 (effectively $40/tonne) a large CO2 utilization imposes a big cost. 

Therefore, on a pattern scale Dsn-20 has a far better economic performance than Dsn-9. 

Cautions should be taken when generalizing such results because the EOR-storage 

performance is function of the design and the reservoir properties; on a basing-scale, 

reservoir properties significantly vary. 

We close our discussion on the IAM at this point, and hold the comprehensive 

analysis of the IAM results and implications for Chapter 5, where we formally introduce 

the time-dependent calculations for the pattern development sequence and solve the CO2 

market problems (see Section 2.6). 
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Table 4-30: EOR-storage performance estimates with anthropogenic CO2 in the Permian 

Basin. Carbonate (Dsn-20) is assumed to represent the operation 

performance. 

Parameter Unit 
Recovery Policy 

Moderate Fast 

Total technically recoverable oil 

(West Texas, New Mexico) 
MMstb 10,800 10,800 

EOR-storage duration  year 25 25 

Recoverable oil fraction over 25 years % 25 35 

Recoverable oil volume over 25 years MMstb 2700 3800 

Average annual recoverable oil MMstb 108 150 

Average oil production rate Mbopd 296 414 

Design parameters and outputs for Dsn-20 

Pattern flood duration year 25 25 

Pattern pore volume injection / 2.35 2.35 

Pattern average gas injection rate MMscfd 6.0 6.0 

Average WAG ratio / 4.2 4.2 

Average production rate bopd/well 50 50 

Average CO2 utilization Mscf/stb 5.5 5.5 

Average recycle ratio / 1.8 1.8 

Generalized integrated asset outputs for Dsn-20 

Average annual CO2 stored Bscf/yr 594 832 

MMtonne/yr 31 44 

Average daily CO2 demand MMscfd 1627 2278 

Total number of patterns / 872 1222 

Total active producers / 6980 9780 

Total active injectors / 5230 7332 

Operator(s) NPV $B 5.6 7.8 

Operator(s) LPOS $/tonne 7.9 7.9 

Government LPOS $/tonne 4.3 4.3 
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Figure 4-6: EOR-storage performance estimates with anthropogenic CO2 in the Permian 

Basin. Carbonate (Dsn-20) assumed to represent the operation performance. 

sequence of patterns development with a (a) moderate recovery plan,  25% of 

the technically recoverable oil is produced over 25 years (b) fast recovery 

plan, 35% of the technically recoverable oil is produced over 25 years. 
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Chapter 5. CO2 EOR-Storage Design Optimization 

 

 

We integrate the results of Chapters 3 and 4 to solve the CO2 market problems 

proposed in Chapter 2. The objective is to find an optimum design and operating 

conditions for a coupled EOR-storage project such that the overall profit of the project is 

maximized. The optimization objective can be formulated according to the oilfield 

operator’s viewpoint or the government’s viewpoint. For any of the problems, we use 

appropriate decision analysis tools to find the operating conditions under which the 

economics of CO2 EOR-storage are most favorable. The integrated asset models for both 

Sandstone and Carbonate are used in different problems to show how the results would 

be different with the variation of the EOR-storage performance. These examples also 

show how different methods are used to find the optimum design under different market 

conditions and storage tax credit policies. 

5.1 CONSIDERATIONS IN CO2 EOR-STORAGE DESIGN OPTIMIZATION  

The operating conditions of a coupled EOR-storage are constrained. These 

constraints originate from the reservoir characteristics, the wells and surface facilities, 

and the CO2 availability. Any of the design variables of a coupled EOR-storage project 

can be only adjusted within these constraints’ limits. For example, injection rate and 

injection pressure mainly depend on the reservoir rock, depth, reservoir fluids, inter-well 

connectivity, and the facility size. The dynamics between the CO2 utilization (storage 
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performance), average oil production rate (EOR performance), and recycle ratio (required 

facility size and energy consumption) and their effect on the overall cost is the main 

complexity of the problems.  

In these problems, the gas injection rate, WAG ratio, and EOR-storage duration 

are the main design variables. Increasing injection rate accelerates the recovery and 

increases the production performance, but this is achieved at the cost of an increase 

recycle ratio and a bigger facility. Decreasing the WAG ratio would increase the storage 

performance and improve the oil recovery, but it would also decrease the number of 

patterns for CO2 storage and delays the development of new patterns which, in turn, 

delays the production revenue from project expansion.  

Another complexity in the coupled EOR-storage problems is that the objectives of 

CO2 EOR and CO2 storage are not quite aligned; CO2 EOR aims to maximize the pace 

and the overall oil recovery, while CO2 storage aims to maximize the storage tax credits. 

The type of stakeholder also affects the objective of an EOR-storage problem. From the 

viewpoint of the oilfield operator the overall objective of coupled EOR-storage is to 

maximize the aggregate net present value of the project. From the viewpoint of the 

government, the objective is to sufficiently boost the CO2 market, such that the oilfield 

operators are encourage to invest in the EOR-storage operations. In the long-term, the 

government is seeking to benefit from the revenue tax of the incremental oil production, 

and reduce the greenhouse gas emissions. Therefore, depending on the nature of the 

problem and the type of the stakeholder, one should find an optimum design or policy 

such that the overall benefits of the stakeholder are maximized.  
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5.1.1 Scope of the Investigated Problems 

Figure 5-1 shows the investigated scope of a coupled EOR-storage project from 

the viewpoint of this study. One would follow the branches in a clockwise order. Four 

major steps are taken to propose and solve any of the well-posed problems in this study. 

First step is to determine the project objective and the main stakeholder. For example we 

may select the stakeholder as the oilfield operator and the objective to be the overall NPV 

gained from participation in a coupled EOR-storage project. The second step is to 

determine the storage target, which in this study it may be either Sandstone or Carbonate. 

The third step is to select a set of decision variables, a list of investigated field-scale 

operating parameters. The fourth step is to determine the problem specifications and 

constraints. For example, we may select a fixed storage requirement problem that obliges 

the oilfield operator to store a pre-specified volume of CO2 through the end of the EOR-

storage project. The oilfield operator has the choice to investigate different EOR-storage 

designs and select one that yields the best economic value, based on a given set of 

economic parameters.  
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Figure 5-1: Investigated scope of a coupled CO2 EOR storage problem in this study. 

 

5.1.2 Types of Investigated Problems 

Four problem types are investigated in this study: 

1. Fixed storage requirement 

2. Integrated asset model optimization 

3. Storage tax credit policy 

4. CO2 EOR-storage design optimization under uncertainty 

A detailed description of the problems is presented in Section 2.6, which we do 

not repeat here. The first three problems are defined and solved in the current chapter. 

The last problem requires a background in stochastic programming, and is solved in 

Chapter 6. 
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5.2 PROBLEM-I: FIXED STORAGE REQUIREMENT 

In the fixed storage requirement problem there is one CO2 supplier (coupled 

power-capture plant) and one CO2 customer (oilfield operator), as shown in Figure 5-2. 

CO2 is captured at a fixed rate and the oilfield operator is committed to purchase and 

store all the captured CO2. A stream of fresh CO2 is constantly supplied to the oilfield 

operator, and the operator is committed to store. We find the optimum design and 

operational conditions for the EOR-storage operation, such that the project NPV 

maximized for the oilfield operator under the given storage constraint. This problem 

focuses on the oilfield operator, and the government benefits are not considered, and 

therefore the cashflow streams of income tax and storage tax credit are not shown in 

Figure 5-2; however, a constant storage tax credit of $40/tonne and a fixed gross income 

tax rate of 23% are assumed. 

5.2.1 Problem Definition 

The storage requirement is 3 MMtonne/yr CO2 (157 MMscfd CO2) captured from 

a 550 MW net pulverized coal plant (between 65-70% capture rate). The CO2 sales value 

is $80/tonne, see Black et al. (2011). A commitment is made to store all the purchased 

CO2 and the storage tax credit is $40/tonne. The target asset is represented by Sandstone 

with 600 producers and 600 injectors. The EOR-storage design candidates are described 

in Sections 3.3 and 3.4. For all the described designs, the annual values of design 

variables (gas injection rate and WAG ratio) and reservoir response (CO2 utilization, 

average production rate and recycle ratio) are available in a dataset (see Appendix A). 

The reservoir model is coupled with the cost model to form the IAM, as described in 

Section 4.7. We present the results for Sandstone and Carbonate in this section. 
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 Figure 5-2: Schematic diagram of the fixed storage requirement problem. Abbreviations: 

S=supplier, C=customer, ccpt = levelized CO2 capture cost, cEOR = levelized 

CO2 EOR-storage cost, cfCO2= CO2 cost, O = oil, cfoil=oil production 

revenue. 

5.2.2 Sandstone Field-scale EOR-storage Optimization  

We select Dsn-1 (average gas injection rate per reservoir pattern = 6.9 MMscfd, 

WAG ratio = 1.5:1, and ultimate pore volumes injection at 20 years, pattern flood 

duration = 1.1 PV), for which the reservoir response results are shown in Figures 3-5 

through 3-7. For the field-scale model development, we use the time-dependent values of 

the EOR-storage design parameters and the reservoir fluid production rates from the 

simulation results. Figure 5-3(a) shows the main output of the field-scale model, which is 

the optimum development sequence of reservoir patterns. The initial number of patterns 

is 23, and it constantly increases with time because new patterns are required to recycle 

the produced CO2. The injection duration of the reservoir patterns is 20 years; therefore, 

in the 20
th

 year, the EOR-storage process for the initial patterns (i.e. 23 patterns) becomes 

complete. At this stage, the producers in completed patterns are shut-in and the additional 

CO2, which was injected to these patterns before the completion, is now injected to the 

new and existing patterns; therefore, at the beginning of year 21, the number of active 

patterns temporarily jumps to provide an additional capacity to store all the fresh CO2 

feed, recycled CO2 from the existing active patterns, and the additional available CO2 
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from completed patterns. In the following year, the available CO2 returns to the normal 

level and therefore, the expansion of active patterns returns to its normal pace. The 

number of completed patterns is shown by black bars; a moderate increasing trend in the 

number of active and completed patterns is observed from year 21 to year 25. 

Availability of sufficient storage capacity is an important consideration in CO2 

storage projects, especially when a significant variation in CO2 injection load is 

expectable. In this case, a storage commitment is assumed for the oilfield operator, and 

therefore, a compliance level of 100% storage rate is mandatory. This subject is discussed 

in detail in Chapter 6, where we introduce the concept of storage compliance.  
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(a) 

 

(b) 

 Figure 5-3: Field-scale results (a) optimum sequence of field development; the storage 

requirement constraint results in consistent expansion of project, and the 

pattern flood duration of 20 year, results in a temporary jump of project size 

cale in year 21. In practical applications shut-in of 23 patterns (120 

producers) does not occur simultaneously and this temporary jump is not 

observed. 
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(c) 

 

(d) 

  Figure 5-3: Continued, Field-scale results (c) CO2 recycle ratio, and (d) oil production 

performance. 
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Figure 5-3(b) shows the field-scale CO2 utilization, the initial utilization is 8 

Mscf/stb, and it decreases with time down to 4 Mscf/stb; an increase in utilization is 

observed in years 20-25 because some reservoir patterns are matured, and the 

development of new patterns requires more CO2 at the beginning (starting with 8 

Mscf/stb at the beginning and then gradually decreasing). 

Figure 5-3(c) shows the field recycle ratio. After the breakthrough, CO2 

production rate rapidly increases and as a result the recycle ratio increases. The recycle 

ratio varies between 0 and 2 for this case. After the shut-in of initial patterns and injection 

of CO2 to new patterns, the recycle ratio temporarily decreases, and then starts to 

gradually increase from year 24.   

Figure 5-3(d) shows the average oil production rate per well. The field response to 

CO2 injection is fairly fast, the second year. Sandstone is highly permeable reservoir with 

moderate heterogeneity and no layering.  The plateau period lasts for 5 years. The 

production decline begins from year 7, and continues up to year 20, when the old flooded 

patterns are shut-in and the additionally available CO2 feed is injected into new patterns. 

This action temporarily boosts the oil production; however, because the available CO2 

returns to the normal level in the subsequent year, oil production rate also falls on the 

same trend before year 20.  

5.2.3 Sandstone Integrated Asset Optimization  

The third step in the integrated asset model development is to integrate the field-

scale results with the cost model. For all the examples in this section, we assume an oil 

price of $60/stb, a CO2 cost of $80/tonne, a storage tax credit of $40/tonne, an aggregate 

gross income federal tax and royalty of 23%, a gross income state tax of 5%, a discount 

rate for the oilfield operator of 10%, and a federal discount rate of 3.5%. Figure 5-4 
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shows the results of integrated asset model for the flood design Dsn-1. The white bars 

represent the discounted levelized profit for the oilfield operator (net present profit gained 

per incremental tonne of CO2, the units are $/tonne CO2), and the gray bars represent the 

discounted levelized profit for the federal government (including the tax revenues and 

royalties from oil production and land and/or pore space lease, and the cost of awarding 

storage tax credits, the units are $/tonne CO2).  

The observations and conclusions follow: 

1. For the oilfield operator, the economics of EOR-storage are fairly promising and 

the project continues to yield positive discounted cashflows up until the end of the 

project life. Therefore, the oilfield operator may benefit from participation in the 

EOR-storage operation under the assumed economic conditions. 

2. The breakeven time (i.e. when the cumulative profit is at least equal to the 

investment cost) is on the 4
th

 year of EOR-storage operation.  

3. The average discounted levelized profit for the oilfield operator is $25.38/tonne 

CO2. 

4. For the federal government the economics of the project is fairly promising. The 

breakeven time is in the 5
th

 year project, and the discounted profit cashflows 

continue to remain positive until the end of project. Therefore, the federal 

government may benefit from the participation in this EOR-storage under the 

given tax credit policy of $40/tonne, though the average marginal profit is rather 

low, i.e. $9.46/tonne CO2. 

5. The discount rate is an important economic parameter in the final decisions of 

both the oilfield operator and the federal government; while the profit cashflows 

rapidly shrink for the oilfield operator because of the 10% discount rate, the profit 

cashflows for the government remain fairly stable, with limited fluctuation. This 
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reflects a lower risk profile for the government, which may enable a long-term 

planning for appropriately monitoring and directing the CO2 market.  

6. The participation of both the oilfield operator and the government in the CO2 

storage market in long-term depends on the economic benefits. The storage tax 

credit should be regulated such that all entities find the storage market sustainable 

and sufficiently profitable. Therefore, the storage tax credit regulation is an 

important consideration in the CO2 market. 
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(a) 

 

(b) 

 Figure 5-4: Integrated asset model results for flood design Dsn-1 with (a) a 20-year 

pattern flood duration, and (b) a 25-year pattern flood duration. Discounted 

levelized profits for the oilfield operator and the federal government are 

shown with white bars and gray bars, respectively. The average discounted 

levelized profits for the oilfield operator and the government are (a) 25.38 

and $9.46/tonne, respectively, and (b) 26.1 and $9.84/tonne, respectively. 
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The process of integrated asset model calculations are repeated for all the design 

configurations presented in Appendix A for 3 different pattern EOR-storage durations, 

i.e. 15, 20, and 25 years. Figure 5-5 shows the results of economic optimization for the 

oilfield operator. The observations and conclusions follow. 

1. The levelized profit of storage (net present profit per incremental tonne of stored 

CO2, the units are $/tonne and the abbreviated form is LPOS) is a strong function 

of the three design parameters namely the WAG ratio, the total injection rate and 

the pattern flood duration, 

,( , , )t EORS ptnLPOS f WAG q t .       (5-1) 

A graphical presentation of a function with 3 independent variables requires a 4D 

space which is not possible. Instead, we fix one variable, i.e. the pattern flood 

duration, and project the resulting 3D LPOS surface on a 2D plot, as shown in 

Figure 5-5(a-b).  

2. Any data point shown in Figure 5-5 presents an EOR-storage design after the 

pattern development sequence optimization process, described in Section 4.7.1. 

Therefore, the presented LPOS values are the best that can be achieved for field-

scale implementation of EOR-storage with any given design. A total of 90 designs 

are evaluated for this problem, many of which yield extremely sub-optimum 

LPOS values and therefore are not presented in Figure 5-5. We select to present 

only the designs that yield near-optimum LPOS values. 

3. The LPOS increases with increasing the WAG ratio. Figure 5-5(a) shows LPOS 

of different EOR-storage designs as a function of WAG ratio. An increase in the 

WAG ratio improves the CO2 utilization, which results in an increase of the 

incremental produced oil per tonne of stored CO2. Therefore, the average profit 

from the constant storage requirement (i.e. LPOS) would increase with an 
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increase of the WAG ratio. For the sake of comparison, two design 

configurations, namely Dsn-1 and Dsn-4 are labeled. 

4. For the given storage requirement of 3 MMtonne/yr CO2 and the given reservoir 

properties, there is an optimum WAG ratio, injection rate and flood duration for 

which the average NPV per pattern (defined as the total NPV divided by total 

number of patterns, and the units are $MM/pattern) is maximized. Figure 5-5(b) 

shows the average NPV as a function of WAG ratio. Moving along the horizontal 

axis from left to right, the WAG ratio increases and that would improve the EOR 

efficiency (and therefore the oil production revenue); however, this comes at the 

cost of increasing the asset size (and therefore, an increase in investment 

requirements) and decreasing storage efficiency (i.e. average CO2 storage mass 

per pattern).The optimum WAG ratio is found where the incremental revenue 

from the oil production is offset by the incremental capital and operational costs 

of the asset expansion. At the optimum WAG ratio, the CO2 utilization, the 

required asset size, and the speed of oil recovery are adjusted such that the 

average patterns’ NPV is maximized, i.e. designs Dsn-1 and Dsn-4. 

5. The size of required asset to store a fixed amount of CO2 (i.e. total number of 

patterns) would increase when the WAG ratio increases. Figure 5-5(b) shows the 

average NPV per pattern as a function of total patterns number. By moving from 

left to right along the horizontal axis, the WAG ratio and total patterns number 

both increase. By increasing the patterns number, the average NPV per pattern 

first increases and then decreases. Therefore, we expect to observe (an) optimum 

design(s) for which the economic performance is maximized. Figure 5-5(b) shows 

that the designs Dsn-1 (WAG=1.5:1, qg=330 MMscfd, tEORS=25 yr, and npattern=69 

pattern) and Dsn-4 (WAG=2:1, qg=302 MMscfd/pattern, tEORS=25 yr, and 
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npattern=84 pattern) have the best average NPVs and therefore, are the global 

optimum designs for this problem. 

6. The main measure of economic performance, the average NPV per pattern, is a 

strong function of the three design parameters, i.e. WAG ratio, flood duration, and 

gas injection rate. An increase in pattern flood duration would decrease the asset 

size. In Figure 5-5(c), the contour curves show the designs with the same flood 

duration. By moving across the contour curves (e.g. consider the three labeled 

curves, 15 yr, 20 yr, and 25 yr) the flood duration increases and the total patterns 

number decreases.  

7. An increase in the total injection rate would increase both the incremental oil 

production and storage efficiency. By moving along the contour curves from top 

to bottom in Figure 5-5(c), the total injection rate (and therefore, the total pore 

volume injection) decreases, which considerably decreases the average NPV per 

pattern.  

8. The required asset size to store 3 MMtonne/yr CO2 is fairly big (between 300 to 

900 producers, depending on the designs). Figure 5-5(c) shows that the economic 

performance for different designs are fairly scattered and the majority of designs 

fall way below the global optimum economic solutions. Therefore, it is important 

to choose the appropriate design for the EOR-storage process, or the economics of 

the project would dramatically deteriorate.  
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(a) 

 

(b) 

 Figure 5-5: Economic analysis of different EOR-storage designs (a) average levelized 

profit of storage (LPOS) with respect to WAG ratio (b) average NPV with 

respect to WAG ratio. 
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(c) 

Figure 5-5: Continued (c) average NPV with respect to total patterns number. 

 

5.2.4 Field-scale Design Optimization for Carbonate 

We select Dsn-1 (average gas injection rate per reservoir pattern of 6 MMscfd, 

WAG ratio of 3.56:1, and pattern flood duration of 25 years, equivalent to pore volume 

injection of 2.1PV), for which the reservoir response results are shown in Appendix A. 

We present the final results and conclusions.  

The results of upscaling the reservoir response are shown in Figure 5-6. Figure 5-

6(a) shows the optimum development sequence of reservoir patterns. The initial number 

of patterns is 26, and it constantly increases with time up until the end of project, 

reaching a value of 82 patterns (656 producers and 496 injectors, for this design, there are 

8 active producers and 6 active injectors). Figure 5-6(b) shows the field-scale CO2 

utilization, the initial utilization is 14.5 Mscf/stb, and it decreases with time down to a 
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breakthrough occurs in the 2
nd

 year, and rapidly increases. The ultimate recycle ratio is 

2.4. Figure 5-6(d) shows the average oil production rate per well. The field response to 

CO2 injection is observed in the 2
nd

 year. The plateau period lasts for 4 years. The 

production decline begins from year 6, and continues up to the end of the project.  
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(a) 

 

(b) 

 Figure 5-6: Field-scale optimization results for Carbonate (a) optimum sequence of 

pattern development (b) CO2 utilization. The ultimate asset size for this 

EOR-storage design is 82 patterns. All the patterns remain active until the 

end of the project. CO2 utilization has a high value of 14.5 Mscf/stb and a 

stabilized value of 5.8 Mscf/stb. 
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(a) 

 

(b) 

 Figure 5-6: Continued, field-scale optimization results for Carbonate (c) CO2 recycle 

ratio, and (d) oil production performance. CO2 breakthrough occurs in the 2
nd

 

year, the ultimate field recycle ratio is 2.4. Peak oil production rate occurs in 

the 2
nd

 year with the value of 85 bopd/well. The oil production remains at 

peak rate for 4 years and declines thereafter reaching values as low as 48 

bopd/well in year 25. 
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5.2.5 Integrated Asset Optimization for Carbonate 

Figure 5-7 shows the results of integrated asset model for the flood design Dsn-1. 

The white bars represent the discounted levelized profit for the oilfield operator, and the 

gray bars represent the discounted levelized profit for the federal government. The 

observations and conclusions follow. 

1. For the oilfield operator, the economics of EOR-storage are fairly on the edge, 

especially when compared to Sandstone. The project, however, is still feasible, 

and yields a positive discounted cashflows up until the end of the project life. The 

breakeven time is on the 8
th

 year of EOR-storage operation. Therefore, the oilfield 

operator may ultimately benefit from participation in the storage market under the 

assumed economic conditions. For the EOR-storage design Dsn-1, the average 

discounted levelized profit for the oilfield operator is $7.98/tonne CO2, and for 

Dsn-20 is $9.54/tonne CO2.  

2. For the federal government the economics of the project is not quite promising 

even though the applied federal discount rate of 3.5% fairly preserves the present 

value of the profit cashflows that occur late in project life. The breakeven time is 

in the 10
th

 year. The average levelized profit for the government under design 

Dsn-1 is as low as $2.9/tonne, and under design Dsn-20 is $4/tonne. Therefore, 

the federal government does not gain a considerable economic benefit from the 

participation in this project under the given tax credit policy of $40/tonne.  

For this case, the government may need to re-consider the storage tax credit 

because the sustainability of storage market in long-term requires a stable income 

and a consistent policy. If the government does not obtain sufficient funds from 

the internal tax revenues to maintain a consistent storage tax credit of $40/tonne, 

there might be a need to either use other sources of income, such as a consumer 
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carbon tax, to compensate the costs, or reduce the storage tax credit. For the latter 

option, the government should be aware of the downside of a storage tax credit 

reduction, because it may render the EOR-storage project infeasible for the 

oilfield operator. If this case happens, neither the government nor the oilfield 

operator would benefit in the long-term. This important consideration is further 

discussed in Section 5.4.  
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(a) 

 

(b) 

 Figure 5-7: Integrated asset model results for Carbonate (a) design Dsn-1, and (b) design 

Dsn-20. Discounted levelized profits for the oilfield operator and the federal 

government are shown with white bars and gray bars, respectively. The 

average discounted LPOS for the oilfield operator and the government are (a) 

Dsn-1, 7.98 and $2.9/tonne, respectively and (b) Dsn-20, 9.54 and $4/tonne, 

respectively.  
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Figure 5-8 shows the results of economic optimization for the oilfield operator. 

The observations and conclusions follow. 

1. The levelized profit of storage (LPOS) improves when the WAG ratio is 

increased, similar to the observed trend for Sandstone. Figure 5-8(a) shows LPOS 

as a function of WAG ratio. For the sake of comparison, two design 

configurations, namely Dsn-1 and Dsn-26 are labeled. 

2. Figure 5-8(b) shows the average NPV as a function of WAG ratio. Similar to 

Sandstone, increasing the WAG ratio would improve the EOR performance (and 

therefore, the oil production revenue); however, this comes at the cost of 

increasing the asset size (and therefore, an increase in investment requirements) 

and decreasing storage efficiency (i.e. average CO2 storage mass per pattern). 

3. The number of reservoir patterns required to store a fixed amount of CO2 would 

increase when the WAG ratio increases. Figure 5-8(b) shows the average NPV 

per pattern as a function of total patterns number. By increasing the patterns 

number, the average NPV per pattern first increases and then decreases. Figure 5-

8(b) shows that design Dsn-26 (WAG=5.5:1, qg=325 MMscfd, tEORS=25 yr, and 

npattern=96 pattern) has the best average NPV per pattern, and therefore, is the 

global optimum design. 

4. Similar to Sandstone, the average NPV per pattern, is a function of WAG ratio, 

flood duration, and gas injection rate. An increase in pattern flood duration would 

decrease the asset size. In Figure 5-8(c), the contour curves show the designs with 

the same flood duration. By moving across the contour curves, the flood duration 

increases and the total patterns number decreases. An increase in the total 

injection rate would increase both the incremental oil production and the storage 

efficiency.  
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(a) 

 

(b) 

 Figure 5-8: Economic analysis of different EOR-storage designs for Carbonate (a) LPOS 

with respect to WAG ratio (b) average NPV with respect to WAG ratio. 
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(c) 

Figure 5-8: Continued (c) average NPV with respect to total patterns number. 

 

5.2.6 Discussion 

Table 5-1 compares the corresponding global optimum designs for the two EOR-

storage candidates, Sandstone and Carbonate. The economics of Carbonate is far less 

promising than Sandstone because of the following: 

1. The EOR-storage duration and the gas injection rate of the patterns is almost the 

same for both cases; however, the optimum WAG ratio is significantly different 

(i.e. 1.5 for Sandstone and 5.5 for Carbonate). As a result of this, the required 

asset size to optimally store 3 MMtonne/yr CO2 for Carbonate is greater than 

Sandstone (i.e. 69 patterns for Sandstone as opposed to 96 patterns for 

Carbonate); and therefore, the capital investment, operational cost requirements, 

and the associated risk of investment for Carbonate are considerably greater than 

Sandstone 
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2. The CO2 utilization (measure of storage performance) for Carbonate is slightly 

greater than Sandstone; however, the average oil production (measure of EOR 

performance) for Sandstone is considerably greater than Carbonate. Therefore, if 

we assume that all other parameters, especially the vicinity to the CO2 capture site 

and the asset acquisition cost are the same for both candidates, then Sandstone is a 

better target for EOR-storage. However, one would expect a considerably greater 

asset value for Sandstone compared to Carbonate. 

3. The levelized profit of storage for both the government and the oilfield operator 

are positive in both cases; however, Sandstone yields a better storage profit for 

both the government and the oilfield operator. This observation suggests that both 

the government and the operators should primarily focus on the most promising 

EOR projects to insure a positive NPV at the early stages of coupled EOR-storage 

projects development; and later consider other options to expand the project to 

provide additional storage capacity. For these expansions they may consider the 

less promising assets.  

One important implication of the latter conclusion is that coupled EOR-storage 

projects should be ranked ahead of CO2 storage in saline aquifers in early stages of a 

large-scale carbon capture, utilization and sequestration project because the economics is 

the main driver. The EOR element can considerably improve the economics at the 

beginning, and once the project is well established, and more storage capacity is needed, 

other options may be considered, such as a less promising asset or saline aquifers from 

which no tangible economic products are obtained. This implication is important for both 

the oilfield operators and the government, as we discuss in Section 5.4. 
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 Table 5-1: Fixed storage requirement problem, optimum solutions for Sandstone and 

Carbonate. 

Parameter Unit 
Sandstone 

Optimum  

Carbonate 

Optimum 

Design  / Dsn-1 Dsn-26 

Pattern EOR-storage duration yr 25 25 

Pattern pore volume injection / 1.38 2.35 

Average field gas injection 

rate 
MMscfd 332 325 

Average field WAG ratio / 1.50 5.48 

Average CO2 utilization Mscf/stb  4.82 5.33 

Average oil production bopd/well 114 55.2 

Average field recycle ratio / 1.29 1.24 

Total reservoir patterns / 69 96 

Total producers  / 414 768 

Average operator NPV $MM/pattern 26.05 8.35 

Oilfield operator LPOS $/tonne  26.1 11.62 

Government LPOS $/tonne 9.84 6.76 

 

The fixed storage requirement problem imposes a constraint on the annual CO2 

storage and assumes no limitations on the asset size. Therefore, in the optimization 

procedure, we look into all field development scenarios that may satisfy the CO2 storage 

constraint, regardless of the asset size. This problem type is useful when primary 

objective of CO2 EOR-storage is the storage element, which is the main objective an 

environment-protection approach towards coupled EOR-storage.  

The following section investigates another class of problems in which the EOR 

element is the primary objective. In these problems, the asset size is fixed (i.e. the oilfield 

operator either owns or rents the asset). There are no storage constraints, and the oilfield 

operator may select a/an (optimum) fresh CO2 slug based on the technical and the 

economic conditions of the project.  
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5.3 PROBLEM-II: INTEGRATED ASSET OPTIMIZATION 

The goal of this problem is to find the optimum design, operational plan and 

annual fresh CO2 slug for a coupled EOR-storage project. The CO2 EOR-storage 

candidate is pre-specified, and the asset size is fixed. Figure 5-9 shows the corresponding 

market model. Apart from a main supplier and customer, other suppliers and customers 

may provide (additional) CO2 or store (a surplus) CO2. The oilfield operator is not 

obliged to store a pre-determined CO2 slug; however, once the CO2 purchase contract is 

finalized, CO2 cannot be returned to the market from the oilfield and storage is 

mandatory. Under these conditions, the oilfield operator may optimize the facility design 

and operational plan for the CO2 EOR-storage field candidate.  

5.3.1 Problem Definition 

We consider an oilfield asset with 400 producers (67 patterns for reservoir 

Sandstone, and 50 patterns for Carbonate) for a coupled EOR-storage operation. The 

oilfield operator is willing to negotiate a CO2 contract that delivers a constant fresh CO2 

feed for 25 years. The CO2 feed is primarily provided from a CO2 capture plant with a 

capacity of 3 MMtonne/yr CO2 (157 MMscfd CO2), captured from a 550 MW net 

pulverized coal plant (between 65-70% capture rate). There are other suppliers and 

customers in the market, which may provide extra CO2 if required, or purchase the excess 

CO2 from the capture plant operator. The CO2 market price is $80/tonne, CO2 storage tax 

credit is $40/tonne, the expected average oil price is $60/stb, and the discount rate is 

10%. The oilfield operator is willing to find the optimum annual fresh CO2 slug, as well 

as development schedule, injection rate, WAG ratio, and pattern flood duration for the 

asset such that the total NPV of the coupled EOR-storage operation is maximized. 
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 Figure 5-9: Schematic diagram of the CO2 market model for the integrated asset 

optimization problem. Abbreviations: S=supplier, C=customer, ccpt = 

levelized cost of CO2 capture, cEOR= levelized cost of CO2 EOR-storage, O = 

oil, cfoil =oil production cash flow, cfoil=oil production revenue, Sʹ=other 

suppliers, Cʹ=other customers, G=government. All financial units are $/tonne 

CO2. 

5.3.2 Sandstone Integrated Asset Optimization 

The main design variables for the field-scale calculations are the annual fresh CO2 

slug, gas injection rate, WAG ratio and EOR-storage duration for reservoir patterns, and 

the development sequence of patterns. From an optimization viewpoint, the integrated 

asset optimization problem and the fixed storage requirement problem are different 

because the annual fresh CO2 slug is initially unknown and the available storage capacity 

is limited. As a result of this, the initial number of patterns and the pace of patterns 

development should be determined such that sufficient storage pore space would be 

available all through the project life. The following three lemmas help us solve this 

problem. 

1. For the Sandstone asset with 400 producers (67 patterns), the optimum annual 

fresh CO2 slug is 3 MMtonne/yr CO2 or less. This is implied by the fixed storage 

requirement problem; the optimum solution show that for Sandstone, at least 69 

patterns are required to optimally store 3 MMtonne/yr CO2; therefore, for an asset 

size of 67 patterns the optimum fresh CO2 slug would be 3 MMtonne/yr or less.  
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2. The whole asset should be fully used to maximize profit. This lemma is again an 

implication from the fixed storage requirement problem. Increasing the WAG 

ratio would increase the levelized profit of storage (see Figure 5-5). The asset size 

is fixed; therefore, to find an optimum design, we search for a WAG ratio range 

for which the total required patterns is 67 or less and the pace of pattern 

development is maximum.  

3. The fixed storage requirement problem implies that to maximize the EOR and 

storage performances from the patterns, we should keep the pattern flood duration 

as long as possible. Therefore, with a limited number of patterns, it’s best to fully 

use both the EOR and storage capacities of the patterns up to the end of project 

life, which is 25 years. 

With these considerations, the following steps describe the procedure of finding 

the optimum design for the integrated asset optimization problem. 

1. Assume a range of values for the annual fresh CO2 slug; the theoretical lower 

bound is zero, and the upper bound is 3 MMtonne/yr. 

2. Develop the integrated asset model for any selected annual fresh CO2 slug. The 

procedure is described in Chapter 4 and illustrated in the fixed storage 

requirement problem. 

3. Investigate different design configurations, and select the feasible solution 

candidates, i.e. those designs that meet the asset size constraint for the selected 

fresh CO2 slug, and calculate the corresponding values for average NPV per 

pattern and the total asset NPV. 

4. Repeat steps 2 and 3 for different fresh CO2 slugs, and by comparing the 

calculated values for the corresponding average pattern NPV and total asset NPV, 

find the optimum design configuration. 
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Figure 5-10 shows the results of the optimization procedure. The observations and 

conclusions follow.  

1. For any given annual fresh CO2 slug, those EOR-storage designs with total asset 

size of 67 patterns or less may be considered for economic optimization. Figure 5-

10(a) shows the results of integrated asset model for different annual fresh CO2 

slugs and EOR-storage flood designs. The horizontal axis is the average WAG 

ratio and the vertical axis shows the total active patterns (the asset size). A 

horizontal line at 67 patterns separates the feasible and infeasible regions. Those 

designs that fall in the feasible region are considered as potential optimum 

candidates for this problem. As a general trend, increasing the annual fresh CO2 

slug requires a smaller WAG ratio to yield a feasible design. 

2. The investigated annual fresh CO2 slug varies within the range of 0-3 

MMtonne/yr. We show the results for 0.9, 1.2, 1.5, and 1.8 MMtonne/yr fresh 

CO2 slugs because they tend to yield the best NPV values. The results for a 3 

MMtonne/yr fresh CO2 slug are also shown to compare with the fixed storage 

requirement problem. The dashed lines in Figure 5-10(a) show the trend of 

increasing pattern size with increasing the WAG ratio for a given annual fresh 

CO2 slug, one that was also observed for a 3 MMtonne/yr storage requirement in 

the previous problem. The only difference is that the results for the same fresh 

CO2 slug tend to fall on different trend lines, which show the pronounced effect of 

the injection rate. Increasing the gas injection rate reduces pattern development 

pace, and therefore, the total patterns number; this results in a smaller slop for the 

trend lines at any given annual fresh CO2 slug. 

3. A good candidate for the EOR-storage fully uses both the EOR and storage 

potentials of the field. The results of economic analysis are shown Figure 5-10(b). 
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The horizontal and vertical axes show the total active patterns and show the 

operator NPV, respectively. We are interested in those designs with a maximum 

average NPV per pattern and a maximum feasible and active pattern number (i.e. 

the most upper right data points in Figure 5-10(b)). Under these conditions, the 

total NPV for the asset is maximized. Based on these criteria two designs, namely 

Dsn-4 and Dsn-12 are the best candidates. For the sake of comparison Dsn-24 is 

labeled to show the best design corresponding to a 3 MMtonne/yr fresh CO2 slug. 

Compared to the designs Dsn-4 and Dsn-12, Dsn-24 has a considerably smaller 

average NPV, and therefore is not a good candidate. 

4. Total NPV is the main economic criterion for this problem. Figure 5-10(b) shows 

the final results of the economic analysis. Both Dsn-4 and Dsn-12 are good 

candidates, but Dsn-12 is the global optimum because the pattern utilization is 

greater than Dsn-4. The global optimum fresh CO2 slug is 1.5 MMtonne/yr, WAG 

ratio is 3.4:1, pattern flood duration is 25 yr, the final pattern number is 62 (372 

producers), and the total NPV is $1432MM.  

5. A sensitivity analysis may bring an insight to the problem. If we select an asset 

size of 420 producers (70 patterns), the global optimum solution would 

significantly change. Under this new condition, Dsn-1, with a 3 MMtonne/yr fresh 

CO2 slug, WAG ratio of 1.5:1, and pattern flood duration of 25 yr would be the 

global optimum, and the total NPV would be $1807MM. Therefore, under the 

given economic conditions, the oilfield operator may consider an asset 

acquisition/extension, if the option is available. 
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(a) 

  

 

(c) 

Figure 5-10: Integrated asset model optimization results for Sandstone (a) total active 

patterns for different annual fresh CO2 slugs and EOR-storage designs (b) 

total NPVs for different designs. Dsn-12 is the global optimum design. The 

solid horizontal line in (a) separates the feasible and infeasible asset size 

regions. 
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5.3.3 Carbonate Integrated Asset Optimization  

We do not repeat the description of the procedure, and only present the results. 

The following observations help with determining the optimum design: 

1. For the carbonate reservoir with 400 producers (or 50 patterns), the optimum 

annual fresh CO2 slug is 3 MMtonne/yr or less. This conclusion is a result of the 

fixed storage requirement problem for Carbonate. 96 patterns are required to 

optimally store 3 MMtonne/yr CO2; therefore, for a 50-pattern asset the optimum 

annual fresh slug is 3 MMtonne/yr or less.  

2. An optimum EOR-storage policy ensures that the whole EOR and storage 

potential of the asset is fully used to maximize both the EOR and storage 

performances; and, adjusts the pace of pattern development such that the oil 

production and storage credit cashflows arrive at the earliest possible time 

because that would yield a greater NPV.  

3. Increasing the pattern flood duration would decrease the required asset size, and 

improves the average NPV of patterns; therefore, with a limited number of 

patterns, it’s best to fully use both the EOR and storage capacities of the patterns 

up to the end of the project’s economic life. 

Figure 5-11 shows the results of the optimization procedure. The observations and 

conclusions follow. 

1. For any given annual fresh CO2 slug, those EOR-storage designs with total asset 

size of 50 patterns or less are feasible, and therefore, considered as a feasible 

candidate for the economic optimization. Figure 5-11(a) shows the results of 

integrated asset model for different annual fresh CO2 slugs and EOR-storage 

flood designs. The horizontal axis is the average WAG ratio and the vertical axis 

shows the total active patterns. A horizontal line at 50 patterns separates the 
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feasible and infeasible regions. Similar to Sandstone, increasing the annual fresh 

CO2 slug requires a smaller WAG ratio to yield a feasible design. 

2. The investigated annual fresh CO2 slug varies within the range of 0-3 

MMtonne/yr. We show 0.9, 1.2, 1.5, and 1.8MMtonne/yr CO2 slugs because they 

tend to yield the best NPV values. The results for a 3 MMtonne/yr CO2 slug are 

also shown to compare with the corresponding results of the fixed storage 

requirement problem. The dashed contour curves show the trend of increasing 

pattern size with increasing the WAG ratio for a given annual fresh CO2 slug, one 

that was also observed for a 3 MMtonne/yr storage requirement in the previous 

problem. The data points are fairly aggregated around the contour curves; the 

variations are because of the injection rate variation. The observed effect is not as 

pronounced as Sandstone, because the total injection rates for different designs 

are fairly close, which results in a limited variability in the reservoir response. 

Increasing the gas injection rate reduces pattern development pace and (therefore) 

the total patterns number; this results in a smaller slop for the contour curves at 

any given fresh CO2 slug. 

3. A good candidate for the EOR-storage fully uses both the EOR and storage 

potentials of the field. The results of economic analysis are shown Figure 5-11(b). 

The horizontal and vertical axes show the total active patterns and show the 

project NPV for the oilfield operator, respectively. Three designs, namely Dsn-20 

and Dsn-26, and Dsn-27 are the best candidates. For the sake of comparison Dsn-

3 is labeled, because the corresponding fresh CO2 slug is 3 MMtonne/yr. Dsn-3 

has a considerably smaller average NPV, and therefore is not a good candidate. 

The total NPV of the integrated asset is the main economic criterion for this 

problem. All the three designs, Dsn-20, Dsn-26, and Dsn-27 are fairly close. Both 



 235 

Dsn-20 and Dsn-26 are the global optimums, though Dsn-20 has a better pace of 

pattern development and a greater CO2 storage efficiency, and Dsn-26 yields a 

better asset NPV.  

Dsn-20 has the following design specifications, a 1.8 MMtonne/yr fresh CO2 slug, 

a 4.23:1WAG ratio, a 205 MMscfd average gas injection rate, a 25 yr pattern 

flood duration, 49 patterns (392 producers), and $392MM total NPV. Dsn-26 has 

the following design specifications, 1.5 MMtonne/yr fresh CO2 slug, 5.48:1 WAG 

ratio, 162 MMscfd average gas injection rate, 25 yr pattern flood duration, 48 

patterns (484 producers), and $401MM total NPV. 
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(a) 

 

(b) 

Figure 5-11: Integrated asset model optimization results for Carbonate (a) total active 

patterns for different annual fresh CO2 slugs and EOR-storage designs as a 

function of WAG ratio, and (b) total NPVs for different designs. Dsn-20 and 

Dsn-26 are the global optimum designs. The solid horizontal line in (a) 

separates the feasible and infeasible regions for the asset size.  
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5.3.4 Discussion 

Table 5-2 compares the corresponding global optimum designs for Sandstone and 

Carbonate. The Carbonate’s economic prospect is far less promising than Sandstone, a 

result that is also observed in the fixed storage requirement problem. 

1. Both cases have the same order of asset size, and therefore, the same order of 

capital investment requirement. The optimum annual fresh CO2 slug for 

Carbonate is greater than Sandstone (1.5 MMtonne/yr for Sandstone versus 1.8 

MMtonne/yr for Carbonate) and the optimum WAG ratios are different (3.4:1 for 

Sandstone versus 4.2:1 for Carbonate). This is mainly because the average 

utilization for Carbonate is greater than Sandstone (3.5 Mscf/stb for Sandstone 

versus 5.87 Mscf/stb for Carbonate), and also because the optimum gas injection 

rate for Carbonate is greater than Sandstone (131 MMscfd for Sandstone versus 

205 MMscfd for Carbonate) 

2. The asset NPV for Sandstone is far greater than Carbonate ($1432MM for 

Sandstone versus $392MM for Carbonate), which is mainly because the average 

oil production performance for Sandstone is significantly greater than Carbonate 

(86 bopd/well for Sandstone versus 58 bopd/well for Carbonate). Therefore, one 

would expect that the Sandstone asset is considerably more valuable than the 

Carbonate asset. 
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 Table 5-2: Integrated asset optimization problem, optimum solutions for Sandstone and 

Carbonate. The asset size for both cases is 400 producers. 

Parameter Unit 
Sandstone 

Optimum  

Carbonate 

Optimum 

Optimum design / Dsn-12 Dsn-20 

Pattern EOR-storage duration yr 25 25 

Annual fresh CO2 slug  MMtonne/yr 1.5 1.8 

Total active producers / 372 392 

Average field gas injection rate MMscfd 131 205 

Average field WAG ratio / 3.4 4.23 

Average CO2 utilization Mscf/stb  3.5 5.87 

Average oil production bopd/well 86 58.5 

Average field recycle ratio / 0.74 1.37 

Average NPV for operator $MM/pattern 23.1 8.0 

Total NPV for operator $MM 1432 392 

Oilfield operator LPOS $/tonne  40 9.6 

Government LPOS $/tonne 22.8 3.8 

3. The levelized profit of storage for both the government and the oilfield operator 

are positive in both cases; however, Sandstone yields a much greater storage 

profit for both the government and the oilfield operator. Figure 5-12 compares the 

discounted LPOS stream of the oilfield operator and the government for 

Sandstone in Figure 5-12(a) and Carbonate in Figure 5-12(b). The average LPOS 

values Sandstone are 40 and $22.6/tonne for the oilfield operator and the 

government, respectively, and for Carbonate are 9.6 and $3.8/tonne for the 

oilfield operator and the government, respectively. The reported oil production 

performance values for the West Texas oilfields are typically close to the 

observed value for Carbonate rather than Sandstone, and therefore the economics 

of coupled EOR-storage for those fields are close to Carbonate. This implies that 

under the assumed economic conditions (oil price = $60/tonne, CO2 price = 

$80/tonne, storage tax credit = $40/tonne), the economics of coupled EOR-storage 

for these fields are fairly marginal. If the economic conditions improve, especially 

if the oil price maintains a 80 to $100/stb range, we would expect investments in 

coupled EOR-storage projects in the near future. 
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(a) 

 

(b) 

Figure 5-12: Integrated asset optimization results for Sandstone and Carbonate, cashflow 

distributions for optimum designs (a) Sandstone (Dsn-12), and (b) 

Carbonate (Dsn-20). The average discounted LPOS for the oilfield operator 

and the government are (a) Sandstone, 40 and $22.8/tonne, respectively, and 

(b) Carbonate, 9.6 and $3.8/tonne, respectively. 
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One important implication of the latter conclusion is that when the oil price is 80 

to $100/stb, the oilfield operator would be willing to acquire and/or expand the assets for 

a coupled EOR-storage implementation, Under this condition, both the government and 

the oilfield operator gain sufficient benefits from the cooperation. On the other hand, if 

the oil price is in the moderate range of $60/stb, the economics of coupled EOR-storage 

projects would heavily fall dependent on the storage tax credit, and the government 

benefits considerably shrinks. The government may take either of the following two 

extreme storage tax credit policies: maintain a $40/tonne storage tax credit or stop 

awarding the storage tax credit, or take a moderate tax credit policy in between. 

If the government maintains a fairly high storage tax credit value of $40/tonne, it 

may impose a long-term financial burden on itsself because of the natural expansion and 

the increase of the government costs over time. Under this condition, the government 

may not be able to expand/implement this offer to all coupled EOR-storage projects, 

which affects the new investments and the CO2 market becomes unsustainable. On the 

other extreme side, if the government does not offer any storage tax credit, then the 

economics of coupled EOR-storage is rendered infeasible for most of the oilfield 

operators, and limited EOR-storage investments are made. Under this condition, both the 

oilfield operators and the government lose the potential benefits from the incremental oil 

production, CO2 storage, and income tax revenues, which is an unsustainable lose-lose 

condition for both stakeholders. 

Between the abovementioned two extremes, we expect to find an optimum 

storage tax credit policy under which both the government and the oilfield operators 

benefit from participation in the CO2 market in the long-term, i.e. a sustainable CO2 

market with win-win conditions for both stakeholders. This discussion raises the concepts 

of the optimum storage tax credit and subsequently, the transition time from a CO2-EOR 
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operation to a coupled EOR-storage operation, which are discussed in the following 

section.   

5.4 PROBLEM-III: CO2 STORAGE TAX CREDIT POLICY 

This section investigates another class of problems in which the government is 

looking into an appropriate policy for CO2 storage tax credit. We revisit both the fixed 

storage requirement and the integrated asset optimization problems to determine how a 

storage tax credit would affect the economics of these problems, and how the government 

can create a win-win condition for both itself and the oilfield operators. As the results 

will show, the government’s benefit is maximized when the transition time from CO2- 

EOR to coupled EOR-storage for the oilfield operator is delayed up to least the end of 

project life; the government’s benefit is minimized when the transition time is as early as 

the beginning of the project. Between the two extremes of an extremely high storage tax 

credit and zero tax credit, the government is seeking a tax credit policy that maximizes its 

benefits and guarantees the long-term participation of the oilfield operator.   

5.4.1 Problem Definition 

Figure 5-13 schematically presents the CO2 storage tax credit policy problem. 

There are three cashflow streams connected to the government: net CO2 tax from the CO2 

supplier, production income tax from the oilfield operator, and the government storage 

tax credit to the oilfield operator. Problem-I and Problem-II both assume that under a pre-

specified carbon regulation regime and a fully developed CO2 capture technology, the 

market price of CO2 is $80/tonne, and the storage tax credit is $40/tonne. If we disregard 

the time lag between the payment for the purchased CO2 and the actual time of tax credit 

reimbursement, the net cost of CO2 for the oilfield operator is (80 – 40 =) $40/tonne, 

which is fairly close to the current price of natural CO2. This assumption may not be 
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economically attractive for the government, or the government may be unwilling to 

maintain a relatively high storage credit for different reasons. For example, the 

economics of CO2 capture is far less promising and the government assistance is more 

needed to initialize the CO2 capture projects in first place, or the oilfield operator may be 

already gaining significant benefits from the EOR-storage operation because of a 

favorable oil price. On the other hand, if the government completely stops awarding the 

storage tax credit, the oilfield operators may not find the coupled EOR-storage projects 

sufficiently attractive, and look for other alternatives, either a natural CO2 source, or 

other E&P projects with a more promising prospect. Between the two extremes, we are 

looking for an optimum policy that sufficiently supports the operator, enables the 

government to support both the capture and storage sides, brings long-term benefits for 

the government, and ultimately results in a sustainable CO2 market.  

In the following section, we investigate different aspects of this sustainable “win-

win” condition for the oilfield operator and the government in the context of previously 

studied problems, i.e. fixed storage requirement and integrated asset optimization. 
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Figure 5-13: Schematic diagram of CO2 market model under free CO2 market conditions. 

Abbreviations: S = supplier, C = customer, G = government, Sʹ = other 

suppliers, Cʹ = other customers, ccpt = levelized cost of CO2 capture, cEOR = 

levelized cost of coupled EOR-storage, O = oil, cfoil = oil production cash 

flow, cfCO2 = CO2 transfer cash flow, poil = oil price, txCO2 = carbon tax, 

txcCO2 = storage tax credit, txrev = oil production revenue tax. 

5.4.2 Implications for the Fixed Storage Requirement Problem 

The fixed storage requirement problem (Section 5.2) assumes a CO2 storage tax 

credit of $40/tonne. Figure 5-14(a) shows the corresponding discounted LPOS cashflow 

streams for the oilfield operator (white bars) and the government (gray bars). The 

discounted average LPOS for the oilfield operator and the government are $26.1/tonne 

and $9.84/tonne, respectively. If the storage tax credit is set to zero, the government’s 

profit would substantially increase and the oilfield operator’s profit would shrink. Figure 

5-14(b) shows the corresponding results for the zero tax credit case. The discounted 

average LPOS for the oilfield operator and the government are $11.7/tonne and 

$36.1/tonne, respectively. The project is still economically feasible if we assume that the 

oilfield operator already owns the asset (a zero acquisition cost). However, the 

government’s share of profit is substantially greater than the oilfield operator, and the 

economics is not promising after year 20.  
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(a) 

 

(b) 

Figure 5-14: Fixed storage requirement results for Sandstone, cashflow distributions for 

Dsn-1, the optimum design for 3 MMtonne/yr storage requirement, $60/stb 

oil price, $80/tonne CO2 cost, and (a) $40/tonne storage tax credit, and (b) 

$0/tonne storage tax credit. The average LPOS for the oilfield operator and 

the government in are (a) 26.1 and $9.84/tonne, respectively, and (b) 11.7 

and $36.1/tonne, respectively.  
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A zero storage tax credit does not change the optimum CO2 EOR-storage design 

parameters (i.e. the field development sequence, WAG ratio = 1.5:1, and gas injection 

rate = 331 MMscfd/pattern) because the oilfield operator is committed to the storage. 

Therefore, design Dsn-1, which is found for the fixed storage requirement problem, is 

still the optimum. However, the zero tax credit may shorten the project duration, from 25 

years to 20 years to form a better economic prospect, see Figure 5-14(b). If this choice is 

selected, the remainder of the CO2 is stored in a saline aquifer after year 20 by another 

operator (see Figure 5-15(a)) or used in another EOR project which ultimately reduces 

the overall market demand for anthropogenic CO2. We assume that the government 

awards no tax credit for storage in saline aquifers (though we know the only way to 

justify the economics of storage in saline aquifers is to award a tax credit). The 

cumulative stored CO2 mass remains the same, i.e. 75 MMtonne over 25 years, out of 

which 60 MMtonne is stored in the oilfield and 15 MMtonne is stored in the saline 

aquifer. Storage in saline aquifer does not have a tangible profit, and it does not impose 

any cost on the government. With these assumptions, the average discounted LPOS for 

the oilfield operator slightly improves, $12.23/tonne; however, the average discounted 

LPOS for the government shrinks to $31.14/tonne, a 13.85% reduction. Therefore, the 

government may reconsider the storage tax credit policy that encourages the oilfield 

operator to continue the coupled EOR-storage project up to 25 years.  
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 Table 5-3: Tax credit policy for the fix storage requirement problem, Sandstone. The 

storage tax credit varies between 0 and $40/tonne. Government tax credit for 

CO2 storage in saline aquifers is $0/tonne. The optimum EOR-storage design 

does not change for the oilfield operator because it has committed to CO2 

storage, and the LPOS for the oilfield operator slightly changes. The LPOS for 

the government, however, significantly varies. The optimum storage tax credit 

value for the government is $5/tonne.  

Parameter Unit 
Tax Credit 

$0/tonne 

Tax Credit 

$5/tonne 

Tax Credit 

$10/tonne 

Tax Credit 

$40/tonne 

Pattern EOR-storage duration yr 20 25 25 25 

Cumulative storage in oilfield MMtonne 60 75 75 75 

Cumulative storage in aquifer MMtonne 15 0 0 0 

Total producers / 402 414 414 414 

Average NPV for operator $MM/pattern 9.87 13.5 15.28 26.05 

Oilfield operator LPOS $/tonne  12.23 13.5 15.31 26.1 

Government LPOS $/tonne 31.14 32.80 29.52 9.84 

Transition time from EOR to 

coupled EOR-storage 
year 20 25 

25 or 

more 

25 or 

more 

 

Table 5-3 summarizes the results of tax credit optimization for the government 

and the oilfield operator. The tax credit varies between 0 and $40/tonne. The LPOS for 

the oilfield operator changes because of the storage tax credit variation. The LPOS for the 

government varies because of the storage tax credit variation and the oilfield operator’s 

willingness to continue the project. The minimum storage tax credit value for the 

government to make the whole 25-year period economically feasible for the oilfield 

operator is $5/tonne. Under this optimum condition for the government, the economics 

become sufficiently attractive to the oilfield operator and the project extends to 25 years. 

The discounted average LPOS for the oilfield operator and the government are 13.5 and 

$32.80/tonne, respectively. Figure 5-15(b) shows LPOS cashflow results when the 

government selects a $5/tonne tax credit.  
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(a) 

 

(b) 

Figure 5-15: Fixed storage requirement results for Sandstone, cashflow distributions for 

Dsn-1, the optimum design for 3 MMtonne/yr storage requirement, oil price 

of $60/stb, CO2 cost of $80/tonne, and (a) storage tax credit of $0/tonne, and 

(b) storage tax credit of $5/tonne. The EOR-storage duration for (a) is 

shortened to 20 years, and for (b) is 25 years. The average LPOS for the 

oilfield operator and the government are (a) 12.23 and $31.14/tonne, 

respectively, and (b) 13.5 and $32.8/tonne, respectively. Storage tax credit 

of $5/tonne is the optimum storage tax credit for the government in this 

problem.  
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5.4.3 Transition Time from CO2-EOR to Coupled EOR-Storage 

The government’s tax credit policy significantly affects the economic life of an 

anthropogenic-based CO2 EOR project. The presented example shows that an appropriate 

storage tax credit may extend an EOR-storage project life (e.g. from 20 years to 25 

years), which in return, increases the cumulative oil production, cumulative CO2 storage, 

and the overall benefits for both the government and the oilfield operator. This important 

observation leads to the concept of a transition time from CO2 EOR to coupled EOR-

storage. 

Figure 5-16 shows a conceptual model of an oilfield’s lifecycle with four stages 

of recovery, i.e. primary recovery, waterflood (or secondary recovery), CO2 EOR (or 

tertiary recovery), and coupled EOR-storage. The vertical dashed lines mark the 

transition times from one stage of recovery to the next. At the transition times to 

secondary and tertiary recovery stages, a new recovery technology is introduced to 

extend the economic life of the oilfield; at the transition time to coupled EOR-storage, the 

oilfield life is extended because the government is awarding a tax credit to anthropogenic 

CO2 storage. Without a CO2 storage tax credit, the economic limit of production for CO2 

EOR operation increases, the willingness to store CO2 decreases, and ultimately, the 

economic life of the project becomes shorter.  
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Figure 5-16: Conceptual model for economic life for an oilfield with four stages of 

recovery, primary recovery, waterflood (or secondary recovery), CO2 EOR 

(or tertiary recovery), and coupled EOR-storage. The vertical dashed lines 

show the economic transition times.  

The EOR-storage duration for individual reservoir patterns is an important design 

variable because in the EOR process, the oil production rate first increases and then 

declines; therefore, there is a time beyond which the operational cost of storage may not 

be offset by the oil production revenue.  

The optimum CO2-EOR operation duration and subsequently the transition time 

from CO2-EOR to coupled EOR-storage are important economic indicators. Zero CO2-

EOR duration indicates that without a tax credit the project is infeasible. Therefore the 

economics is justified only when the government commits to award a tax credit and the 

oilfield operator commits to consistently store CO2.  Under this condition a coupled 

EOR-storage phase can be defined in the oilfield’s life. 

A greater-than-zero CO2-EOR duration indicates that the project may be initiated 

without the storage tax credit. Under this condition the revenue stream comes from the oil 

O
v
e

ra
ll 

R
e

c
o

v
e

ry

Time

P
ri
m

a
ry

S
e

c
o

n
d

a
ry

C
O

2
-E

O
R

C
o

u
p

le
d

 C
O

2
 

E
O

R
-S

to
ra

g
e

Primary

Secondary

Tertiary



 250 

production only; therefore the operator tries to keep the CO2 storage volume as low as 

possible, and the oilfield does not reach its full potential storage capacity. A storage tax 

credit may help to improve the project economics and increase the willingness to store 

more CO2 and operate the project for a longer time. 

The transition time from CO2 EOR to coupled EOR-storage is merely an 

economic indicator which helps the government policy makers and the oilfield operators 

realize the value of awarding a storage tax credit, and a commitment to CO2 storage.  

In all presented examples, the main decision is made at the end of the waterflood 

phase, where we decide whether to use anthropogenic CO2 for a coupled EOR-storage 

operation or not. If the answer is yes, we proceed to determine the annual CO2 slug and 

other design variables. Therefore, no additional decisions are made operational changes 

occur at the onset of the transition time. One may consider an oilfield under CO2-EOR 

operation which may be a candidate for an extended EOR-storage operation. For this 

case, the field-scale operating parameters of the EOR operation may change at the 

transition time (e.g. some well shut-ins, a decrease in WAG ratio, or shift to a continuous 

CO2 injection), but that may not be a necessary condition to mark a transition time.  

The fixed storage constraint for the oilfield operator does not allow for a sensitive 

response to the changes of tax credit policy. The main feature of integrated asset 

optimization problem is that it reflects the real response of the oilfield operator to the 

changes of the CO2 market conditions, because it allows for a negotiation on the annual 

fresh CO2 slug, and it assumes a fixed asset size for EOR-storage operation. Under these 

conditions, we expect that a change in the storage tax credit policy would significantly 

affect the optimum design of coupled EOR-storage. 
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5.4.4 Implications for the Integrated Asset Optimization Problem 

We assume reservoir Sandstone with an asset size of 75 patterns (450 producers), 

oil price of $60/stb, CO2 price of $80/tonne, and a storage tax credit varying between 0 

and $40/tonne. These assumptions enable a comparison of tax credit effects on the fixed 

storage requirement and the integrated asset optimization. 

Figure 5-17 shows the integrated asset model results for the oilfield operator and 

the government for the two extreme cases of $40/tonne tax credit (Figure 5-17(a) and 

5-17 (b)) and $0/tonne storage tax credit (Figure 5-17(c) and Figure 5-17(d)). The 

horizontal axis shows the number of active patterns and the vertical axis shows the total 

NPV. From the operator’s viewpoint (Figure 5-17(a)), two EOR-storage designs Dsn-1 

and Dsn-12 are the best candidates. Dsn-1 has a greater annual fresh CO2 slug (3 

MMtonne/yr), and uses a smaller portion of the asset and a slightly greater NPV 

compared to Dsn-12. Therefore, Dsn-1 is the optimum design for the oilfield operator. 

From the government’s viewpoint (Figure 5-17(b)), the LPOS is fairly good (about 

$10/tonne) and the overall NPV is favorable (about 1 B$) though the storage tax credit is 

as large as $40/tonne. The economics of Dsn-12, however, is more attractive to the 

government than Dsn-1 because the annual fresh CO2 slug for Dsn-1 is 3 MMtonne/yr, 

while the corresponding fresh CO2 slug for Dsn-12 is 1.8 MMtonne/yr. The discounted 

LPOS for Dsn-12 is also greater for the government ($13.6/tonne for Dsn-12 versus 

$9.8/tonne for Dsn-1). This is an indicator that the tax credit may be too large for this 

project.  

Figure 5-17(c-d) show the results for the other extreme case where the storage tax 

credit is $0/tonne.  For the oilfield operator (Figure 5-17(c)), Dsn-1 is no longer an 

optimum design, and the optimum annual fresh CO2 slug has significantly decreased, 

from 3 MMtonne/yr to 1.8 MMtonne a year. Dsn-12 has now a considerably better 
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economics. For the government (Figure 5-17(d)) the economics has improved and the 

LPOS value is about $30/tonne. For this case, 1.8 MMtonne of the annually captured CO2 

is stored and the remaining 1.2 MMtonne is sold to other potential CO2 customers. 

Therefore, while the government’s revenue has considerably improved because of the tax 

credit cut, the overall CO2 market has shrunk to 60% of its potential size. This action may 

lead to a decrease in coupled EOR-storage investments because the existing incentives 

are not sufficient for the market growth in long-term. 
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(a) 

 

(b) 

Figure 5-17: Integrated asset model results for Sandstone (a) total operator NPV for 

$40/tonne storage tax credit (b) corresponding LPOS for the government.  

CO2 EOR-storage designs Dsn-1 and Dsn-12 are the best candidates for the 

oilfield operator and the government, respectively. Dsn-1 with 3 

MMtonne/yr fresh CO2 slug is the global optimum for the oilfield operator. 

Dsn-12 with 1.8 MMtonne/yr fresh CO2 slug is the optimum candidate for 

the government. 
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(c) 

 

(d) 

Figure 5-17: Continued, integrated asset model results for Sandstone (c) total operator 

NPV for $0/tonne storage tax credit, and (d) corresponding LPOS for the 

government. CO2 EOR-storage designs Dsn-1 and Dsn-12 are the best 

candidates for the government and the oilfield operator, respectively. Dsn-1 

with 3 MMtonne/yr fresh CO2 slug is the global optimum for the 

government. Dsn-12 with 1.8 MMtonne/yr fresh CO2 slug is the global 

optimum candidate for the oilfield operator. 
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 Table 5-4: Tax credit policy for the integrated asset optimization problem, reservoir 

Sandstone. Storage tax credit varies between 0 and $40/tonne. Government 

tax credit for CO2 storage in saline aquifers is $0/tonne.  

Parameter Unit Tx-0 Tx-10 Tx-20  Tx-30  Tx-40 

Storage tax credit $/tonne 0 10 20 30 40 

Optimum fresh CO2 slug  MMtonne/yr 1.8 2.4 2.4 3 3 

Optimum design for the 

operator 
/ Dsn-12 Dsn-4 Dsn-4 Dsn-1 Dsn-1 

Pattern EOR-storage duration yr 25 25 25 25 25 

WAG ratio / 3.6 2 2 1.5 1.5 

Cumulative storage in oilfield MMtonne 45 60 60 75 75 

Cumulative storage in aquifer MMtonne 30 15 15 0 0 

Total producers / 444 438 438 414 414 

NPV for the operator $MM 1100 1170 1450 1560 1760 

LPOS for the operator  $/tonne  25.5 19.8 24.2 22.0 26.1 

LPOS for the government  $/tonne 29.4 27.1 22.1 16.4 9.84 

 

We define an objective function similar to the fixed storage requirement problem, 

which is a (minimum) tax credit that sufficiently encourages the oilfield operator to fully 

use the asset capacity for CO2 storage. This value may be considered an optimum tax 

credit for this problem. We also follow a similar procedure to find this optimum tax 

credit, which is to examine different storage tax credit values (in the range of 0 to 40 

$/tonne) and determine the one that maximizes the corresponding government’s LPOS. 

The oilfield operator is willing to negotiate an annual fresh CO2 slug between 0.9 and 3 

MMtonne/yr, and the final decision is contingent upon the storage tax credit.  With a 

greater storage tax credit, the operator is willing to use a bigger CO2 slug in the operation. 

Therefore, the LPOS for the government is dependent on the storage tax credit, and the 

operator’s decision on the annual fresh CO2 slug. 

Table 5-4 shows the results of tax credit optimization for the government. A tax 

credit of $0/tonne maximizes the government’s benefit; however, it shrinks the annual 

utilization of CO2 down to 1.8 MMtonne/yr. By increasing the storage tax credit, the 

optimum annual fresh CO2 slug increases. The oilfield operator is sufficiently encouraged 
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to use a 3 MMtonne/yr fresh CO2 slug if the storage tax credit is at least $30/tonne. 

Figure 5-18(a-b) shows the optimization results for a $30/tonne storage tax credit. Design 

Dsn-1 yields the best project NPV for the oilfield operator; the discounted LPOS values 

for the oilfield operator and the government are 22 and $16.4/tonne, respectively. Figure 

5-18(c) shows the discounted LPOS cashflow diagram for Dsn-12 with 1.8 MMtonne/yr 

fresh CO2 slug at a $0/tonne storage tax credit. Lack of a storage tax credit discourages 

the oilfield operator to use the full potential capacity of the field to store up to 3 

MMtonne/yr. Figure 5-18(d) shows the discounted LPOS cashflow diagram for Dsn-1 

with 3 MMtonne/yr fresh CO2 slug and $30/tonne storage tax credit. A sufficient storage 

tax credit encourages the oilfield operator to use the full potential capacity of the field for 

a 3 MMtonne/yr storage design. 
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(a) 

 

(b) 

Figure 5-18: Integrated asset model results for Sandstone for the optimum $30/tonne tax 

credit (a) operator NPV values for different designs (b) corresponding LPOS 

for the government. The operator NPV value in (a) for a 3 MMtonne/yr 

fresh CO2 slug is slightly more than the 1.8 and 2.4 MMtonne/yr fresh CO2 

slug and therefore Dsn-1 with 3 MMtonne/yr slug is the global optimum 

design for the oilfield operator.  
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(c) 

 

(d) 

Figure 5-18: Continued, integrated asset model results for Sandstone for the optimum 

$30/tonne tax credit (c) discounted LPOS cashflow for design Dsn-12 with a 

1.8 MMtonne/yr fresh CO2 slug (d) discounted LPOS cashflow for design 

Dsn-1 with a 3 MMtonne/yr fresh CO2 slug. The average LPOS for the 

oilfield operator and the government are (c) Dsn-12, 25.5 and $29.4/tonne, 

respectively and (d) Dsn-1 22 and $16.4/tonne, respectively. 
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5.4.5 Conclusions and Implications of the Storage Tax Credit Policy Problem 

The observations and conclusions from the presented examples in the storage tax 

credit problem follow. 

1. In a sustainable CO2 market, the government should benefit from a partnership 

with the CO2 suppliers and the customers. Appropriate adjustment of the tax 

credit encourages the oilfield operators to participate in the storage market, boosts 

the demand for anthropogenic CO2, and brings long-term benefits for the 

government. 

2. The environmental side-effects of increasing carbon dioxide concentration in the 

atmosphere may affect the long-term development sustainability, and the 

government may be held responsible for mitigating these effects. Therefore, the 

primary goal of the partnership in the CO2 market is to sufficiently encourage the 

industry and the financial organizations and stakeholders to invest in CCUS 

projects. Specifically, the government may not be seeking a tangible short- to 

moderate-term economic profit as the primary goal of partnership in the CO2 

market.  

3. Comparing the fixed storage requirement and the integrated asset model, the first 

problem imposes a more strict constraint on the oilfield operator; in the fixed 

storage example a tax credit of $5/tonne is sufficient to get the oilfield operator to 

store 3 MMtonne/yr for 25 years, while the corresponding value for the integrated 

asset model is $30/tonne. In practice, the government may not oblige the oilfield 

operator to commit to an undesirable storage requirement. The rules of a free CO2 

market imply that the fresh CO2 slug is selected based on the potential economic 

benefits, therefore a storage tax credit of $5/tonne at an anthropogenic CO2 cost of 

$80/tonne may not be sufficient to encourage the oilfield operator. 
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(a) 

 

(b) 

Figure 5-19: EOR-storage performance under a free market condition with (a) $0/tonne 

storage tax credit and (b) $30/storage tax credit. Without the storage tax 

credit, the oilfield operator selects an EOR-storage design with a 3.4 WAG 

ratio to minimize its CO2 demand. With the $30/tonne tax credit, the 

operator balances its CO2 demand to get the maximum benefit from both 

EOR and storage revenues. A 3.0 MMtonne/yr fresh CO2 slug and 1.5 WAG 

ratio yields the best EOR-storage performance. 
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(c) 

 

(d) 

Figure 5-19: Continued, storage tax credit policy under (c) a fixed storage requirement 

condition and (d) a free market condition. Under the fixed storage 

requirement condition, the operator needs at least $5/tonne CO2 tax credit to 

profitably store 3 MMtonne/yr CO2 for 25 years; under the free market 

condition, the corresponding minimum tax credit is $30/tonne. 
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4. For a tax credit policy to be practical, the government may be most interested to 

set a constant storage tax credit value (e.g. $20/tonne), regardless of the storage 

location, nature of the storage operation, and the economic prospect of the storage 

project. Such a policy appears to be fair, because all the potential CO2 storage 

operators are equally treated. We do not either support or reject the viability of a 

constant tax credit policy, a comprehensive analysis is far beyond the scope of 

this study. However, we highlight several limitations and considerations of the 

fixed storage tax policy from an economic viewpoint, which are concluded from 

the presented case studies. 

A fixed storage tax policy may take away the opportunity from the moderate 

candidates for an EOR-storage operation because the tax credit may not be 

sufficient to justify the economics. Under these conditions, these projects may not 

be implemented at all, or if implemented the volume of CO2 storage would be far 

less than the potential of the field (see Section 5.4.4). If these projects are not 

implemented, the storage market does not expand and the government may not 

achieve either of the two goals of promoting the CO2 storage market and 

obtaining the long-term revenue tax from the oilfield operators.  

If the government designates a tax credit based on the priorities of the location 

and the prospect of the EOR-storage project, then the oilfield operator may be 

encouraged to invest and perform the operation. Therefore, one important 

implication of the presented examples is that the designation of a storage tax 

credit, and other incentives for EOR-storage should be proportional to the site 

location and available infrastructure, and the economic prospect of EOR-storage 

operation. 
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Chapter 6. CO2 EOR-Storage Design under Uncertainty 

 

 

Uncertainty complicates the development optimization of E&P projects, but 

methods have been devised to analyze uncertainty and its impact on optimal decision-

making. A core component of most advanced methods is an integrated asset model. 

While decisions regarding model design (its scope, type, fidelity, speed, etc.) are 

important, decisions about how the model will be used to conduct the uncertainty analysis 

and support decision-making are equally important (Begg et al., 2001; Howell et al., 

2006).  

A major decision in integrated asset models is the specification of a surrogate 

reservoir model to facilitate the computations. Many previous studies have specified 

tank-type reservoir models for this purpose.  These works share a similar structure, but 

there are variations in the specifications.  For example, McFarland et al. (1984) use a 

reduced gradient nonlinear programming method for depletion planning using a tank 

reservoir model. Iyer et al. (1998) propose a mixed-integer linear program (MILP) to 

determine the optimal number and location of platforms and optimal production rates for 

an oil field. This work also considers a multi-period planning horizon, including both 

operations scheduling and facility design. Van den Heever et al. (2001) develop a mixed-

integer nonlinear program (MINLP) to develop a long-term plan for an offshore gas field. 

The model consists of several well platforms connected to a central production platform 

with pipelines. Goel and Grossmann (2004) investigate a similar problem of offshore gas 
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field development using a MILP. The reservoir is modeled using a linear inflow 

performance relationship, which implies that reservoir pressure linearly drops with 

cumulative production. Other noteworthy studies include Murray and Edgar (1979), 

Grothey and McKinnon (2000), Van den Heever and Grossmann (2000), Barnes et al. 

(2002), Kosmidis et al. (2002), Ortiz-Gomez et al. (2002), Lin and Floudas (2003), and 

Smyth et al. (2010).  

A complementary body of work investigates the implications of uncertainty on 

the modeling and optimization process. Jonsbraten (1998) presents an implicit 

enumeration algorithm for the sequencing of oil wells under uncertainty in oil reserves. 

The author uses a Bayesian approach to represent the resolution of uncertainty with 

investments. Jornsten (1992) uses Lagrangean relaxation of non-anticipativity constraints 

to solve a stochastic program for the sequencing of gas fields under uncertainty in future 

gas demand. This work assumes that production profiles and capacities of platforms have 

already been fixed. Haugen (1996) proposes a single parameter representation for the 

uncertainty in the size of reserves and proposes a stochastic program for scheduling the 

development of petroleum fields. Meister et al. (1996) present a model to derive 

exploration and production strategies for one field under uncertainty in reserves and 

future oil price. Lund (2000) presents a stochastic program to evaluate the value of 

flexibility in offshore development projects under uncertainty in reserves and future oil 

price.  Cullick et al. (2003) present a framework for uncertainty analysis including 

reservoir, well planning, facility planning, and economics. Cullick et al. (2007) extend 

the previous work to integrate optimization with a Monte Carlo style uncertainty analysis.  

Kabir et al. (2007) use a similar framework for well count and pipeline optimization of an 

offshore gas field with uncertainties in the original gas in place and the condensate yield. 
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Wickens and De Jonge (2006) present a similar analysis, but use analytical response 

equations to model reservoir behavior.  

An alternative approach for integrating reservoir models with optimization and 

uncertainty analysis tools is to use experimental design and response surface 

methodology. This approach is described in Kabir et al. (2004) and Yang et al. (2009). 

To summarize, a reservoir simulation model is developed and a set of design variables 

and uncertain parameters are specified. The solution space and the parameter space for a 

typical E&P project are usually very large. To maximize the amount of information that 

can be obtained for a given amount of computational effort, an experimental design 

method is used. Depending on the characteristics of the parameters space, a sampling 

method is selected (e.g. factorial design, Plackett-Burman, Box-Behnken, Latin 

hypercube design) and a set of scenarios are defined. A reservoir simulation is performed 

for each scenario and a variable of interest is observed (e.g. ultimate recovery). Using 

statistical analysis, a response surface is generated that relates the variable of interest to 

the input variables, which can be used in an integrated asset model.  

This chapter reviews the basic concepts in stochastic optimization through a 

simple example on offshore field development, and, addresses two problems in CO2 

EOR-storage design, namely the market uncertainty problem and the storage compliance 

problem. The market uncertainty problem is solved with the stochastic programming 

method, and the storage compliance problem is solved with the Monte Carlo simulation 

method. 

6.1 AN OVERVIEW OF THE CONSTRAINED OPTIMIZATION THEORY 

In this section we briefly explain the theory behind the first-order optimality 

condition for constrained problems. For a smooth constrained problem, let g and h be 
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vector functions representing all inequality and equality constraints respectively 

(meaning bound, linear, and nonlinear constraints): 

min  ( ),  s.t. ( ) 0, ( ) 0f x g x h x         (6-1) 

The meaning of first-order optimality in an unconstrained problem is that the 

gradient must be zero at a minimum. The first-order optimality conditions for a 

constrained problem are modified to take constraints into account. These optimality 

conditions are based on the Karush-Kuhn-Tucker (KKT) conditions, which use the 

auxiliary Lagrangian function: 

, ,( , ) ( ) ( ) ( )g i i h i iL x f x g x h x      .       (6-2) 

The vector λ, which is an aggregate of λg and λh, is called the Lagrange multiplier 

vector. The KKT conditions are: 

( , ) 0xL x   ,          (6-3) 

, ( ) 0,g i ig x i   ,         (6-4)  

,( ) 0, ( ) 0, 0g ig x h x    .        (6-5) 

Solvers do not use the three expressions in Eq. 6-5 in the calculation of optimality 

measure. The optimality measure associated with Eq. 6-3 is  

, ,( , ) ( ) ( ) ( )x g i i h i iL x f x g x h x          .       (6-6) 

The optimality measure associated with Eq. 6-4 is  

( )g g x ,          (6-7) 
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where the norm in Eq. 6-7 is an infinity norm (maximum) of the vector. The combined 

optimality measure is the maximum of the values calculated in Eq. 6-6 and Eq. 6-7. 

Solvers that accept nonlinear constraint functions take a tolerance for constraint 

violations g(x) > 0 or |h(x)| > 0.  

The stochastic programming problems that we investigate in this chapter are 

classified as large-scale and linear. The solution algorithms for this class of linear 

programs require efficient and the global optimum solution can be found with an 

affordable computational time and effort. 

6.1.1 Stochastic Programming 

Stochastic programs are deterministic constrained optimization problems in which 

the inputs are a combination of deterministic parameters and random variables. Stochastic 

programs are classified as large-scale constrained optimization problems. They typically 

include many decision variables with many potential values, discrete time periods for 

decisions, the use of expectation functions for objectives, and known distributions. 

Stochastic programs convert a probabilistic optimization problem into an equivalent 

deterministic mathematical programming problem.  
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Stochastic programs are special forms of Eq. 6-1. We present and elaborate on a 

formal version of a basic stochastic programming problem. The classical two-stage 

stochastic linear program with fixed recourse, specified as a minimization problem is 

(Dantzig, 1955), 

    min  min
TT

z c x E q y


   ,       (6-8) 

. .   ,s t Ax b           (6-9) 

            ,T x Wy h            (6-10) 

        0, 0x y   ,         (6-11) 

where z (scalar) is the objective function, c
T
 (1×n1) is the cost vector, x (n1×1) is the 

vector of first-stage decision variables, E is the expectation operator, ξ  is the vector of 

(random) scenarios, ω is a (random) scenario, q
T
 (1×n2) is the vector of second-stage 

coefficients, y (n2×1) is the vector of second-stage decision variables, A (m1×n1) and b 

(n1×1) represent the matrix of constraints and right hand side vector for the first-stage 

decision variables respectively, T (m2×n1) and W (m2×n2) represent the matrices of 

constraints for the first stage and second stage decision variables, respectively. In 

stochastic programming literature, T and W are known as technology matrix and recourse 

matrix, respectively.  h (m2×1) is the corresponding right hand side vector.  

The basic stochastic program is referred to a two-stage problem because of the 

distinction between the two sets of decision variables, namely x and y. The first-stage 

decision variables (x) are selected before the exact values of uncertain parameters are 

known. For example, for the development of an offshore oilfield, the actual volume of 

recoverable reserves is an uncertain parameter and the production capacity of the offshore 

facility is a first stage decision variable. As another example, for the development of a 
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coupled EOR-storage project with anthropogenic CO2, future oil price and CO2 

utilization are uncertain parameters and the CO2 slug (annual injection rate) is a design 

variable. In both examples, design variables are selected before the exact values of 

uncertain parameters are known. The design variables are often subject to some 

constraints; for example, the facility size cannot be more than a certain value (e.g. 

because of space limitations), or the annual fresh CO2 slug has to be within a certain 

range (between a minimum for a capture and transport contract and a maximum for 

capture plant capacity). These constraints appear in Eq. 6-9.  

In the second stage, one scenario ω is realized. For the presented examples, the 

realizations refer to the observed values for recoverable oil, oil price and CO2 utilization. 

The second-stage decision variables, y(ω), correspond to the operational variables in the 

oilfield. For the offshore oilfield, these operational variables are production rates from the 

individual wells. For the CO2 EOR-storage project, the operational variables include 

injection rate and WAG ratio. 

Similar to the first stage (design) variables, second stage (operational) variables 

are subject to constraints. For the offshore oilfield, the production rates are related to the 

observed value of recoverable reserves, production index of wells and installed capacity 

of surface facility. For the coupled EOR-storage project, injection and production rates 

are related to the observed CO2 utilization, installed compression capacity, CO2 injection 

rate, and WAG ratio. All the governing equations that describe the subsurface (reservoir) 

behavior and surface facility appear as constraints in the second stage problem. These 

constraints, which appear in Eq. 6-10, connect the first-stage and second-stage variables. 

Eq. 6-11 simply describes a natural/trivial limit for first/second stage decision variables, 

e.g. installed capacity or production rates are always non-negative. 
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The objective function (Eq. 6-8) contains two separate terms, a deterministic term 

(c
T
x), and an expected value term Eξ(q(ω)

T
y(ω)). For the offshore oilfield, the 

deterministic term represents the capital costs for wells and offshore facility, and the 

expected value term represents the expected net present value of the oil production 

revenue, and operation and maintenance costs. For coupled EOR-storage the 

deterministic term represents the capital costs for CO2 purchase contract well 

completions and surface facilities, and the expected value term represents the expected 

net present value of the oil production revenue, and operation and maintenance costs. 

The deterministic term in Eq. 6-8 is relatively straightforward. The expected value 

term in Eq. 6-8 is an aggregate of the objective values for all possible scenarios. For 

example, in the offshore oilfield problem, for any observed recoverable reserves 

(scenario) in the second stage problem, the objective is to maximize the production 

revenue from existing wells and production facilities by selecting the production rates. 

The mathematical representation of the second stage problem is 

         , min | , 0
T

y

Q x q y Wy h T x y        .    (6-12) 

Equation 6-12 is solved simultaneously for all scenarios yielding the expected 

value of the second stage objective (i.e.  Eξ[Q(x,ξ(ω)] ).  

The two-stage formulation is appropriate for many classes of E&P projects, 

including the offshore oilfield problem or the coupled EOR-storage problem. In the first 

stage, design variables such as well counts, facility size and compression capacities are 

selected. This is equivalent to selecting a value for x in Eqs. 6-9 to 6-11. The exact values 

of the uncertain parameters are not known when the first-stage decisions are made. These 
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uncertain parameters correspond to the random vector ξ and their combinational 

outcomes, referred to as scenarios, correspond to ω.  

In the second stage, the operation starts and the uncertain parameters are revealed 

and the selected first-stage design variables cannot be altered; however, the operating 

conditions (e.g. production rates) can be adjusted based on the observed values of the 

uncertain parameters. Finding the optimal recovery policy is equivalent to selecting y or 

solving for optimal Q(x, ξ (ω)) in Eq. 6-12. Therefore, the optimal solution to the second 

stage problem depends on the first stage design variables and the observed value of the 

uncertain parameters.  

6.1.2 Modeling and Solution Methods for Stochastic Programming Problems 

The general stochastic programming problem is formulated as a mixed-integer 

nonlinear large-scale mathematical program (Lasdon, 2002). Therefore the optimality 

conditions for the global optimum solution of any stochastic programming problem are 

the same as Eqs. 6-3 to 6-5; however, finding an appropriate solution algorithm that can 

effectively solve stochastic programs may be challenging. There are general guidelines 

on the formulation of mathematical programming problems that may facilitate the 

solution procedure.  

Finding the optimum solution on a continuous solution space is generally faster 

and more efficient than discrete solution space. Therefore, if the problem includes integer 

decision variables, we try to first solve an approximate continuous problem and then 

apply the integer variable constraint (e.g. branch and bound algorithm).  

Stochastic programs typically generate an ultra-large sparse matrix (order of 

million variables). For this class of ultra-large-scale problems, special decomposition 

algorithms have been developed which break down the problem into smaller problems 
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and follow a dynamic iterative approach to find the global optimum solution (Lasdon, 

2002). One of these solution algorithms, which is suited for solving stochastic programs, 

and is based on the well-known Bender’s decomposition method, is the L-shaped 

algorithm. Details on the L-Shaped algorithm can be found in Birge and Louveaux 

(1997). The main advantage of the L-Shaped method is that it can be applied to large-

scale problems and it rapidly converges to the vicinity of global optimum solution. One 

disadvantage of the L-shaped method is the low convergence speed around the optimal 

solution. Also, it is not as fast as the direct solution method for small to moderately sized 

problems. Detailed discussion of the structure and solution methods of stochastic 

programming problems is beyond the scope of this work. A detailed discussion of two-

stage and multi-stage mathematical programs can be found in Birge and Louveaux 

(1997). 

The solution algorithms for linear programs are quite fast and efficient. Even the 

large-scale linear programming problems may be directly solved with the current solution 

algorithms. Therefore, we try to formulate the problem as linear, or substitute the 

nonlinear terms with linear approximations. If none of these are possible, we first 

decompose the problem into a first stage problem and a set of second stage problems. The 

decomposed problem is significantly smaller than the original problem, and a 

decomposition algorithm such as Bender’s Decomposition may be used to solve the 

problem. 
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6.2 OILFIELD DEVELOPMENT PROBLEM  

The oilfield development problem is an example of a basic problem in stochastic 

programming. We introduced this problem in Section 6.1.2 to explain the structure of a 

stochastic program. In this section, we present the formulation and analytical solution for 

the basic version this problem. The general oilfield problem may be solved with 

numerical methods. 

6.2.1 Problem Definition 

Consider an offshore oilfield which has recently been discovered and we want to 

select an appropriate production capacity for the offshore facility. The production 

capacity is an important parameter because many of the other design variables depend on 

this variable. The oilfield is new and the available information required for estimating the 

recoverable reserves are uncertain, and therefore, the recoverable reserves is uncertain. 

The main question is, 

Given the uncertainty in recoverable reserves, what is the optimum production 

capacity for the offshore facility? 

Suppose a facility with capacity of x  is installed to produce from the oilfield with 

uncertain reserves, represented by ξ. The facility has an investment cost of c per unit 

capacity. The produced oil has a nominal selling price of p. The facility size is usually 

bounded by a limit u, representing either the limitations in space or the limitations in 

technical design. Over-sizing the facility will impose a large investment cost which 

decreases the expected NPV of the project, while under-sizing causes the NPV to 

decrease by limiting the early revenues. The objective is to find the optimum facility size 

and production rate, so that the expected NPV of the project is maximized, while the 

constraints on the rates and reserves are satisfied. 
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Assuming x to be the initial facility size, E(x) to be the expected net present 

income, and ξ to be a random variable defined on the sample space of reserves (Ω), the 

oilfield development problem is formulated as:  

min ( )z cx x           (6-13) 

0 x u ,          (6-14) 

E(x) is the expected value of the revenue, if the initial size of x is selected for the facility: 

( ) ,x E Q x ,         (6-15) 

Q(x, ω) represents the maximum net present revenue if the actual value of recoverable 

reserves is ω; the problem is formulated in the conventional minimization form, which in 

this case, is equivalent to the profit maximization problem. Q is a function of x and ξ, so 

it is a random function by itself. 

6.2.2 Solution Method 

There are at least two approaches to model and solve this problem. One approach 

is to assume a set of fixed values for the initial facility size, namely xj where j represents 

the index for size. For each xj, the optimal production rates are found based on the 

observed value of reserves. The facility size which maximizes the net present value of 

investment is the global optimum. The second approach is to assume x as the first stage 

decision variable and production rates as the second stage decision variables. The global 

optimum is found by first finding the solution to the general second stage minimization 

problem as a function of x and ξ, and then finding the optimum facility size (x) for the 

whole problem. 
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The second approach is obviously more implicit as it follows a more generalized 

procedure, and finds the conditional optimal production rate based on the facility size; 

however the first approach is more straightforward and provides more information to the 

decision maker. We do not intend to determine which approach is better. From the 

mathematical viewpoint, the two solutions are the same (Ettehad et al. 2011).  

6.2.3 Analytical Solution for Oilfield Development Problem 

The procedure of finding the analytical solution for the oilfield development 

problem is: 

1. Assume the initial facility size to be variable.  

2. Solve the second stage problem as a general function of x and problem by finding 

the optimal value for the initial facility size. 

3. Find the expected value function (second stage objective) as a function of facility 

size, x and recoverable reserves, ξ.  

The parameters and decision variables are summarized in Table 6-1. 
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Table 6-1: Parameters and decision variables for oilfield development problem. 

Symbol Unit Description 

i year Period index 

x stb/year Initial facility size 

c $/stb Development cost per unit capacity 

qi stb/year Production rate  

pi $/stb Annual revenue per unit production  

R $/stb Residual value of the asset per unit of remaining reserves  

ξ stb Reserves, random variable 

E $ Expected value of the revenue 

Q $ Value of revenue for an observed value of reserves ω 

u stb/year Maximum facility capacity  

umax stb Maximum reserves  

 

The general formulation of the problem in the conventional minimization form is 

presented in Eqs. 6-13 and 6-14. We are looking for a value of facility sizex  for which 

the total expected cost of investment is minimized. The expected revenue E(x) is 

0

( ) , , ( )E x E Q x Q x d ,      (6-16) 

where Q(x,ω)  represents the maximum net present income for a selected facility size x 

and observed scenario ω. ξ is a random variable and therefore Q is a random function, 

defined as 

1 1

1

, max , ,

. .     ,

        0 ,     1,...,

n n

i i i
i i

n

i
i

i

Q x pq x r q x

s t q x

q x x i n

 ,   (6-17) 

n is the project lifetime, after the n
th

 period, the facility has a residual value of r, which is 

dependent on the remaining reserves. Once again, Q(x,ω) is the maximum net present 
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revenue, for the observed value of reserves, qi is the production rate in period i, and is 

bounded by the facility capacity. pi is the net present oil price in period i, defined as 

 
1i i

p
p

w
,          (6-18) 

w is the discount rate. The price function is monotonically decreasing. The nominal 

revenue per unit production is discounted; therefore, per-unit net present revenue is 

decreasing over time and total net present revenue is decreasing as well, and it is 

beneficial to maximize the production at the early periods rather than late periods.  

It can be shown that Eq. 6-17 is convex and continuous, which helps us find the 

optimal solution for the second stage problem. Because the present value of produced oil 

is decreasing over time, the optimal policy would be to produce at maximum production 

capacity in any period until some constraint in reservoir productivity become active. To 

find an analytical solution, we assume that no productivity constraints are applied to 

represent reservoir pressure decline, and the only constraint is on the production capacity. 

With this simplifying assumption, the mathematical representation of the optimum 

production policy for the 1
st
 period is 

*

1

                
,

                

x x
q x

x
,       (6-19) 

or qi
*
(x,ω)=min{ω,x}, and for i

th
 period (i=2,…,n), 

*

0                            1

, 1   1

                                  
i

i x

q x i x i x i x

x i x

,    (6-20) 

or qi
*
(x,ω)=max{0,min{ω-(i-1)x, x}}. qi

*
(x,ω) represents the optimal solution to Eq. 6-17.  
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To find the parametric solution of the second stage problem (Eq. 6-17), we calculate the 

expected value of Q(x,ω) by integrating the over the domain of random variable ξ, 

2

1 1 2

0
1

1( 1)

1

, ( ) ( ( )) ( ) ...

( ( ( 1) )) ( ) ...

( ( )) ( ),

x x

x
kx k

i k
ik x

n

i
inx

E x E Q x p dF p x p x dF

p x p k x dF

p x r nx dF

  (6-21) 

where Fξ(ω) is the cumulative distribution function (CDF) for ξ, and d is the differential 

operator. For example, if the project lifetime is 3 years (periods), the re-arranged solution 

to the second stage problem is 

max

2

1 1 2

0
3

1 2 3

2

1 2 3

3

, ( ) ( )

( ) 2 ( )

( ) 3 ( ),

x x

x
x

x
u

x

E x E Q x p dF p x p x dF

p p x p x dF

p p p x r x dF

  (6-22) 

where umax is the upper bound of recoverable reserves. The obtained value for E(x) is 

substituted in Eq. 6-13 and then Eqs. 6-13 and 6-14 are solved to find the optimum 

facility size x. In general, a numerical solver is required to find the optimum solution for 

6-13. We first assume a simple single-period version and derive the analytical solution, 

and then solve the multi-period version with General Algebraic Modeling System 

optimization software (GAMS
TM

). 



 279 

6.2.4 Single-period Oilfield Development Problem 

To derive a closed form analytical solution to problem 6-13 to 6-14, we assume 

there is one production period, i.e. n=1. Therefore, with a selected facility size x, q barrels 

is produced and sold at price p for one period, and the remaining reserves (if any) will be 

sold at a residual price r. For the single period problem, Eq. 6-21 simplifies to 

max

0

( ) , ( ) ( ) ( )
ux

x

E x E Q x p dF px r x dF .   (6-23) 

Using integration by parts, the second term in Eq. 6-23 is transformed, 

0 0

x x

dF xF x F d ,       (6-24) 

substituting Eq. 6-24 into Eq. 6-23 and rearranging, 

max

max

0

( ) ( ) ( ) ( )
ux

x

E x p r x ru p F d r F d ,    (6-25) 

substitution of Eq. 6-25 into Eq. 6-13 gives, 

max

max

0

min ( ) ( ) ,0
ux

x

z cx p r x ru p F d r F d x u . (6-26) 

Equation 6-26 is a function of x only. Taking the derivative with respect to x, 

( ) ( ) ( )
dz

c p r pF x rF x
dx

,      (6-27) 

Setting 6-27 to zero, and assuming the residual value r is smaller than the selling 

price q, the optimum facility size  is 
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*
1

0                     

    otherwise

p r c

x p r c
F

p r

,      (6-28) 

where Fξ
−1

(α) is the α-quintile of F. If F is continuous, x = Fξ
−1

(α) means α = 

Fξ(x). Substituting x
*
 into 6-26, the optimum value of the problem z

*
 is 

*
max

*

* * * * * *

0

( ) ( )
ux

x

z cx E x cx p dF px r x dF .  (6-29) 

As an example, suppose the recoverable reserves has a uniform distribution, 

max

max

1
,0f u

u
,        (6-30) 

max

F
u

,          (6-31) 

therefore, 

*
max

max

1 1
x c c

x u
u p r p r

.      (6-32) 

Equation 6-32 is consistent with expectation: if development cost c is high, the 

optimal facility size decreases, if selling price q is high, the optimal size is closer to the 

maximum reserves, unless it is bounded by the upper bound for facility size, u. Figure 6-1 

presents the sensitivity of optimum facility size (Eq. 6-28) with respect to investment cost 

c and selling price q for a two conventional distributions: uniform and normal. The 

vertical axes show the optimal facility size. Table 6-2 presents the input parameters. 
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Table 6-2: Normalized input parameters for the offshore field development problem. 

Parameter value 

Uniform(0,1) 

Min 0 

Mean 0.5 

Max 1 

Normal(0.5,0.215) 

P01 0 

Mean 0.5 

P99 1 

The optimal facility size decreases with the increase in the investment cost. The 

normal distribution is selected such that its corresponding standard deviation is equal to 

the uniform distribution; however, the optimal solution range for the uniform distribution 

is larger than the normal distribution because the uniform distribution has the maximum 

entropy. In other words, all states of nature for the reserves are equally probable and the 

available information about the actual value of reserves is minimal. Therefore, we see a 

larger range for the optimal facility size. In other words, the uncertainty in recoverable 

reserves is all passed to the optimum facility size: the greater the uncertainty, the larger 

the optimal range. The discussion on the concept of entropy and information availability 

is beyond the scope of this work; however, basic knowledge is required for the analysis 

of value of information. 

Figure 6-2 shows the sensitivity of optimum solution with respect to standard 

deviation for the normal distribution. Significant uncertainty in reserves results in a large 

standard deviation and a large optimum facility size. 
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(a) 

 

(b) 

 Figure 6-1: Single period solution to the FSP problem: (a) Sensitivity to investment cost p 

= $100/stb, r=$10/stb, reserves ~ uniform(0,1) stb, reserves ~ normal(0.5, 

0.215) stb, (b) sensitivity to selling price c = $20/stb, r=$10/stb, reserves ~ 

uniform(0,1) stb, reserves ~ normal(0.5, 0.215) stb. 

 

10 20 30 40 50 60 70 80
10

20

30

40

50

60

70

80

90

Investment Cost ($/bbl)

O
p
ti
m

a
l 
C

a
p
a
c
it
y
 (

s
c
a
le

d
)

 

 

Uniform

Normal

40 50 60 70 80 90 100
30

35

40

45

50

55

60

65

70

75

80

Revenue ($/bbl)

O
p
ti
m

a
l 
C

a
p
a
c
it
y
 (

s
c
a
le

d
)

 

 

Uniform

Normal



 283 

 

 Figure 6-2:  Effect of standard deviation on the range of optimal solution (c = $20/stb, r = 

$10/stb, p = $50/stb, reserves ~ normal(0.5, .) stb. 

 

6.2.5 Multi-period Oilfield Development Problem 

The statement and analytical solution of the multi-period oilfield development 

problem (Eqs. 6-13 and 6-14) are presented in Section 6.2.3. Equation 6-22 presents the 

general form of the analytical solution for the second-stage problem, 
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The optimal solution is derived by taking the derivative of the objective function 

(6-13) with respect to the initial facility size x and solving the equation to find the optimal 
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capacity. The analytical solution can become complicated; in general we use numerical 

methods to solve the oilfield development problem, or other multi-variable, multiperiod 

stochastic programming problems.  

We derive a closed form solution for the two-period problem to perform 

sensitivity analysis and also compare the analytical solution with the equivalent 

numerical solution. Throughout this analysis, one advantage of stochastic programming is 

illustrated, simple problems can become difficult to solve when uncertainties are 

introduced, stochastic programming converts the stochastic problem into an equivalent 

deterministic version which can be solved with a systematic method. This enables us to 

further accommodate complicated equations of the reservoir behavior into a stochastic 

program. This advantage is especially important for the coupled EOR-storage problem, 

where the governing equations of reservoir response are complicated.  

For the sake of simplicity, let us assume a two period problem with uniform 

distribution for the reserves. The expected value of the production revenue is 

max

2

1 1 2

0

1 2

2

( ) , ( ) ( )

                        ( ) 2 ( ),

x x

x
u

x

E x E Q x p dF p x p x dF

p p x r x dF

  (6-33) 

After some manipulation, 

2

1 2 1 2 max

max

1 1 3
( ) ( 2 ) ( 2 )

2 2 2

r
E x p p r x p p r x u

u
,    (6-34) 

and the optimal solution is 
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* 1 2
max

1 2

2

3 4

p p r c
x u

p p r
.       (6-35) 

To validate the analytical solution, we formulate this example in GAMS, 

2 2

1 1

1

max

min  , ,

         . .     ,

                 0 ,     1,2

                 0 .

i i i
i i
n

i
i

i

z cx p q x r q x

s t q x

q x x i

x u

     (6-36) 

Assume the reserves volume has a uniform distribution in the [0 100] interval: 

1
,0 100.

100
f         (6-37) 

6.2.6 Comparison of the Analytical and Numerical Solutions 

For our first example, assume umax=100 stb, c=$20/stb, p1=$40/stb, p2=$30/stb, 

r=$10/stb. Equation 6-35 yields the optimum facility size, 

* 1 2
max

1 2

2 40 30 20 20 100
100

3 4 40 90 40 3

p p r c
x u

p p r
.   (6-38) 

The objective function value is 

* * * 2 *

1 2 1 2 max

max

1 1 3
2 ( ) 2 ,

2 2 2

r
z cx p p r x p p r x u

u
  (6-39) 

* 1000z .          (6-40) 

Therefore, the optimum NPV value is $1000. The numerical solution is x
*
=35 stb 

and z
*
=-$968 (NPV=$968), which is close to the analytical solution. The difference is 
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because of discretization of the uniform distribution to 5 possible outcomes with equal 

probabilities. We discretize the uniform distribution into 9 possible outcomes with equal 

distribution, and the optimum solution becomes, x
*
=34 stb and z

*
=-$984 (NPV=$984), 

which is closer to the analytical solution.  

For the second example, assume umax=100 stb, c=$30/stb, p1=$40/stb, p2= $30/stb, 

r=$10/stb. The analytical optimum solution is x
*
=200/9 stb, and the numerical solution is 

x
*
=20 stb. 

For the third example, assume umax=100 stb, c=$30/stb, p1=$40/stb, p2=$30/stb, 

r=$0/stb. The analytical optimum solution is x
*
=400/13 stb, and the numerical solution is 

x
*
=31.8 stb. 

6.2.7 Value of Information 

Questions about the impact of uncertainties on the final decisions naturally arise 

in any optimization problem with stochastic parameters; for example, what if the exact 

value of uncertain parameters were known? How would the new information affect the 

optimal decisions? And to what extent would the decisions change the overall value of 

project? These questions are addressed in value of information analysis. Value of 

information (VOI) is a measure of willingness to pay for more accurate information about 

the uncertain parameters. Value of information analysis is an important part of 

optimization under uncertainty. This section addresses one of the typical VOI problems, 

which is the estimation of the value of perfect information. We use the oilfield 

development problem to explain the concepts. 

Stochastic programming yields the best configuration based on the joint 

probability distribution of uncertain parameters and other deterministic properties. 

Obviously, one could select a better design configuration if the exact value of uncertain 
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variables were known. For example, if the exact value of recoverable reserves was 

known, a perfect decision regarding the facility size could be made, yielding a larger 

NPV than the stochastic solution would deliver for that scenario. This incremental value 

in objective function is referred to as the value of perfect information (VOPI) and is 

quantified as:  

VOPI=z
*
{with perfect information} minus z

*
{with probabilistic information}, 

where z
*
 is the optimum value of objective function. 

6.2.7.1 Value of perfect information for single-period problem 

The optimum value of design variables depend on the observed scenario and the 

value of perfect information changes accordingly. We present several examples to 

illustrate the concept in oilfield development problem, with both the single-period and 

two-period problems.  

We assume that recoverable reserves has a uniform distribution U[0 100] stb, 

p=$50/stb, c=$20/stb, r=$10/stb. The optimum facility size and objective function value 

are 

max

1
x c

u p r
,         (6-41) 

* 20
100 1 50

50 10
x ,       (6-42) 

*
max

*

* * * *

0

( ) ( ) ( )
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x

z cx p dF px r x dF ,    (6-43) 

50 100
*

0 50
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20 50 50 50 10( 50) 1000

100 100
z d d . (6-44) 
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The expected NPV based on the current information is $1000. If we (somehow) 

know the actual value of the reserves, we can improve our choice of facility size and 

improve NPV. To see how perfect information can affect the optimum solution, consider 

the following three examples: 

Example 1: the actual value of the reserves is 50 stb (i.e. ξ(ω)=50 stb). With 

previous knowledge of that, we have a deterministic optimization problem, and the 

optimum facility size is x
*
=50 stb, and z

*
=$-1500, or NPV=$1500. If we did not have the 

information and acted purely based on our knowledge of the reserves distribution,  

* 20
100 1 50

50 10
x ,       (6-45) 

* 30 50 1500z ,        (6-46) 

or NPV=$1500. In this case, the value of perfect information is 

1500 1500 $0VOPI .        (6-47) 

Example 2: the actual value of the reserves is 70stb. With previous knowledge of 

that, the optimum facility size is x
*
=70 stb, and z

*
=-2100, or NPV=$2100. If we did not 

have the information, x
*
=50 stb, and z

*
=-1500, or NPV=$1500; and the value of perfect 

information is (2100-1700=) $400. 

Example 3: the actual value of the reserves is 30stb. With the previous knowledge 

of that, the optimum facility size is x
*
=30 stb, and z

*
=-900, or NPV=$900. If we did not 

have the information, x
*
=50 stb, and z

*
=-500, or NPV=$500; and the value of perfect 

information is (900-500=) $400. 
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Figure 6-3: Value of perfect information (p = $50/stb, c = $20/stb, r = $10/stb, reserves ~ 

uniform(0, 100) stb). 

The presented examples show that knowing the actual reserves can improve NPV, 

i.e. VOPI≥0. We can extend our calculation over the whole range of reserves; the results 

are shown in Figure 6-3.  
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6.2.7.2 Value of perfect information for two-period problem 

To see how information can affect the optimal solution in the two-period oilfield 

development problem, we present three examples. 

We assume that recoverable reserves has a uniform distribution uniform [0 100], 

p1=$40/stb, p2=$30/stb, c=$20/stb, r=$10/stb.  

Example 1: the actual recoverable reserves is 50 stb (i.e. ξ(ω)=50 stb). With the 

previous knowledge of that, the optimum facility size is x
*
=25 stb, q1

*
=25 stb, q2

*
=25  

stb, and z
*
=$-1250, or NPV=$1250. If we did not have the information, x

*
=100/3 stb, 

q1
*
=100/3 stb, q2

*
=50/3 stb and z

*
=-1166, or NPV=$1166; and the value of perfect 

information is (1250-1166=) $84. 

Example 2: the actual recoverable reserves is 70stb (i.e. ξ(ω)=70stb). With the 

previous knowledge of that, the optimum facility size is x
*
=35 stb, q1

*
=35 stb, q2

*
=35 stb, 

and z
*
=-1750, or NPV=$1750. If we did not have the information, x

*
=100/3 stb, 

q1
*
=100/3 stb, q2

*
=100/3 stb and z

*
=$-1700, or NPV=$1700; and the value of perfect 

information is (1750-1700=) $50. 

Example 3: the actual recoverable reserves is 70 stb (i.e. ξ(ω)=70 stb). With the 

previous knowledge of that, the optimum facility size is x
*
=35 stb, q1

*
=35 stb, q2

*
=35 stb, 

and z
*
=$-1750, or NPV=$1750. If we did not have the information, x

*
=100/3 stb, 

q1
*
=100/3 stb, q2

*
=100/3 stb and z

*
=$-1700, or NPV=$1700; and the value of perfect 

information is (1750-1700=) $50. 

Example 4: the actual recoverable reserves is 30 stb (i.e. ξ(ω)=30 stb). With the 

previous knowledge of that, the optimum facility size is x
*
=15 stb, q1

*
=15 stb, q2

*
=15 stb, 

and z
*
=$-750, or NPV=$750. If we did not have the information, x

*
=100/3 stb, q1

*
=30 

stb, q2
*
=0 stb and z

*
=-667, or NPV=$667; and the value of perfect information is (750-

667=) $83. 
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The objective function and constraints of the oilfield development problem are 

fairly simple, which enables the derivation of a closed-form analytical solution. The 

advantage of presenting such problems is that extensive derivations and illustrations can 

be provided to clarify the basic concepts in stochastic programming. However, the 

structure of a stochastic programming problem suggests that that in general, the optimum 

solution may be only found by using a numerical method. 

In the following sections, we address our main problems of interest for this study, 

i.e. design optimization of CO2 EOR-storage under market uncertainties and technical 

uncertainties. The first problem addresses the effect of uncertainties in the oil and the 

CO2 prices on the EOR-storage design. The second problem addresses the effect of 

uncertainties in the CO2 supply, CO2 utilization, and well shut-ins. 
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6.3 CO2 MARKET UNCERTAINTY 

In this section, we investigate the effect of an uncertainty in the economic 

parameters on the optimum design of a coupled EOR-storage. Specifically, we assume an 

uncertainty in the oil price and the storage tax credit and optimize the corresponding 

stochastic programming problems with average deterministic values for the oil 

production rate per well, CO2 utilization, and CO2 recycle ratio. In the following, we first 

present a mathematical formulation for the problem and discuss the individual 

equations/inequalities, and then present the problem solution and discuss the results. 

6.3.1 Problem Definition 

Consider the integrated asset optimization problem in which the oilfield operator 

is about to negotiate a CO2 contract for a coupled EOR-storage operation in a pre-

specified asset. The oilfield operator is facing two uncertainties: the future oil price, and 

the future storage tax credit. The oilfield operator has performed pilot tests and collected 

sufficient information to predict the average values of the oil production performance, 

CO2 utilization, and the recycle ratio. The objective is to determine the optimum values 

of the fresh CO2 slug and the facility size such that the expected project NPV is 

maximized.  
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6.3.2 Mathematical Formulation  

The problem structure is the same as Eqs. 6-8 through 6-11: 

 min  min ) ) ) ) ) )( ( ( ( ( (T T T T

cpt cpt es es oil es stg es stg sal salz c q c q E p e q txc q c q


         , (6-48) 

s.t.   ( ) ( )stg sal cptqq q   ,        (6-49) 

       (1 )cpt es rec cptq q e q   ,        (6-50) 

,       ( )es stg p oil we q n e  ,        (6-51) 

       ( )stg esq q  ,         (6-52) 

,min ,max       cpt cpt cptq q q  ,        (6-53) 

and all variables are non-negative. Table 6-3 describes the parameters and variables in 

Eqs. 6-48 through 6-53. Equation 6-48 is the objective function, Eqs. 6-49 and 6-50 are 

the deterministic constraints, and Eqs. 6-51 through 6-53 are the stochastic constraints or 

the constraints of the recourse problem. 

The objective function, Eq. 6-48, presents the conventional NPV function, with 

the cost term being positive and the expected revenue term being negative. Using an 

expected revenue function shows that the oil production revenue and the storage tax 

credit both depend on the observed values of the average discounted oil price and the 

average discounted CO2 tax credit. Minimizing the expected NPV with a negative sign on 

a convex solution space is equivalent to maximizing the expected NPV (Bertsimas and 

Tsitsiklis, 1997; Lasdon, 2002). The expected revenue consists of three terms: the oil 

production revenue, storage tax credit, and the surplus CO2 sales to the market. 
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 Table 6-3: Description of the parameters and the decision variables in Eqs. 6-48 through 

6-53. Bold symbols represent vectors. 

Symbol  Unit 
Default 

value 
Description 

Deterministic parameters 

ccpt $/tonne CO2 80 Levelized cost of CO2 capture (CO2 cost) 

ces $/tonne CO2 80 Levelized cost of CO2 EOR-storage,  

including CAPEX and OPEX  

aggregate cost equivalent to $25/stb 

ees stb/tonne CO2 3.2 EOR efficiency, or inversed CO2 utilization 

eoil,w stb/yr/well 21900 Annual average oil production per well  

Equivalent to 60 bopd/well 

erec / 1 CO2 recycle ratio 

np / 400 Total active producers 

qcpt,min tonne/yr CO2 0 Minimum annual CO2 capture size 

qcpt,max tonne/yr CO2 3×10
6
 Maximum annual CO2 capture size 

Stochastic parameters 

poil $/stb 60 Annualized discounted oil price 

txces $/tonne CO2 20 Annualized discounted storage tax credit 

csal $/tonne CO2 22 Sales price of natural CO2 in market 

Function of oil price, 2% of crude oil price 

First-stage design variables 

qcpt tonne/yr CO2 n/a Annual fresh CO2 slug (captured CO2) 

qes tonne/yr CO2 n/a Facility size (injection capacity) of the oilfield 

Second-stage design variables 

qsal tonne/yr CO2 n/a Annual rate of surplus CO2 sales to market 

qstg tonne/yr CO2 n/a Annual rate of CO2 storage in oilfield 

Other symbols 

ξ - n/a Vector of random scenarios 

ω - n/a Random scenario (ω∈Ω) 

E - n/a Expectation operator 

T - n/a Transpose operator 

 

  



 295 

Equation 6-49 is a probabilistic (recourse) constraint that is merely a material 

balance equation: the CO2 slug is either stored in the oilfield or in the saline aquifer. 

Equation 6-50 is a deterministic constraint that implies the facility size of the 

oilfield should be at least equal to the captured annual CO2 slug, and not greater than the 

total annual amount of recycled CO2 by the end of project.  

Equations 6-51 and 6-52 are stochastic (recourse) constraints that imply the total 

CO2 injection is not greater than the injection capacity of the field and not greater than 

the injection capacity of the surface facility.  

Equation 6-53 determines the lower and upper bounds of the annual CO2 slug, 

which are the minimum and maximum annual rates of CO2 capture. 

Equations 6-48 through 6-53 may be written in a matrix format, which is more 

appropriate for finding a numerical solution.  We divide the matrix presentation into three 

matrices: objective function, matrix of equalities, and matrix of inequalities. 

1 1[ ( ) ( )] [ ]T T

cpt es oil es es n sal nc cz x p e txc c y   
           ,    (6-54) 

   1 1 11n n n n n n nO x I I y O       ,       (6-55) 

 2 2 2 1

1 1

(1 ) 1
n

rec

x O y O
e

 

 
  

  
,       (6-56) 

1 1 1

1 1 1

[ ] [ ]

1

n es n n n n n p es n

n n n n n n n

O e O O n e
x y

O I O O

    

    

     
      

     
,     (6-57) 

where On×1 is a n×1 vector of zeros, In×n is a n×n identity matrix, 1n×1 is an n×1 vector of 

ones, and other vectors and matrices with different sizes are similarly defined; n is the 

number of scenarios, and x and y are the vectors of the first-stage and second-stage 

decision variables, respectively, given by, 
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2 1

cpt

es

q

q
x



 
  
 

,          (6-58) 

2 1

( )

( )

stg

sal n

q
y

q






 
  
 

.         (6-59) 

The rest of symbols are defined in Table 6-3. 

6.3.3 Optimization Algorithm 

The mathematical programming problem specified in Eqs. 6-48 through 6-53 is 

classified as large-scale linear program, for which a variety of solution algorithms are 

available. We use the linear interior point solver (LIPSOL) algorithm (Zhang, 1995), 

which is a version of the predictor-corrector algorithm (Mehrotra, 1992). The reader is 

referred to the presented papers for a detailed description. For a brief description of the 

LIPSOL algorithm, the reader is referred to MATLAB
TM

 User Guide (2012). 

6.3.4 CO2 Market Uncertainty: Problem Solution 

We determine the joint distribution of two uncertain parameters, the discounted 

average oil price and the storage tax credit. Table 6-4 presents an example for the 

marginal distribution of the two uncertain parameters. We assume that the oil price and 

the storage tax credit are independent random variables and therefore, the joint 

distribution of these random variables is the product of the individual distributions, 

( , ) ( ) ( )oil es oil esh p txc f p g txc  .       ( 6-60) 
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 Table 6-4: Distribution of uncertain parameters, discounted average oil price and the 

discounted average storage tax credit. 

Outcome No. 1 2 3 4 5 

Oil price, poil 40 60 80 100 150 

Probability, f(poil) 0.1 0.3 0.3 0.2 0.1 

Storage tax credit, txces 0 10 20 30 40 

Probability, g(txces) 0.1 0.3 0.3 0.2 0.1 

 

The cost of anthropogenic CO2 is fixed ($80/tonne in the example). The sale price 

of CO2 in market is a function of the oil price. Assuming the commonly accepted “2% of 

the crude oil price”, the CO2 sale price is given by, 

csal = 0.38poil,           ( 6-61) 

where the units for csal are $/tonne and for poil are $/stb, and the conversion factor is (0.02 

stb
-1

×19 Mscf×tonne
-1

=) 0.38 $/tonne/stb. For example, if the average oil price is $60/stb, 

the average sale price of CO2 would be $22/tonne.  

The given distributions in Table 6-4 generate (5×5=) 25 scenarios, and predict 

that there is a 70% chance that oil price is $80/stb or less, and 70% chance that the tax 

credit is $20/tonne or less, and a 49% overall chance that the oil price is $80/stb or less 

and the tax credit is $20/tonne or less. Given this consideration, we may infer that the 

joint distribution conservatively predicts the future prices. 

The CO2 market uncertainty problem (Eqs. 6-48 through 6-53) assumes average 

values of the field-scale operating parameters (CO2 utilization, average oil production 

performance, and the recycle ratio) and maintains a constant number of active wells 

through the project life. The values of deterministic parameters are given in Table 6-3.  
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Table 6-5: Optimum solution of the CO2 market uncertainty problem. 

Symbol  Unit Optimum value Description 

First-stage design variables 

qcpt tonne/yr CO2 1.37 Annual fresh CO2 slug (captured CO2) 

The minimum and maximum values are  

0 and 3 MMtonne/yr, respectively 

 

qes tonne/yr CO2 2.74 Facility size (injection capacity) of the oilfield 

Second-stage design variables 

qsal tonne/yr CO2 0 Annual rate of CO2 sales to the market  

value is the same for all scenarios 

qstg tonne/yr CO2 1.37 Annual rate of CO2 storage in oilfield 

value is the same for all scenarios 

 

The optimization procedure includes only one stage: the stochastic economic 

optimization. If time-dependent parameters are introduced, the optimization procedure 

would include two stages: first, find the optimal field development sequence; second, 

calculate the average values for the field-scale operating parameters and solve the market 

uncertainty problem. The direct application of stochastic programming method to the 

problem with time-dependent parameters results in an ultra-large-scale problem which 

requires approximation methods to solve (see Birge and Louveaux, 1997). Section 6.4 

uses optimization with Monte Carlo simulation as an approximation method.  

Table 6-5 summarizes the optimization results for the market uncertainty 

problem. The optimum values of the annual fresh CO2 slug and the EOR-storage capacity 

are 1.37 and 2.74 MMtonne/yr, respectively. The optimum annual rates of CO2 storage 

and CO2 sales to the market depend on the oil price and the storage tax credit; in this 

example, the optimum values for all scenarios are 1.37 and 0 MMtonne/yr, respectively. 
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6.3.5 Implications of the CO2 Market Uncertainty Problem 

The observations and conclusions from the solution of the market uncertainty 

problem follow. 

1. For the given values and distributions of the economic parameters, it is 

economical to perform a coupled EOR-storage operation.  

2. Comparing the profitability of the options of performing an EOR-storage 

operation and the sales of already-purchased CO2 to the market, it is always better 

to perform the EOR-storage option. This is because the CO2 sale price is a 

function of the oil price: when the oil price is low, the CO2 price is low as well, 

and under this condition the aggregate benefit of EOR and storage is greater than 

the CO2 sales. Therefore, for all scenarios the purchased CO2 is all used in the 

EOR-storage operation. 

3. The maximum available CO2 slug is 3 MMtonne/yr and the optimum annual fresh 

CO2 slug is 1.37 MMtonne/yr, therefore the CO2 availability is not an active 

constraint in the optimum solution. 

The surface facility size does not have a theoretical upper bound, so it does not 

impose a constraint on the optimum solution; a lower bound, however, exists. The 

surface facility should be large enough to inject the fresh feed of CO2 (1.37 

MMtonne/yr) and recycle the produced CO2 (the recycle ratio is 1). Therefore, the 

optimum value of the surface facility size is 2.74 MMtonne/yr. 

The active constraint of the problem is the field injection capacity. The total 

number of wells is 400, with an average oil production rate of 60 bopd/well. The 

average CO2 utilization is 0.3125 tonne/stb. Therefore, the maximum annual 

injection capacity of the wells is (400 wells at 60 stb/d/well×365.15 

days/year×0.3125 tonne/stb =) 2.74 MMtonne/yr. Out of 2.74 MMtonne/yr 



 300 

injection rate an average of (2.74 MMtonne/yr ÷ (1+1) =) 1.37 MMtonne/yr is 

stored, because the average recycle ratio is 1. These calculations are all consistent 

with the stochastic solution. 

4. The expected values of the oil price and the storage tax credit are 81 and 

$19/tonne, respectively. The optimum value of the objective function, is -52, 

which means the average expected income is $52/tonne, and for the optimum 

annual storage rate of 1.37 MMtonne/yr, the expected annual income is 

$71.2MM.  

5. Assuming a discount rate of 10%, an aggregate royalty and 45% federal tax rate, a 

5% state tax rate, and 25 years project life, the net annual income of the project is 

$30.6MM/yr, the project’s expected NPV for the oilfield operator is $325MM, 

and the expected NPV for the federal government is $102MM.  

6. The NPV value for both the oilfield operator and the government depends on the 

observed value of the average oil price and the storage tax credit. The objectives 

of the oilfield operator and the government are not completely aligned: an 

increase in the oil price would boost the revenues for the oilfield operator and 

subsequently for the government, while an increase in the storage tax credit 

improves the profitability of EOR-storage for the oilfield operator and shrinks the 

government’s benefits.  

The best-case scenario for the oilfield operator happens when the oil price is 

$150/stb and the storage tax credit is $40/tonne. The NPV values for the oilfield 

operator and the government are 2380 and $3000MM, respectively.  

The worst-case scenario for the oilfield operator happens when the oil price is 

$40/stb and the storage tax credit is $0/tonne. The NPV values for the oilfield 

operator and the government are -1906 and $0MM, respectively. 
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7. An uncertainty in the oil price is inevitable, but the uncertainty in the storage tax 

credit can be substantially mitigated by regulating the carbon tax and storage tax 

credit. A transparent tax regulation significantly helps the oilfield operators to 

determine the profitability of coupled EOR-storage projects.  

As an illustrative example, if the government sets the storage tax credit to 

$20/tonne, the solution to the problem remains the same; however, the variability 

of the expected NPV for the oilfield significantly decreases. Under this condition, 

the expected NPV value for the oilfield operator and the government are 334 MM 

and $94MM, respectively; and we have the following best-case and worst-case 

scenarios. 

The best-case scenario for the oilfield operator occurs when the oil price is 

$150/stb. The NPV values for the oilfield operator and the government are 2212 

and $3164MM, respectively. 

The worst-case scenario for the oilfield operator occurs when the oil price is 

$40/stb. The NPV values for the oilfield operator and the government are -1565 

and $-451MM, respectively. 

8. The above conclusion implies that a transparent carbon tax and storage tax credit 

policy can significantly reduce the risk exposure of the investors and operators in 

the CO2 market. A transparent storage tax credit helps the oilfield operator to 

reduce a [2380-(-1906)=] $4286MM expected NPV variability range to [2212-(-

1565)=] $3777MM.  

9. A transparent tax credit regime would also help the government identify the most 

promising long-term EOR-storage projects and therefore rank those projects for 

awarding the tax credit. Awarding a $0/tonne tax credit when the oil price is 

$40/stb in the first case, i.e. not investing in the project, results in a neutral NPV 
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(= $0MM) for the government, while a transparent $20/tonne tax credit for the 

worst-case scenario shows an NPV of $-451MM which indicates that the 

government should not participate in the project when the oil price is $40/stb or 

less. 

As a general consideration, investors, operators and the government are interested 

to quantify the uncertainties’ effects on the risk profile of investments. Specifically, long-

term and capital-intensive projects such as CO2 EOR-storage are significantly affected by 

the uncertainty in the future oil price and the storage tax credit. An effort to quantify this 

effect leads to the following discussion on the value of information. 

6.3.6 Value of Perfect Information for the CO2 Market Uncertainty Problem 

Value of information (VOI) refers to the incremental value that the decision 

maker may gain by obtaining more accurate information about the uncertain parameters 

of the problem.  

An overview of the basic concepts and an illustrative example is presented in 

Section 6.2.7. The reader is referred to Birge and Louveaux (1997) for a comprehensive 

discussion on the VOI analysis. In this section, we present the results of the VOI analysis 

for the CO2 market uncertainty problem. 

Consider the market uncertainty problem with the deterministic and probabilistic 

parameters listed in Tables 6-3 and 6-4, respectively. The solution to the corresponding 

stochastic program is presented in Section 6.3.5. We know that the optimum solution 

strongly depends on the joint distribution of uncertainties, and any changes or updates on 

the values of uncertain parameters can significantly change the problem solution and the 

corresponding objective (NPV) value. The question is: if the uncertainties did not exist 

and we could select the optimum design for the EOR-storage project with perfect 
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deterministic information, how would that be different from the current stochastic 

optimum solution; and also, how much would be the difference between the NPV value 

of the perfect-information case, and the stochastic-information case. 

We begin by investigating the value of perfect information, when the real values 

of oil price and storage tax credit are known before a decision is made. Under this 

condition, the oilfield operator can perform a deterministic optimization and decide 

whether or not to invest in the EOR-storage prospect.  

Figure 6-4 presents the VOI analysis results. The scenarios are primarily sorted 

based on the oil price from the smallest to largest and secondarily based on the storage 

tax credit from smallest to largest. The reason for this selection is because the oil price 

has a more pronounced effect on the optimum solution. The scenarios are presented in the 

described order on the x-axis from left to right. Scenario s1 on the very left has the lowest 

oil price ($40/stb) and storage tax credit ($0/tonne), and scenario s25 on the very right 

has the highest oil price ($150/stb) and storage tax credit ($40/tonne). The VOI value for 

the individual scenarios is shown by bars; the corresponding probability distribution of 

scenarios is shown with a solid line to keep that distinct from the VOI distribution.  

Figure 6-4(a) shows the value of perfect information for the oilfield operator. The 

market uncertainty problem is solved to find the optimum policy for the oilfield operator. 

The majority of the high-probability scenarios have either a zero or small loss value, and 

the scenarios with a high potential loss value have a small probability of occurrence. This 

observation reflects the advantage of using stochastic programming because the solution 

of a stochastic program tends to minimize the associated risk of loss for those scenarios 

with a high probability of occurrence. This result is clearly reflected in Figure 6-4(a).  

Figure 6-4(b) shows the value of perfect information for the government. The 

associated risk of loss for highly-probable scenarios is not perfectly minimized for the 
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government. This is because the optimum solution for the stochastic problem is obtained 

for the oilfield operator rather than for the government, and, the oilfield operator’s 

objective is not completely aligned with the government’s objective. Both the oilfield 

operator and the government benefit from an increase in the oil price; however, an 

increase in tax credit is beneficial to the oilfield operator and economically detrimental 

for the government. 

The scales of VOPI for the oilfield operator and the government are different. The 

oilfield operator is exposed to potential losses up to $2000MM under the worst scenario, 

while the corresponding value for the government is $900MM. Therefore, the degree of 

exposure to risk for the oilfield operator is greater than the government. The expected 

value of perfect information (EVOPI) is the quantitative measure of the risk exposure. 

For the oilfield operator, the EVOPI value is $306MM and for the government the 

EVOPI value is $172MM.  
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(a) 

 

(b) 

 Figure 6-4: Value of perfect information for (a) the oilfield operator (b) the federal 

government. The expected value of perfect information for the oilfield 

operator and the government are 306 and $172MM, respectively. This 

indicates the risk exposure for the oilfield operator is greater than for the 

government. 
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6.3.7 Value of Transparent Storage Tax Credit Policy 

A transparent tax credit policy helps the oilfield operator and the government to 

better decide about their potential options. This section presents an example to quantify 

the value of a transparent storage tax policy.  

Consider the market uncertainty problem in which the uncertain parameters are 

the oil price and the storage tax credit. The distributions of uncertainties are presented in 

Table 6-4 and the joint distribution is given by Eq. 6-60. The storage efficiency is 2.8 

stb/tonne (CO2 utilization is 13.4 Mscf/stb), the average oil production rate is 40 

bopd/well, and the remaining parameters of the problem have the same values as 

presented in Table 6-3. The relatively high CO2 utilization indicates that the storage 

aspect of the EOR-storage process is more emphasized. As discussed in Section 3.1, such 

a storage efficiency can be achieved by using a low WAG ratio or a continuous CO2 

injection, large well-spacing, injection into zones with low residual oil, especially the 

ROZ, and shortening the duration of pattern floods. For this case the project profitability 

heavily depends on the storage tax credit policy. 

The solution to the value of perfect information (VOPI) for the market uncertainty 

problem shows that always a better decision would be made when perfect information is 

available. However, perfect information is not always obtainable, especially when the 

uncertain parameters are time-dependent and many factors affect them. The future oil 

price is an example. For such parameters, the best practice is to find a policy that properly 

mitigates the unfavorable effects and seizes the potential opportunities from the 

uncertainties. 

We know that neither the oilfield operator nor the government can control the oil 

price because many parameters affect that; however, the government can control the 

storage tax credit by appropriate regulation and monitoring the CO2 market. The question 
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is: if the value of storage tax credit is exactly known, how would the optimum design for 

the EOR-storage project be different compared to the stochastic optimum design; and 

also, how much would be the difference between the NPV values when the storage tax 

credit is transparent, and when only the stochastic tax credit information are available. 

With the stochastic information, the oilfield operator is willing to know if the 

EOR-storage project is profitable under the given scope of the problem and the given 

values of parameters. We use stochastic programming to solve the first part of problem; 

the solution is presented in Table 6-6. The joint distribution of uncertainties with the 

probabilistic oil price and storage tax credit is h(poil, txces)=f(poil)×g(txces), and with 

probabilistic oil price and deterministic storage tax credit is h(poil, txces)=f(poil) , txces 

($/tonne) is a constant. Symbols shown in bold represent vectors, O1×n represents a 1×n 

vector of zeros and 11×n represents a 1×n vector of ones.  

Figure 6-5 presents the same results in Table 6-6. The bars represent the expected 

VOI for different storage tax credit realizations. A solid line presents the probability 

distribution of the storage tax credit to distinguish it from the VOI distribution though we 

know the distribution is discrete. The implications and conclusions follow. 

1. If the storage tax credit and the oil price are both uncertain, it would be profitable 

for the oilfield operator to implement the EOR-storage project, and the expected 

NPV value is $28.7MM. For the government, however participation is not 

profitable because the expected NPV is $-280MM. Note that the problem is 

optimized in favor of the oilfield operator rather than the government.  
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 Table 6-6: Optimum solution for the market uncertainty problem with and without 

transparent storage tax credit information. O1×n represents a 1×n vector of 

zeros and 11×n represents a 1×n vector of ones. The expected value of 

transparent storage tax credit policy for the oilfield operator is $22.3MM, and 

for the government is $9.5MM. 

Problem  Solution E(NPV) E(NPV) VOI VOI 

 
[qcpt, qes, qstg, qsal] 

MMtonne/yr (all) 

Oilfield 

$MM 

Government 

$MM 

Oilfield 

$MM 

Government 

$MM 

Market uncertainty without transparent storage tax credit information 

 [1, 2, 11×25, O1×25] 28.7 -280 n/a n/a 

Market uncertainty with transparent storage tax credit information 

txces = 0 [0, 0, O1×5, O1×5] 0 0 130 0 

txces = 10 [0, 0, O1×5, O1×5] 0 0 31 171 

txces = 20 [1, 2, 11×5, O1×5] 28.7 -289 0 -9 

txces = 30 [1, 2, 11×5, O1×5] 83 -380 0 -100 

txces = 40 [1, 2, 11×5, O1×5] 132 -471 0 -191 

 

2. The optimum solution of the problem would change if the storage tax credit is 

deterministically known and the only uncertain parameter is the oil price. The 

storage tax credit is determined by the government and takes one value in the 

range of 0 to $40/tonne, discretized at $10/tonne steps. The results show that the 

project is profitable for the oilfield operator if the storage tax credit is $20/tonne 

or more.  

3. If the storage tax credit is $0/tonne, the oilfield operator would not invest in the 

project. The operator would prevent a $131MM average loss with this 

information. The government has an indifferent $0/tonne tax credit policy; 

therefore it does not experience a loss if the oil price is low. If the oil price is 

favorable, the government would gain from the income tax.  

4. If the storage tax credit is $10/tonne, the project is still unprofitable and therefore 

no investments are made. The oilfield operator would save an average $31MM 

present value and the government would save an average $171MM present value. 

The rather is the result of not awarding a tax credit to an unprofitable or marginal 
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project. Therefore the values of transparent storage tax credit for the oilfield 

operator and the government are $31MM and $171MM, respectively. 

5. For tax credit values of $20/tonne or more, the EOR-storage project is profitable. 

The optimum annual storage capacity is 1 MMtonne/yr and the EOR-storage 

facility size is 2 MMtonne/yr. Depending on the value of storage tax credit, the 

expected NPV for the oilfield operator ranges from 28.7 to $131MM, and for the 

government the expected NPV ranges from -289 to $-471MM, which implies the 

project economics strongly depends on the government’s support.  

6. The value of transparent storage tax credit depends on the tax credit value and 

subsequently the decision of the oilfield operator. The oilfield operator’s decision 

would not change compared to the stochastic tax credit case if the storage tax 

credit is $20/tonne or more, i.e. 1 MMtonne/yr fresh CO2 slug and 2 MMtonne/yr 

EOR-storage capacity. Therefore the value of transparent tax credit is $0MM. For 

the government, however, the value of transparent tax credit varies between -9 

and $-191MM by varying the tax credit between 20 and $40/tonne. Therefore, the 

government may not be looking at high storage tax credits for this case, e.g. 

$40/tonne. The reader is referred to Section 5.5 for a detailed discussion on the 

effect of increasing the government’s effect on the CO2 market. 

7. The expected value of transparent storage tax credit policy for the oilfield 

operator is (0.1×130+0.3×31-0.3×0-0.2×0-0.1×0=) $22.3MM, and for the 

government is (0.1×0+0.3×171-0.3×9-0.2×100-0.1×191=) $9.5MM. A positive 

expected VOI value for the oilfield operator is expected because the optimization 

aims to maximize the oilfield operator’s benefit, and, with a transparent tax credit 

policy the operator can make better decisions. The positive expected VOI value 

for the government is an interesting result; it implies that the government may 
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gain more profit in the long-term with a transparent tax policy. Even though the 

government would face significant costs at the 30 and $40/tonne tax credits, the 

overall expected VOI would be still positive. This is because at a $10/tonne tax 

credit, the operator would select not to invest in the project, which consequently 

helps the government avoid a $171MM cost. This important observation again 

insists on the value of a partnership between the oilfield operator and the 

government. 

The market uncertainty problem assumes that the field-scale operating parameters 

of the EOR-storage operation are deterministic and substitutes the time-dependent 

parameters with an average value. The time-dependence of field-scale operating 

parameters and the uncertainty in the EOR-storage performance parameters may lead to 

situations where the oilfield does not have sufficient storage capacity or sufficient 

injection capacity. An effort to mitigate these uncertainties leads to the concept of storage 

compliance which is discussed in the following section. 
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(a) 

 

(b) 

 Figure 6-5: Value of transparent storage tax credit for (a) the oilfield operator, and (b) the 

federal government. The bars show the expected VOI value at the given tax 

credit level. A solid line is selected to show the (discrete) probability 

distribution of the storage tax credit to avoid confusion with the VOI 

distribution. The expected VOI value for the oilfield operator is $22.3MM, 

and for the government is $9.5MM, which indicates that both the oilfield 

operator and the government may benefit from a transparent storage tax 

credit. 
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6.4 STORAGE COMPLIANCE  

Gas storage is a well-established operation in the natural gas market. A gas 

storage site mitigates the seasonal gap between supply and demand. However, there are 

conditions when the production capacity of a storage site is insufficient to cover an 

upcoming shortage or surplus. Storage compliance refers to the average probability that 

the storage site can cover an upcoming surplus or shortage. With a large facility size, the 

compliance percentage is high (near 100%), but the investment cost is also high. With a 

small facility size the compliance is low, but the investment cost is low as well. Between 

the two extremes of large and small facilities, we look for an optimum facility size which 

meets a desired compliance level, e.g. 95%. 

The following presents an example in natural gas storage compliance, adapted 

from Ettehad et al. (2010), and then extends the discussion to CO2 storage compliance. 

6.4.1 Compliance in Natural Gas Storage 

Storage compliance is an important consideration in natural gas storage that refers 

to the capability of a gas storage reservoir to safely deliver or store a required amount of 

natural gas in the incidence of a/an (unexpected) shortage or surplus for natural gas. 

Unexpected surplus or demand is mainly caused by an unexpected climate change which 

leads to a significant increase or decrease in the natural gas demand. These unexpected 

conditions create opportunities for gas storage operators to gain benefits from gas sales at 

a high price to compensate a shortage, or a low-price purchase to provide a container for 

secure storage. These potential benefits, however, come at the cost of additional 

investments on the facilities and increasing the base gas volume to provide sufficient 

productivity and injectivity for the field. Therefore, optimization methods are required to 

choose the compliance level and balance the investment costs and potential benefits from 

unpredicted gas surplus or shortage.  
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The main objective (or driver) of the optimization is to mitigate the uncertainty in 

supply and demand, and find a design that maximizes the expected value of the storage 

operation.  

Consider the development of a natural gas storage site for which the potential 

monthly supply and demand distributions are listed in Table 6-7.  A negative mean value 

indicates a surplus gas slug to be injected to the storage site and a positive mean value 

indicates a shortage gas slug to be produced from the storage site. All the monthly 

distributions are normal. 

The storage site requires an investment in surface pipelines and compression, 

drilling and completion, and a base gas (or cushion gas) to provide sufficient reservoir 

pressure for production at favorable rates and to protect the reservoir rock from 

collapsing and invasion of unfavorable fluids (McVay and Spivey, 2001; Ettehad et al., 

2010). Both of the injection and production operations have associated operational and 

maintenance costs. Because the gas price during the demand season (winter) is higher 

than the supply season (summer) the gas storage creates a positive revenue stream over 

the course of one year, the storage operator is expected to gain revenues from the 

operation. The uncertainties in supply and demand, however, may result in conditions 

where the gas storage operator is not able to store all the upcoming supply or cover the 

required demand. These conditions happen because of insufficient storage, injection or 

production capacities and are referred to as incompliant cases.  
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 Table 6-7: Monthly supply and demand distributions for natural gas storage for a generic 

case. A negative mean value indicates an injection to the storage site and a 

positive mean value indicates a production from the storage site. 

Period Mean SD 95% upper-bound 95% lower-bound 

month Bcf/month Bcf/month Bcf/month Bcf/month 

1 -8 0.8 -6.4 -9.6 

2 -14 1.4 -11.3 -16.7 

3 -16 1.6 -12.9 -19.1 

4 -15 1.5 -12.1 -17.9 

5 -10 1 -8.0 -12.0 

6 -2 0.2 -1.6 -2.4 

7 5 0.5 6.0 4.0 

8 9.5 0.95 11.4 7.6 

9 13.5 1.35 16.1 10.9 

10 15 1.5 17.9 12.1 

11 13 1.3 15.5 10.5 

12 9 0.9 10.8 7.2 

 

Figure 6-6(a) presents the monthly distribution of injection requirement (negative 

values from month 1 through 6) and production requirement (positive values from month 

7 through 12). A normal distribution is assumed, with standard deviation equal to 10% of 

the mean monthly requirements. The upper and lower bounds of 95% confidence interval 

of the monthly requirements are marked. Figure 6-6(b) presents the results of 

optimization with Monte Carlo simulation described in Ettehad et al. (2010). Different 

design configurations consisting of three different compression power levels (20, 30 and 

40 Mhp) and different well counts (29 to 46 wells) are examined. The horizontal axis 

shows the number of wells and the vertical axis shows the objective function value, 

which is the average capital cost per working gas volume. Each datapoint presents an 

optimum design configuration with the corresponding average capital cost and the 

achieved compliance level. For example, a 0.95 compliance indicates that 95% of the 

upcoming injection and production requirements can be consistently handled by the 

storage site. Increasing the number of wells and compression power increases the 

compliance level and also the capital cost.  
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(a) 

 

(b) 

 Figure 6-6: Compliance in natural gas storage (a) monthly distribution of injection 

(negative) and production (positive) requirements (b) results of optimization 

with Monte Carlo simulation.  
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The choice of compliance level depends on the regulations and the investor’s 

decision. Figure 6-6(b) shows that the lowest capital cost may be achieved with 35 wells 

with compliance level of 0.75. However, the gas storage operator may want to achieve a 

better compliance level because the odds of missing an upcoming gas shortage are as 

large as 25%. If the operator wants to achieve the full compliance, at least 40 wells is 

required. The comparison of the two best designs with 0.75 and 1 compliance levels 

shows that the incremental average capital cost of storage per annual working gas volume 

is (5.1 – 4.96=) $0.14/Mscf. The reader is referred to Ettehad et al. (2010) for further 

discussion on the natural gas storage compliance considerations. 

6.4.2 Compliance in CO2 EOR-Storage 

CO2 storage compliance is analogous to the natural gas storage compliance: it 

refers to the ability of the oilfield operator to safely store the captured CO2 from the 

power plant in an underground geological structure. The variation of CO2 capture rate 

because of the seasonal demand for electricity generation and the scheduled and 

unscheduled shut-downs and peak power generation during the day is inevitable. The 

field-scale operating uncertainties in the EOR-storage performance, which results in the 

uncertainty in the available storage capacity, CO2 utilization factor, and CO2 recycle ratio 

also add to the uncertainty level of a coupled EOR-storage project.  

A CO2 shortage, which may be caused by a scheduled maintenance or a decreased 

operational level of the power plant, delays the development of new patterns. This 

shortage results in a retarded oil production and loss of storage tax credit, and ultimately 

shrinks the NPV. A CO2 surplus, which may be caused by an unpredicted early CO2 

breakthrough, a scheduled well maintenance, or a reduced utilization factor, may 

decrease the injection capacity or the storage capacity of the field. As a result, a portion 
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of the captured CO2 may not be stored in the target field, which results in a loss of 

storage tax credit revenue, or in the worst scenarios, a violation of capture-storage 

contract or carbon regulations. 

6.4.3 Problem Definition  

Consider the integrated asset model optimization problem (see Section 5.3), in 

which reservoir Sandstone is selected as the target to store a 3 MMtonne/yr fresh CO2 

slug for 25 years. The asset consists of 75 reservoir patterns, (450 active producers and 

450 injectors). Different EOR-storage designs are evaluated in this example, similar to 

the problems solved in Chapter 5. The corresponding IAM calculations for each EOR-

storage design are performed under deterministic conditions. We expect to observe 

variations in the total patterns number, project NPV and the LPOS values for the oilfield 

operator and the government under stochastic conditions.  

We introduce two uncertain parameters to the problem: the annual CO2 supply 

from the capture plant and CO2 injection loss factor. The uncertainty in the CO2 supply 

originates from the uncertainty in the electricity demand throughout the year. Figure 6-

7(a) shows the U.S. quarterly carbon dioxide emissions from coal consumption across all 

consumer sectors, adopted from the EIA monthly energy review (2012). A generally-

increasing trend for average consumption is observed from 1983 to 2008. The decrease in 

the 2008-to-present interval is attributed to the economic recession and the historic low 

price of natural gas. A periodic variation over the 1-year cycles at all times is observed.  

Figure 6-7(b) shows the coal consumption level by the electric power sector from April, 

2011 to July, 2012. The observed periodic coal consumption indicates a periodic 

variation of CO2 emissions from coal plants throughout one year. The monthly level of 

coal consumption varies between 46 and 85 Mtonne/month, a 46% variation.  
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The CO2 capture plant does not capture all the CO2 emissions, typically between 

65 to 70%, as proved optimum in terms of the levelized capture cost (Black et al., 2011). 

Therefore, a potential 46% CO2 emissions variation throughout a one-year cycle is 

significantly mitigated through an adjustment of the capture plant’s flue gas feed. 

However, there are variations on the captured CO2 output level because of unscheduled 

shut-downs or unpredicted extreme weather conditions.  

The CO2 injection loss factor is attributed to several factors that are not accounted 

in the reservoir simulation model.  Among the CO2 trapping mechanisms structural 

trapping, CO2 solubility in the residual oleic phase, and capillary trapping are considered; 

and CO2 solubility trapping in aqueous phase, CO2 dispersion and solubility trapping into 

the inaccessible oil zones, and capillary heterogeneity trapping (Saadatpoor, 2012) are 

not considered. In addition, the model should account for the presence of thief zones and 

(partial) aquifers that may serve as a sink for the injected fluids.  

CO2 injection loss factor is not a new concept in the context of CO2-EOR 

predictive models For example the Kinder Morgan CO2-EOR scoping spreadsheets 

formally include the injection loss factor as an input parameter. The default value for the 

injection loss factor in this study is 15% which is calculated based on the comparison of 

reservoir simulation results with and without CO2 solubility in aqueous phase and 

partially-supporting aquifer.  
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 Figure 6-7: U.S. coal consumptions and CO2 emissions (a) U.S. quarterly CO2 emissions 

from coal, 1983 to 2012 (b) coal deliveries to electric power sectors from 

April 2011 to July 2012 (courtesy of EIA, 2012).  
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A CO2 EOR-storage design is compliant if it meets the 3 MMtonne/yr annual 

storage requirement up until the 25-year project life. We assume that the minimum 

acceptable compliance level for EOR-storage designs is 99%. This means the EOR-

storage design will meet the storage requirement with a 99% confidence. Because of the 

uncertainty is the storage supply and the CO2 injection loss factor, there is a chance that 

an EOR-storage design may not be compliant for a given realization of the uncertainties.  

From the viewpoint of an oilfield operator, the best EOR-storage design yields the 

maximum expected NPV value with at least a 99% compliance level. We formally state 

the CO2 storage compliance optimization problem: 

Given the uncertainties in the annual fresh CO2 slug and the CO2 injection loss 

factor, what is the best EOR-storage design that meets the minimum 99% 

compliance level? 

6.4.4 Solution Method: Optimization with Monte Carlo Simulation 

The corresponding mathematical program for the CO2 storage compliance 

problem is classified as large-scale, mixed-integer, and nonlinear. Several solution 

algorithms can solve this problem type. The reader is referred to Birge and Louveaux 

(1997) or Goel and Grossmann (2004) for examples. All related studies on this class of 

optimization problems list the computational time and effort as a major challenge against 

the implementation of the algorithms. Birge and Louveaux (1997) emphasize that 

considering approximation solution methods may be a viable alternative for these 

problems. Approximation methods decompose the large-scale problem into multiple 

ordinary-scale problem. The sub-problems may be solved with a reasonable effort.  

Birge and Louveaux (1997) discuss the Monte Carlo simulation method as an 

alternative method to approximate the global optimum solution. Ettehad et al. (2010) 
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adopted this method and proposed a workflow for design optimization of E&P projects 

with Monte Carlo simulation. Ettehad et al. (2012) presented an example E&P problem 

for offshore gas field development and compared the solution method and results of 

proposed workflow and stochastic programming. They showed that the proposed 

workflow solution would converge to the stochastic programming solution if the same 

range for the design variables is applied and sufficient Monte Carlo simulations are 

performed.  Ettehad et al. (2012) concluded that both Monte Carlo simulation and 

stochastic programming provide unique benefits and the choice of method depends on the 

ultimate goal of the analysis. While the Monte Carlo method generates significantly more 

useful information, along with the optimum design configuration, the stochastic 

programming method is more computationally efficient in determining the optimal 

solution.  

Stochastic programming has two significant advantages compared to Monte Carlo 

simulation method: it does not require sampling from distributions, and one does not need 

to fix the first-stage design variables before starting the solution procedure. These 

advantages result in shorter solution times. On the other hand, large-scale problems 

involve many continuous and discrete design variables, which result in infinite 

combinations of different design configurations. This may sophisticate the formulation 

and deteriorate the performance of the solution algorithms for stochastic programs. The 

Monte Carlo simulation method is a good alternative when the corresponding 

deterministic problem results in a set of less-complicated sub-problems that are 

efficiently solved.  

The Monte Carlo simulation method is a better solution method for the storage 

compliance problems because the sampling process decomposes the large-scale problem 

into a set of ordinary-scale problems similar to the proposed Chapter 5 problem.  
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We use the Monte Carlo simulation method for the CO2 storage compliance 

problem. The workflow is described as follows:  

1. Specify the target storage site, the asset size, and the annual fresh CO2 slug. 

2. Select the EOR-storage design parameters, including the WAG ratio, gas injection 

rate, and pattern flood duration. 

3. Sample the joint probability distribution of the annual captured CO2 slug and the 

injection loss factor. The individual parameters are independent and therefore the 

joint probability distribution is equal to the product of individual distributions.  

4. Perform the field-scale and the integrated asset model calculations. The optimum 

pattern development sequence, total number of patterns and compression size are 

the major outputs of the IAM.  

5. Compare the total patterns number with the pre-specified asset size. If the number 

is no greater than the asset size, then the given design is compliant for the given 

realization of the annual captured CO2 slug and the injection loss factor. If the 

total patterns number is greater than the asset size, then the given design is not 

compliant. Calculate the NPV, operator average LPOS, and government average 

LPOS values if the case is compliant. 

6. Repeat the sampling and perform the simulation, optimization, and post 

processing stages. Create the probability distribution of project NPV, operator 

average LPOS, and government average LPOS. Estimate the expected value, and 

standard deviation for these economic measures. Calculate the compliance level 

for the specified design. 

7. Repeat the procedure for different EOR-storage designs and find the one which 

maximizes the expected NPV or expected LPOS values, depending on the 

objective.  
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8. Determine the optimum EOR-storage designs that meets the minimum 

compliance criteria and has the maximum expected NPV. 

 Figure 6-8 summarizes the procedure of optimization with Monte Carlo 

simulation. 
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Figure 6-8: Optimization with Monte Carlo simulation. 
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6.4.5 Sandstone Storage Compliance  

We first present the detailed results for one EOR-storage design, namely Dsn-1 to 

illustrate the outputs of the field-scale and IAM models, and the calculations on 

compliance level, and NPV and LPOS values.  

We select EOR-storage design Dsn-1 (WAG ratio = 1.5:1, qg,avg = 6.9 MMscfd, 

and tD,ptn = 1.38 PV). The corresponding IAM for Dsn-1 shows that under deterministic 

conditions, the asset should include at least 69 patterns (414 active producers and 414 

injectors) to fulfill the 3 MMtonne/yr storage requirement (see Section 5.2). Considering 

the economic parameters to be all deterministic with the same values as presented in 

Section 5.3, Dsn-1 is the best EOR-storage design candidate for the problem (See 

Sections 5.2 and 5.3 for more details). 

For the annual CO2 capture rate, we assume a normal distribution with a 3 

MMtonne/yr mean value and a 4% (of the mean value) standard deviation. The upper and 

lower 99% bounds for this distribution are 3.31 and 2.69 MMtonne/yr, respectively. 

For the injection loss factor, we assume a normal distribution with a 15% mean 

value and a 4% (of the mean value) standard deviation. The upper and lower 99% bounds 

for this distribution are 0.1655 and 0.1345, respectively.  

For the Monte Carlo simulations, we perform 30 rounds of simulation, each 

containing 100 samples. The sampling method is Latin hypercube and the total number of 

samples in each simulation run is 3000. The reader may find the details of the Latin 

hypercube method in numerous sources, including Antony (2003). Table 6-8 summarizes 

the deterministic and probabilistic input parameters and the properties of the Monte Carlo 

simulation.  
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Table 6-8: Summary of input parameters for Monte Carlo simulation, Sandstone (Dsn-1).  

Parameter Unit Value 

Oil price, poil $/stb 60 

CO2 cost, cCO2 $/tonne 80 

Storage tax credit, txces  $/tonne 40 

Design variables: Dsn-1 
WAG ratio / 1.5:1 

qg,ptn MMscfd 6.9 

tD,ptn / 1.38 

Storage requirement MMtonne/yr 3 

Asset properties 

Asset size pattern 75 

Active producers / 450 

Active injectors / 450 

Project life year 25 

Uncertain parameters 

Captured CO2 slug  MMtonne/yr Normal(3,0.04×3) 

99% upper bound for captured CO2 slug MMtonne/yr 3.31 

99% lower bound for captured CO2 slug MMtonne/yr 2.69 

CO2 injection loss factor / Normal(0.15, 0.04×0.15) 

99% upper bound for loss factor / 0.1655 

99% lower bound for loss factor / 0.1345 

Uncertainty analysis specifications 

Sampling method / Latin hypercube 

Number of simulations / 30 

Number of samplings in one simulation / 100 

Total number of samplings / 3000 

 

The field-scale model outputs vary based on the realizations of the uncertain 

parameters. Figure 6-9 shows the results of Monte Carlo simulation. Figure 6-9(a) 

presents the distribution of total patterns, those simulation samples that result in 75 total 

pattern number or less are compliant and those that exceed the 75 limit are non-

compliant. Out of the total 3000 simulation samples, 2805 simulations are compliant and 

195 simulations are non-compliant. Therefore, the compliance level is 0.935.  

The average pattern size for all 3000 simulations, including the compliant and 

non-compliant, is 68.73 and the standard deviation is 4.94. The total pattern distribution 

is fairly normal. If we assume a normal distribution, the upper and lower 99% bounds of 

pattern size are 81.5 and 56 patterns, respectively. The upper bound of 99% confidence 
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interval is greater than the 75 pattern asset size. Therefore, Dsn-1 does not meet the 0.99 

compliance requirement for this problem, which is in agreement with the previously 

derived 0.935 compliance that is directly calculated from the simulation results.  

Figure 6-9(b) shows the project NPV distribution for the oilfield operator. We 

assume that for the non-compliant cases, the surplus CO2 is transferred to a third-party, or 

stored in a saline aquifer. We also assume that the surplus CO2 transfer or the saline 

aquifer storage does not impose any penalties for the oilfield operator. We later correct 

this assumption by including a storage backup. With these assumptions, the equivalent 

project NPV for the non-compliant outcomes is equal to the average NPV value of the 

compliant outcomes with 75 patterns, i.e. $1890MM. The average expected NPV value 

for the operator is $1753MM and the standard deviation is $89MM.  

Figure 6-9(c-d) show the LPOS distributions for the operator and the government, 

respectively. Following a similar analysis, the expected LPOS values for the operator and 

the government are 25.5 and $1.1/tonne, and the standard deviations are 9.8 and 

$1.4/tonne, respectively. Table 6-9 summarizes the results for Dsn-1. 

As the results show, the expected benefits of the given EOR-storage project are 

favorable to both the operator and the government, except for the compliance level. 

Therefore, the oilfield operator may be willing to investigate the alternatives to resolve 

the compliance issue.  
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 Figure 6-9: Results of Monte Carlo simulation for reservoir Sandstone (Dsn-1) with a 3 

MMtonne/yr storage requirement (a) distribution of total patterns and (b) 

distribution of project NPV for the operator. The gray bars present the non-

compliant cases. Out of 3000 investigated scenarios 2805 are compliant, 

therefore the compliance level is 0.935. 
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 Figure 6-9: Continued, results of Monte Carlo simulation for reservoir Sandstone (Dsn-1) 

with a 3 MMtonne/yr storage requirement (c) distribution of operator LPOS, 

and (d) distribution of government LPOS. 
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  Table 6-9: Summary of input parameters for Monte Carlo simulation, Sandstone (Dsn-1) 

with 3 and 2.8 MMtonne/yr storage requirements.  

 Unit Value 

Storage requirement MMtonne/yr 3 2.8 

Total patterns distribution 
Expected total patterns / 68.7 64 

Standard deviation / 4.9 4.62 

99% upper bound / 56.0 75.9 

99% lower bound / 81.5 52.1 

Compliance level / 0.935 0.99 

Operator NPV distribution 
Expected operator NPV $MM 1753 1604 

Standard deviation $MM 89 94 

Operator LPOS 
Expected operator LPOS $/tonne 25.5 24.9 

Standard deviation $/tonne 1.1 1.3 

Government LPOS 
Expected government LPOS $/tonne 9.8 9.1 

Standard deviation $/tonne 1.4 1.6 

 

Three alternatives may be considered to resolve the compliance issue, as follows: 

Alternative 1: reduce the annual CO2 storage requirement. Figure 6-10(a) shows 

that for a reduced 2.8 MMtonne/yr storage requirement, design Dsn-1 would reach a 

compliance level of 0.99; however, a significant decrease is observed in the economic 

measures, as shown in Figure 6-10(b-d). The expected project NPV for the oilfield 

operator would also shrink to $1604MM, which reflects a (1753-1604=) $149MM 

expected NPV loss. The average expected LPOS value for the operator and the 

government would decrease to $24.9/tonne and $0.7/tonne, respectively.  

A reduction in the CO2 slug diminishes the project profitability which is 

unfavorable to the oilfield operator, the government, and especially, the CO2 supplier. 

Therefore, the reduction is CO2 slug is not an attractive alternative to any of the 

stakeholders. 
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Figure 6-10: Results of Monte Carlo simulation for Sandstone (Dsn-1) with a 2.8 

MMtonne/yr storage requirement (a) distribution of total patterns, and (b) 

distribution of project NPV for the operator. The gray bars present the non-

compliant cases, the compliance level is 0.99. 
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Figure 6-10: Continued, results of Monte Carlo simulation for Sandstone (Dsn-1) with a 

2.8 MMtonne/yr storage requirement (c) distribution of operator LPOS and 

(d) distribution of government LPOS. 
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Alternative 2: develop a storage backup in a saline aquifer. The primary target for 

the captured CO2 is the oilfield because storage in a saline aquifer is not an economically 

favorable choice in the short-term; however, the operator may select to develop the 

aquifer storage as a backup for the oilfield EOR-storage operation. If the available 

storage capacity in the oilfield is insufficient, the surplus CO2 is injected to the saline 

aquifer. This way, the goal of the CCUS project may be achieved and the oilfield 

operator avoids the potential penalties of violating the storage requirements. Figure 6-11 

schematically presents the model of storage backup in a saline aquifer. 

The earliest time that we observe a storage shortage in Monte Carlo simulations is 

in year 18. We assume that the development of the saline aquifer storage backup occurs 

in year 12, which allows sufficient time for the drilling, conducting the tests, acquiring 

the permits, and pipeline construction. The capital cost of development mainly depends 

on the pipeline length, well depth, well type, and location; we simply assume a $30MM 

capital cost. The injection and maintenance costs are assumed to be similar to the EOR 

wells. The CO2 injection rate to the saline aquifer depends on the amount of CO2 surplus. 

The largest surplus slug observed in the Monte Carlo simulation is 200 Mtonne/yr which 

occurs in year 25. The earliest time that a storage capacity shortage is observed is year 

18. Therefore, the saline aquifer should have at least a 200 Mtonne/yr injection capacity 

and a capacity to safely store about 1.5 MMtonne CO2 up until year 25. If the EOR-

storage project is planned to operate longer than 25 years, the injection and storage 

capacities should be both greater to satisfy the compliance requirement.  
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Figure 6-11: Schematic model of coupled EOR-storage operation with saline aquifer as 

storage backup. 

Table 6-10 summarizes the properties and the economic results for the EOR-

storage Dsn-1 with the saline aquifer storage backup. The expected project NPV for the 

operator has slightly decreased, about $10MM, because of the storage backup 

development. The expected LPOS values have not significantly changed because the 

overall storage volume is fairly large (75 MMtonne) and therefore an additional $10MM 

net present cost does not affect the expected LPOS. The expected total pattern number is 

about the same number, 69 patterns. The storage compliance level, however, has 

increased from 0.935 to 1.0, which clearly satisfies the compliance requirement. 
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 Table 6-10: General properties and economic parameters of storage backup in a saline 

aquifer for Dsn-1 with a 3 MMtonne/yr storage requirement. 

Parameter Unit Value 

General properties of storage backup 

Probability of surplus injection % 6.5 

Maximum injection capacity Mtonne/yr 200 

Minimum storage capacity MMtonne 1.5 

Minimum injection duration year 7 

Number of injection wells / 1 

Economic parameters of storage backup 

Capital cost $MM 30 

Initiation time year 12 

Earliest operation inception year 18 

Net present cost, i = 10% $MM 9.6 

Total oilfield patterns distribution 

Expected total patterns / 68.4 

Standard deviation / 4.4 

Compliance level / 1.0 

Operator NPV distribution 

Expected operator NPV $MM 1743 

Standard deviation $MM 89 

Operator LPOS 

Expected operator LPOS $/tonne 25.3 

Standard deviation $/tonne 1.1 

Government LPOS  

Expected government LPOS $/tonne 9.7 

Standard deviation $/tonne 1.4 

 

The selected design for this example yields a fairly acceptable compliance level 

even without the storage backup. Therefore, the majority of captured CO2 is expected to 

be used for the coupled EOR-storage operation, rather than the storage in the saline 

aquifer. Under this condition, the expected profitability of the project is slightly 

decreased. Design Dsn-1 is one of the best candidates for the EOR-storage operation for 

Sandstone (see Sections 5.2 and 5.4 for the details). We expect that this design would be 

a good candidate for the storage compliance problem as well. To verify this hypothesis, 

we should evaluate the other EOR-storage designs. 

Alternative 3: select another EOR-storage design. Other EOR-storage designs 

may be evaluated if the selected design yields an extremely low compliance rate, or the 
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project profitability is significantly decreased. This alternative is discussed in detail in the 

following section. 

6.4.6 Design Optimization with Monte Carlo Simulation 

We select the top 4 EOR-storage designs that have a total pattern number between 

40 to 85 patterns and $850MM or more operator NPV value. These designs are Dsn-1, 

Dsn-4, Dsn-10, and Dsn-24. Figure 6-12 shows the total patterns distribution for the 

EOR-storage designs. Figure 6-12(a) implies a favorable 0.935 initial compliance level 

for Dsn-1, as discussed before. Figure 6-12(b) shows an initial compliance level as low as 

0.07 for Dsn-4, which indicates that this design is very likely to face a storage capacity 

shortage and a storage backup must be developed. Figure 6-12(c) shows a moderate 0.82 

initial compliance level for Dsn-10. This design is likely to need a storage backup. Figure 

6-12(d) shows a full compliance for Dsn-24, which indicates that this design may not 

require a storage backup. 

Figure 6-13 compares the design candidates in terms of expected pattern size, 

expected NPV and initial compliance level. The expected pattern size and the compliance 

level strongly depend on the WAG ratio. By increasing the WAG ratio the expected 

pattern size increases and the initial compliance level decreases.  
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Figure 6-12: Results of optimization with Monte Carlo simulation for Sandstone with a 3 

MMtonne/yr storage requirement and without the storage backup (a) Dsn-1, 

total patterns distribution, 0.935 compliance level (b) Dsn-4, total patterns 

distribution, 0.07 compliance level. 
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Figure 6-12: Continued, results of optimization with Monte Carlo simulation for reservoir 

Sandstone with a 3 MMtonne/yr storage requirement and without the 

storage backup (c) Dsn-10, total patterns distribution, 0.82 compliance level 

(d) Dsn-24, total patterns distribution, 1 compliance level. 
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Figure 6-13: Continued, results of optimization with Monte Carlo simulation for 

Sandstone with a 3 MMtonne/yr storage requirement. The expected pattern 

size and the compliance level strongly depend on the WAG ratio.  

Table 6-11 summarizes the results of compliance analysis. Two designs, Dsn-4 

and Dsn-1, have the highest operator expected NPV, $1850MM for Dsn-4 and $1743MM 

for Dsn-1. The compliance levels for Dsn-4 and Dsn-1 without a storage backup are 0.07 

and 0.935 respectively. Therefore, Dsn-4 strongly depends on a storage backup compared 

to Dsn-1. The expected cumulative CO2 mass stored in saline aquifer for Dsn-1 and Dsn-

4 are 1.5 and 29 MMtonne, respectively. The saline aquifer injection capacity for Dsn-1 

is as low as 200 Mtonne/yr (about 11 MMscfd), compared to a 2.4 Mmtonne/yr (125 

MMscfd) for Dsn-4. Therefore, a sufficient storage capacity and storage injectivity in the 

saline aquifer is an important consideration for Dsn-4. Both designs achieve a full 

compliance if the required storage injection capacity in saline aquifer is available. 
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 Table 6-11: Summary of stochastic optimization results for Sandstone with a 3 

MMtonne/yr storage requirement and 1.0 compliance level.  

Parameter Unit EOR-Storage Design 

  Dsn-1 Dsn-4 Dsn-10 Dsn-24 

Deterministic optimization inputs 

Annual storage requirement MMtonne/yr 3, all designs 

CO2 Injection loss factor / 0.15, all designs 

Pattern flood duration year 25, all designs 

WAG ratio / 1.5 2.1 1.0 0.6 

Pattern gas injection rate MMscfd 6.9 4.8 6.7 11.4 

Field gas injection rate MMscfd 332 303 340 393 

Deterministic optimization outputs 

Total patterns / 69 84 72 49 

Operator NPV $MM 1758 2139 1330 874 

Operator LPOS $/tonne 25.5 30.6 19.5 13.1 

Government LPOS $/tonne 9.8 14.1 6.5 1.5 

Stochastic optimization inputs 

Annual storage requirement MMtonne/yr Normal (3, 0.04×3), all designs 

CO2 Injection loss factor / Normal (0.15, 0.04×0.15), all designs 

Storage backup properties 

Probability of surplus CO2 % 6.5 93 18 0 

Maximum injection capacity Mtonne/yr 200 1000 200 na 

Minimum storage capacity MMtonne 1.5 29 1.6 na 

Minimum injection duration year 7 12 8 na 

Number of injection wells / 1 12 1 0 

Storage backup economics 

Capital cost $MM 30 140 30 0 

Initiation time year 12 7 11 na 

Earliest operation inception year 18 13 17 na 

Net present cost, i = 10% $MM 9.6 71 10.5 0 

Stochastic optimization outputs 

Total oilfield patterns distribution 

Expected total patterns / 68.4 75.4 70.5 49 

Standard deviation / 4.4 0.47 4.4 4.5 

Compliance without backup / 0.935 0.07 0.82 1.0 

Compliance with backup / 1.0 1.0 1.0 na 

Operator NPV distribution 

Expected operator NPV $MM 1743 1850 1310 876 

NPV Standard deviation $MM 89 7.1 63 80 

Operator LPOS 

Expected operator LPOS $/tonne 25.3 28.1 19.3 13.2 

Standard deviation $/tonne 1.1 0.1 0.7 1.3 

Government LPOS 

Expected government LPOS $/tonne 9.7 11.2 6.2 1.6 

Standard deviation $/tonne 1.4 0.1 1.0 1.8 
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6.4.7 Conclusions of the CO2 Storage Compliance Problem 

The storage compliance problem has several important implications and 

conclusions: 

1. The uncertainties in CO2 supply level and the field-scale operating parameters of 

EOR-storage operation, such as the injection loss factor and CO2 utilization 

significantly affect the profitability of EOR-storage operations. Storage in saline 

aquifers is a good backup alternative to mitigate the risks of the field-scale 

operating uncertainties. 

2. The EOR-storage operation requires a large fresh CO2 slug in the early stages of 

patterns development and the need for fresh CO2 gradually decreases after the 

CO2 breakthrough. The need for fresh CO2 is minimal when the project is near 

completion and all patterns are fully developed and reached the stage of maturity. 

Decreasing the fresh CO2 slug from the beginning of the EOR-storage operation is 

not a good option because it reduces the peak oil level and the pace of field 

development, which in turn, significantly deteriorates the profitability. Therefore, 

the development of the saline aquifer storage site is a viable option in the mid-life 

an EOR-storage project if a commitment to a fixed storage rate is made.  

3. The coupled EOR-storage operation is strongly preferred to the storage in saline 

aquifers because it provides benefits for both the operator and the government. 

Therefore, the government should prioritize the CO2 EOR-storage operation 

support to saline aquifers storage operation if both options are available. The 

development of saline aquifers is beneficial because they help to mitigate the risks 

of a storage shortage in the oilfield and reduce the CO2 emissions. The storage 

backups may not be used at all, but they enable the oilfield operators to 
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implement more aggressive EOR-storage schemes that increase both the peak oil 

rate and the pace of incremental oil recovery. 

4. The primary objective function for the storage compliance problem is net present 

value of the project which is a normally risk-neutral function. The secondary 

objective of the secondary objective of the problem is to mitigate the unfavorable 

uncertainty effects. For this objective the operator’s risk preference may affect the 

choice of an optimum EOR-storage design, as follows:  

A risk-seeking operator may select an aggressive design like Dsn-4 which is 

highly profitable, but also requires a separate investment for a storage backup 

with an average 2.4 MMtonne/yr injection capacity and 29 MMtonne total storage 

capacity. If the operator can confidently verify the access to a desired saline 

aquifer, Dsn-4 is the best candidate for the coupled EOR-storage operation. 

A risk-averse operator may select a conservative design like Dsn-24 which has a 

relatively small profitability and no risk of storage shortage. The conservative 

design does not require a saline aquifer storage backup because the expected total 

patterns (=49 patterns) is far below the asset size (=75 patterns). 

A risk-neutral operator may select a moderate design like Dsn-1 which is highly 

profitable. The expected profitability of Dsn-1 is not as much as the aggressive 

Dsn-4 ($1743MM as opposed to $1850MM). On the other hand Dsn-4 requires a 

storage backup with a relatively high storage capacity (at least for 29 MMtonne 

CO2). Therefore, the operator may select Dsn-1 if a sufficiently large saline 

aquifer with high injection capacity and cap rock integrity for safe CO2 storage 

cannot be found or developed near the CO2 pipeline. 

We close this chapter by noting that risk mitigation in the coupled EOR-storage 

operations is an important consideration because two big industrial partners with many 
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diversified objectives and responsibilities are involved. The operation performance of 

these two partners is affected by many factors and unexpected conditions frequently 

happen during the long life of the project operation. Therefore, it is necessary that both 

the oilfield operator and the CO2 capture plant consider backup options for their 

operation and frequently revise and coordinate their plans to minimize the risk of 

unpredicted conditions. In this chapter, we focused on the early-stage development 

planning from the viewpoint of the oilfield operators. Apparently, a similar analysis may 

be required for the CO2 capture plant, which is beyond the scope of this study.  
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Chapter 7. Conclusions and Recommendations 

 

 

There are numerous scientific evidences of a correlation between the dramatic 

increase of greenhouse gases in the atmosphere and the unfavorable side-effects of global 

warming and climate change (Nakicenovic et al. 2000; Oreskes, 2004; Thomas et al. 

2004). These evidences leave little doubt about the need for large-scale reductions in 

greenhouse gas emissions.  

Reducing the rate of emissions is one way to delay the detrimental side-effects of 

global warming and bring long-term benefits for the sustainable development; however, 

limited cooperation between the governmental and non-governmental sectors, lack of 

transparent carbon regulations, lack of infrastructure, and the significant financial and 

human investment requirements militate against the appropriate implementation of large-

scale projects. 

Carbon capture, utilization and storage (CCUS) is a promising short- to medium-

term solution to mitigate the fast growth of greenhouse gas emissions. Significant 

emphasis is recently given to the utilization element of CCUS because the economics of 

carbon capture and storage (CCS) is barely justified in the short-term. 

This study focused on carbon dioxide enhanced oil recovery and storage (coupled 

EOR-storage) as one of the CCUS methods. This process benefits from the incremental 

oil production and ultimately stores the anthropogenic CO2. The main economic incentive 

for using anthropogenic CO2 is the potential advantage of a carbon storage tax credit. 
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Storage tax credit is awarded to the operator when the anthropogenic CO2 is safely and 

permanently stored.  

A storage tax credit can create a long-term opportunity for both the CO2 capture 

plant operators and CO2 storage site operators to form a partnership with the federal 

government. This potential partnership between the three stakeholders leads to the 

development of a CO2 market. We formalized the concept of a CO2 market in this study 

and investigated the sustainability condition for the CO2 market. We concluded that the 

CO2 market is sustainable only when all partners benefit from the market in long-term. 

We studied the partnership between the oilfield operators and the government in 

the context of different market models. We specified four problems with different 

features:  

1. Fixed storage requirement for CO2 EOR-storage 

2. Integrated asset optimization 

3. CO2 storage tax credit policy 

4. Stochastic optimization of CO2 EOR-storage design 

Depending on the problem type, we determined an optimum design for the 

coupled EOR-storage operation. In all problems, the economic profitability is the main 

measure of comparison between different EOR-storage designs.  

The fixed storage requirement problem adopts an environmental approach by 

giving the first priority to the storage element of CO2 EOR-storage. The oilfield operator 

seeks the best operational design that satisfies the storage requirement and yields the 

highest net present value.  

The integrated asset optimization relies on the principles of a free market. The 

facts that the operator is free to choose the CO2 source among different supplier and the 

annual fresh CO2 slug significantly affects the optimum design of a CO2 EOR-storage 
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project. The operator is often leaning towards using smaller annual fresh CO2 slugs 

because the costs of CO2 purchasing, compression, gas treatment and injection are 

considerably greater than the water injection. We showed that the optimum annual fresh 

CO2 slug strongly depends on the asset size, reservoir properties, and the storage tax 

credit 

We analyzed the fixed storage requirement and integrated asset optimization 

problems from the viewpoint of the government. The problem’s objective is to find a 

storage tax credit policy that maximizes the government’s benefits. We showed how the 

viewpoints of the stakeholders are different and how they affect the suggested optimum 

oilfield operator plan or the government’s policy. We also showed that an effective 

partnership between the government and oilfield operator brings long-term benefits for 

both stakeholders. A change in the tax credit policy significantly affects the behavior of 

oilfield operator. Between the two extremes of the strict no-credit-awards and the 

generous large-credit-awards policies, an optimum tax credit policy was found that 

resulted in a win-win condition for both the operator and the government.  

We studied two groups of conventional reservoir candidates for EOR-storage 

operation. We showed that reservoir permeability and heterogeneity significantly affect 

the performance of EOR-storage operation by affecting the peak oil production rate, the 

pace of recovery, the average oil production rate per well, CO2 utilization factor and the 

recycle ratio. These parameters in turn affect the pace of field development, the number 

of wells, CO2 plant size, and the compression power requirements for the EOR-storage 

operation. 

By introducing uncertainties in oil price and CO2 price, we investigated the 

effects of market volatility on the optimum design and operational plan. Two solution 

methods were investigated for the stochastic optimization analysis: optimization with 
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Monte Carlo sampling and stochastic programming. Each method has its own advantages 

and applications. We investigated the value of transparent storage tax credit and showed 

that it helps the oilfield operators take inform decisions, and in the long-term, brings 

benefits for the operators as well as the government.  

7.1 CONCLUSIONS 

All of the CO2 market problems present a list of implications and conclusions at 

the end. We summarize the highlights of conclusions in the following: 

1. Sustainability is the most important requirement for the long-term effectiveness of 

the CO2 market. In a sustainable CO2 market, the government should benefit from 

a partnership with the CO2 suppliers and the customers. Appropriate adjustment 

of the tax credit encourages the oilfield operators to participate in the storage 

market, boosts the demand for anthropogenic CO2, and brings long-term benefits 

for the government. This study showed that with $80/tonne anthropogenic CO2 

cost and average $60/stb oil price, a long-term EOR-storage operation is justified 

for both the oilfield operators and the government with 20 to $30/tonne storage 

tax credit. We present a range for the storage tax credit because the EOR-storage 

economics strongly depends on the reservoir properties. 

2. Under equal conditions, the coupled EOR-storage projects should be ranked based 

on their economic prospect. The economic profitability of EOR-storage is the 

main driver for the private-sector participation. The oilfield operator and the 

government expect to gain an average 26 and $10/tonne profit from the EOR-

storage in Sandstone, respectively. The corresponding values for Carbonate are 12 

and $7/tonne, respectively. Therefore, with all conditions being the same, the 
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EOR-storage operation in the sandstone reservoir should be ranked ahead of the 

carbonate reservoir. 

As a secondary implication, the coupled EOR-storage projects should be ranked 

ahead of CO2 storage in saline aquifers in the early stages of large-scale carbon 

capture, utilization and storage (CCUS) deployment. The moderately-performing 

carbonate reservoir yields an average 26 and $10/tonne levelized profit for the 

oilfield operator and the government, while storage in saline aquifers does not 

yield a tangible profit. The EOR element considerably improves the CCUS 

economics for both the oilfield operators and the government. Therefore, under 

equal conditions, the storage in a saline aquifer may be considered when the 

project is well established and additional CO2 storage capacity is required. 

3. The storage tax credit policy has a significant effect on the fate of CO2 market. A 

comparison between the presented conventional sandstone and carbonate 

reservoirs shows that many potential candidates for EOR-storage may become 

economically infeasible without the storage tax credit. The optimistically 

performing sandstone reservoir gains sufficient revenues from the incremental oil 

production and thus barely relies on the storage tax credit. The moderately 

performing carbonate reservoir, however, strongly depends on the storage tax 

credit. The sandstone reservoir requires at least $5/tonne tax credit to feasibly 

store 75 MMtonne CO2 over 25 year, while the carbonate reservoir requires at 

least $20/tonne tax credit. 

Storage tax credits between 20 and $30/tonne significantly improve the economic 

prospect of coupled EOR-storage operations and expand the CO2 market in the 

long-term. With $30/tonne storage tax credit, the economic CO2 storage capacity 

in sandstone candidates may increase up to 40%, and in carbonates up to 100%. 
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The storage tax credit decreases the government’s profit in the short-term from 

$30/tonne down to $15/tonne for the sandstone reservoir. However, the 

implementation of new EOR-storage projects and the CO2 market expansion 

enables the government to collect taxes and royalties from a larger number of 

active projects, which significantly increases the government’s aggregate profit in 

the long-term. 

4. The primary objective function for the storage compliance problem is net present 

value of the project which is a risk-neutral function. The secondary objective of 

the secondary objective of the problem is to mitigate the unfavorable effects of 

uncertainty in the anthropogenic CO2 supply level and the injection loss factor. 

For the secondary objective the operator’s risk preference may affect the choice of 

an optimum EOR-storage design. Table 6-11 presents a detailed description of the 

quantified results. A risk-seeking operator may select an aggressive which is 

highly promising in terms of profitability ($1850MM expected NPV), but requires 

a separate investment for a storage backup (7% initial compliance). A risk-averse 

operator may select a conservative design which has a relatively low profitability 

(expected NPV is only 47% of the risk-seeking design) and no risk of storage 

shortage (100% initial compliance). The conservative design does not require a 

saline aquifer storage backup. A risk-neutral operator may select a moderate 

design which is promising in terms of profitability (expected NPV is only 94% of 

the risk-seeking design) and compliance (93% initial compliance). The operator 

may select a moderate design if it is not possible to find a sufficiently large saline 

aquifer for safe and permanent storage near the CO2 pipeline.  

5. The dissertation strongly emphasized on an integrated approach towards the CO2 

EOR-storage operation design. The proposed integrated workflow includes 
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reservoir modeling and simulation, integrated asset development models, and 

optimization and uncertainty analysis. We equally devoted the effort to the field-

scale operations and the economic modeling along with the optimization and 

uncertainty analysis. This study suggests that an integrated insight should be 

applied to the large-scale field development problems such as CO2-EOR and 

sequestration with high risks of an investment loss.  

6. This study has extensively applied deterministic and stochastic optimization 

methods to solve the proposed market problems. We used dynamic programming 

to find the optimum sequence of reservoir pattern development in EOR-storage 

operations; we used a decision analysis method to evaluate and determine the 

optimum EOR-storage design in different market problems; and finally, we used 

stochastic programming and optimization with Monte Carlo simulation to solve 

the problems with uncertainties. The choice of optimization method is contingent 

upon the problem type and the ultimate goals. Therefore, for any field-scale 

modeling and analysis that needs an optimization method, one should be flexible 

towards investigating different choices and select the most convenient method to 

find the optimum solution. 

7.2 RECOMMENDATIONS FOR FUTURE WORK 

We suggest the following unaddressed problems as the continuation of this work 

or related topics: 

1. Field-scale CO2 EOR-storage modeling. The following enhancements increase 

the accuracy of field-scale performance predictions:  

 Well shut-ins: CO2 EOR projects are often implemented in mature oilfields. In 

these fields well shut-ins frequently occur because of scheduled maintenance 
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plans, well completions, unexpected problems with wells or facilities, excessive 

water or gas production or reaching the economic limit of oil production. Well 

shut-ins decrease the injection capacity and increase the storage capacity of the 

field in short-term. When the number of wells in the field is large (500 or more), 

well shut-ins affect the large scale planning of pattern development sequence and 

raise a need for storage backup. One important future work is to investigate the 

well production, injection, and activity data of the West Texas EOR projects and 

derive a distribution for the producers and injectors shut-in frequency and 

duration. Including the well shut-ins in the field-scale EOR-storage model will 

increase the accuracy of the field performance predictions. 

Effective reservoir storage volume: Volumetric sweep efficiency is a 

conventional, well-defined concept in the EOR literature. Volumetric sweep 

efficiency is defined as the ratio of the reservoir pore volume contacted by the 

displacing fluid (CO2 and water) to the total pore volume. For EOR-storage 

operations we define the analogous term, volumetric storage efficiency, as the 

ratio of the reservoir storage capacity to the total reservoir pore volume. 

The volumetric storage efficiency in EOR-storage operation is less than one. 

Therefore, the effective storage capacity of the fields is less than the estimated 

reservoir pore volume. An interesting future study is to estimate the effective 

storage capacity from the CO2 EOR field data, using reservoir surrogate models, 

such as the capacitance-resistive model (CRM). 

 Injection loss factor: Aquifers, thief layers and residual oil zones may cause an 

injection loss. For CO2 EOR-storage injection loss factor is an important 

parameter because it directly affects the CO2 utilization factor. One future work is 

to investigate the production and injection rates from CO2 EOR-storage 
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operations and find the average and variability of injection loss. Including the 

injection loss factor will help to better estimate the field-scale CO2 utilization 

factor and the effective storage capacity. 

2. Unconventional oil-bearing shale reservoirs as a CO2 EOR-storage target. This 

study performed analyzes for the conventional sandstone and carbonate 

reservoirs. One important recommendation for future work is to develop a 

representative model for the prediction of CO2 EOR-storage performance in 

unconventional reservoirs especially the shale reservoirs. Recent developments in 

the drilling and completion technologies have enabled the commercial production 

from shale oil. U.S. has huge shale oil reserves, and most fields are in the early 

stages of development. A considerable incremental recovery and an increased 

pace of recovery from CO2-EOR might affect recovery method of the oil-bearing 

shale reservoirs after the primary recovery phase. 

3. CO2 market problem with emphasis the CO2 supplier. This study concentrated on 

a partnership between the oilfield operator and the government. A potential future 

work is to find the optimum partnership conditions between the government and 

the CO2 supplier. As macro-scale problem, regulating the relation between the 

three stakeholders would be of significant value; however, this is beyond the 

scope of an engineering study.  

4. EOR-storage compliance on the short-term seasonal basis. This study 

investigated the coordination of the CO2 supplier (capture plant) and the customer 

(oilfield operator) from the viewpoint of the oilfield operator; the operator tries to 

maximize the benefits from the EOR-storage operation and maintain storage 

compliance in long-term. One recommendation for future work is to revisit the 

storage compliance problem and solve that on a short-term horizon. The short-
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term compliance problem will be beneficial for planning CO2 EOR-storage 

operations on a seasonal basis because the CO2 emission rate from coal plants 

varies between the seasons. 
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Appendix A. CO2 EOR-Storage Designs and Outputs 

Table A-1: CO2 EOR-storage designs for reservoir Sandstone.  

Design Pore volume 

injection 

WAG  

ratio 

Gas injection  

rate 

Production 

performance 

CO2 

utilization 

Average  

recycle ratio 

 / / MMscfd bopd/well Mscf/stb / 

1 1.37 1.50 6.89 93.89 4.68 1.61 

2 0.64 1.33 3.00 56.80 4.34 1.03 

3 0.44 5.02 0.78 35.81 2.78 0.31 

4 1.23 2.06 4.98 86.23 4.14 1.33 

5 0.81 0.81 4.98 65.67 5.14 1.46 

6 0.89 0.38 6.96 66.10 6.39 1.74 

7 0.67 12.74 0.76 51.89 2.07 0.17 

8 1.03 1.43 4.98 75.50 4.55 1.42 

9 0.67 9.14 0.78 44.70 2.27 0.28 

10 1.19 1.03 6.96 82.92 5.00 1.79 

11 0.53 0.85 3.00 50.69 4.95 0.99 

12 1.05 3.40 2.96 76.67 3.33 0.93 

13 0.32 3.17 0.78 29.87 3.27 0.33 

14 0.71 0.52 4.98 59.36 5.76 1.43 

15 0.86 2.35 3.00 67.40 3.65 1.03 

16 0.98 0.59 6.96 73.08 5.71 1.78 

17 2.22 0.37 20.16 104.65 7.75 3.11 

18 1.37 0.29 12.00 82.71 7.23 2.34 

19 2.41 0.34 22.64 105.20 8.39 3.25 

20 1.44 0.00 15.00 74.64 10.71 2.12 

21 2.10 0.17 20.93 96.49 8.99 2.99 

22 1.82 0.50 14.80 99.12 6.71 2.69 

23 1.86 0.19 18.00 93.09 8.44 2.79 

24 1.60 0.61 11.95 94.47 6.16 2.41 

25 1.71 0.00 18.00 79.92 11.24 2.33 

26 2.22 0.00 24.00 89.16 12.16 2.67 

27 1.62 0.23 15.00 88.22 7.87 2.59 

28 1.96 0.00 21.00 85.02 11.71 2.51 

29 2.03 0.43 17.57 102.69 7.23 2.92 

30 2.33 0.15 23.86 98.75 9.58 3.16 
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Table A-2: CO2 EOR-storage designs for reservoir Carbonate.  

Design Pore volume 

injection 

WAG  

ratio  

rate 

Gas injection 

rate 

Production 

performance 

CO2 

utilization 

Average  

recycle ratio 

 / / MMscfd bopd/well Mscf/stb / 

1 2.10 3.56 5.99 48.78 5.59 1.75 

2 2.73 1.63 13.76 58.72 8.21 2.57 

3 2.69 1.77 12.87 57.95 7.95 2.49 

4 2.24 1.60 11.18 55.42 7.55 2.33 

5 2.61 1.04 16.64 58.41 9.50 2.74 

6 1.23 1.43 6.00 37.79 7.54 1.63 

7 1.70 0.74 11.81 48.10 9.44 2.25 

8 2.82 1.15 17.25 59.80 9.43 2.82 

9 2.58 2.23 10.55 55.35 7.19 2.31 

10 2.80 0.35 26.01 58.78 13.53 3.07 

11 2.45 1.21 14.40 57.79 8.68 2.58 

12 2.48 0.41 21.88 56.49 12.42 2.88 

13 2.72 1.29 15.56 58.69 8.97 2.69 

14 2.89 1.31 16.56 60.66 9.00 2.79 

15 2.15 3.70 5.99 48.91 5.56 1.75 

16 2.43 1.91 10.95 54.74 7.47 2.34 

17 2.31 0.45 19.63 55.21 11.76 2.76 

18 2.12 0.52 17.19 53.16 11.10 2.63 

19 2.59 1.49 13.66 57.26 8.40 2.55 

20 2.35 4.24 5.93 49.40 5.45 1.75 

21 2.74 0.92 18.54 59.41 10.09 2.86 

22 2.66 1.38 14.69 58.16 8.72 2.62 

23 1.95 3.19 6.00 47.72 5.71 1.75 

24 2.78 1.50 14.67 59.28 8.47 2.65 

25 2.80 0.00 30.87 49.33 20.38 2.82 

26 2.35 5.48 4.80 47.28 4.96 1.56 

27 2.33 7.57 3.60 43.81 4.36 1.35 

28 2.29 7.42 3.60 43.68 4.42 1.33 

29 2.42 3.99 6.42 50.36 5.67 1.81 

30 2.36 5.13 5.10 47.71 5.12 1.61 

  



 356 

References 

Antony, J. 2003. Design of Experiments for Engineers and Scientists. 

Alston, R.B., Kokolis, G.P. and James, C.F. 1985. CO2 minimum miscibility pressure: A 

correlation for impure CO2 streams and live oil systems. Society of Petroleum 

Engineers Journal, 25(2), 268–274. 

Bachu, S. 2000. Sequestration of carbon dioxide in geological media: Criteria and 

approach for site selection. Energy Conservation and Management, 41(9), 953–

970. 

Bachu, S. 2003. Screening and ranking of sedimentary basins for sequestration of CO2 in 

geological media. Environmental Geology, 44(3), 277–289. 

Barnes, R.J., Linke, P. and Kokossis, A. 2002. Optimization of oil-field development 

production capacity. European Symposium on Computer Aided Process 

Engineering, 12, 631. 

Benson, S.M., Gasperikova, E., Hoversten, M. 2004. Overview of Monitoring 

Requirements for Geologic Storage Projects. Lawrence Berkeley National 

Laboratory Report PH4/29 for IEA Greenhouse Gas R&D Programme LBNL, 

Berkeley, California. 

Begg, S.H., Bratvold, R.B. and Campbell, J.M. 2001. Improving Investment Decisions 

Using a Stochastic Integrated Asset Model. Paper SPE-71414 presented at the 

SPE Annual Technical Conference and Exhibition, New Orleans, Louisiana, 30 

September-3 October.  

Bergman, P.D., Winter, E.M. and Chen, Z-Y. 1997. Disposal of Power Plant CO2 in 

Depleted Oil and Gas Reservoirs in Texas. Energy Conversion and Management, 

38(Suppl.), S211–S216. 

Bertsimas, D., Tsitsiklis, J. 1997. Introduction to Linear Optimization. Athena Scientific. 

Birge, J.R. and Louveaux, F. 1997. Introduction to Stochastic Programming. New York, 

NY. Springer. 

Black, J.B., Haslbeck, J.L., Jones, A.P., Lundberg, W.L. and Shah, V. 2011. Cost and 

Performance of PC and IGCC Plants for a Range of Carbon Dioxide Capture. 

DOE/NETL report prepared by Research and Development Solutions, LLC 

(RDS). Report DOE/NETL-2011/1498. May 27. 

www.netl.doe.gov/energy-analyses/pubs/Gerdes-08022011.pdf 

Bock, B., Rhudy, R., Herzog, H., Klett, M., Davison, J., De la Torre Ugarte, D.,  and 

Simbeck, D. 2003. Economic Evaluation of CO2 Storage and Sink Options. DOE 

Research Report DE-FC26-00NT40937. 

Bondor, P.L. 1992. Applications of carbon dioxide in enhanced oil recovery. Energy 

Conversion and Management, 33(5), 579–586. 



 357 

Bossie-Codreanu, D., Le-Gallo Y., Duquerroix J.P., Doerler N. and Le Thiez, P. 2003. 

CO2 Sequestration in Depleted Oil Reservoirs. Proceedings of the 6th 

International Conference on Greenhouse Gas Control Technologies (GHGT-6), 

Kyoto, Japan, 1–4 October. 

Bradshaw, J.B., Bradshaw, E., Allinson, G., Rigg, A.J., Nguyen V. and Spencer, A. 2002. 

The potential for geological sequestration of CO2 in Australia: preliminary 

findings and implications to new gas field development. Australian Petroleum 

Production and Exploration Association Journal, 42(1), 24–46. 

Brennan, S.T. and Burruss, R.C. 2003. Specific Sequestration Volumes: A Useful Tool 

for CO2 Storage Capacity Assessment. USGS OFR 03-0452 available at 

http://pubs.usgs.gov/of/2003/of03-452/. 

Bryant, S.L. and Lake, L.W. 2005. Effect of impurities on subsurface CO2 storage 

processes, Carbon Dioxide Capture for Storage in Deep Geologic Formations - 

Results from the CO2 Capture Project, v. 2: Geologic Storage of Carbon Dioxide 

with Monitoring and Verification, S.M. Benson (ed.), Elsevier, London. pp. 983–

998. 

Cullick, A.S., Heath, D., Narayanan, K., April, J. and Kelly, J. 2003. Optimizing 

Multiple-field Scheduling and Production Strategy with Reduced Risk. Paper SPE 

84239 presented at the SPE Annual Technical Conference and Exhibition, 

Denver, Colorado, October 4-6. 

Cullick, A.S., Cude, R. and Tarman, M. 2007. Optimizing Field Development Concepts 

for Complex Offshore Production Systems. Paper SPE 108562 presented at the 

SPE Offshore Europe, Aberdeen, 4-7 September. 

Dantzig, G.B. 1955. Linear Programming under Uncertainty. Management Science 1 

(1955), 197–206. 

Dantzig, G.B., Orden, A. and Wolfe, P. 1955. Generalized Simplex Method for 

Minimizing a Linear Form Under Linear Inequality Restraints. Pacific Journal 

Math., 5, 183–195. 

Department of Energy, National Energy Technology Laboratory. 2009. Storing CO2 and 

Producing Domestic Crude Oil with Next Generation CO2-EOR Technology, 

Report DOE/NETL-2009/1350 prepared by Advanced Resources International, 

Inc., January 9, 2009, available at:  

http://www.netl.doe.gov/energy-

analyses/pubs/Storing%20CO2%20w%20Next%20Generation%20CO2-EOR.pdf  

Department of Energy, National Energy Technology Laboratory. 2008. Storing CO2 with 

Enhanced Oil Recovery. Report DOE/NETL-402/1312/02-07-08 prepared by 

Advanced Resources International, Inc., February 7, 2008. Available at: 

http://pubs.usgs.gov/of/2003/of03-452/


 358 

http://www.netl.doe.gov/energy-

analyses/pubs/Storing%20CO2%20w%20EOR_FINAL.pdf 

Department of Energy, Office of Fossil Energy. 2005-2006. Basin Oriented Strategies for 

CO2 Enhanced Oil Recovery. Report prepared by Advanced Resources 

International, Inc. Available at:  

http://www.fe.doe.gov/programs/oilgas/eor/Ten_Basin-Oriented_CO2-

EOR_Assessments.html. 

Energy Information Administration (EIA), 2012. Oil and Gas Lease Equipment and 

Operating Costs 1994 Through 2009. EIA Report, 2009. Available at: 

http://www.eia.gov/pub/oil_gas/natural_gas/data_publications/cost_indices_equip

ment_production/current/coststudy.html 

Energy Information Administration, 2012. Monthly Energy Review. Available at: 

http://www.eia.gov/totalenergy/data/monthly/. 

Ennis-King, J.P. and Paterson, L. 2003. Role of convective mixing in the long-term 

storage of carbon dioxide in deep saline formations. Paper SPE-84344. Presented 

at SPE Annual Technical Conference and Exhibition, Denver, Colorado, 5–8 

October. 

Ettehad, A., Jablonowski, C.J. and Lake, L.W. 2011. Stochastic Optimization and 

Uncertainty Analysis of E&P Projects: A Case in Offshore Gas Field 

Development. Paper OTC 21452 presented Offshore Technology Annual 

Conference, Houston, 2-5 May. 

Ettehad, A., Jablonowski, C.J. and Lake, L.W. 2013. Development Optimization and 

Uncertainty Analysis for E&P Projects: A Comparison of Monte Carlo and 

Stochastic Programming Methods. Submitted to SPE Journal of Economics and 

Management. 

Ettehad, A., Jablonowski, C.J. and Lake, L.W. 2010. Gas Storage Facility Design under 

Uncertainty. SPE Projects, Facilities & Construction. 5 (3), 155-165, SPE-

123987-PA. 

Ettehadtavakkol, A. 2009. Gas Storage Facility Design under Uncertainty. MS Thesis. 

Department of Petroleum Engineering, the University of Texas at Austin. 

Experimental Design, StatSoft Electronic Textbook, 2006. 

Flett, M.A., R.M. Gurton and I.J. Taggart, 2005: Heterogeneous saline formations: Long-

term benefits for geo-sequestration of greenhouse gases. Proceedings of the 7th 

International Conference on Greenhouse Gas Control Technologies (GHGT-7), 

September 5–9, 2004, Vancouver, Canada, v.I, 501-510. 

http://www.eia.gov/pub/oil_gas/natural_gas/data_publications/cost_indices_equipment_production/current/coststudy.html
http://www.eia.gov/pub/oil_gas/natural_gas/data_publications/cost_indices_equipment_production/current/coststudy.html


 359 

Ghomian, Y. 2008. Reservoir Simulation Studies for Coupled CO2 Sequestration and 

Enhanced Oil Recovery. PhD Thesis. Department of Petroleum Engineering, the 

University of Texas at Austin. 

Goel, V. and Grossmann, I.E. 2004.  A Stochastic Programming Approach to Planning of 

Offshore Gas Field Developments under Uncertainty in Reserves. Journal of 

Computers and Chemical Engineering 28, 1409–1429. 

Goodall, C. R. 1993. Computation Using the QR Decomposition. Handbook in Statistics. 

Vol. 9, Amsterdam, Elsevier, North-Holland. 

Grothey, A. and McKinnon, K. 2000. Decomposing the Optimization of a Gas Lifted Oil 

Well Network. Technical Report, MS 00-005, Department of Mathematics and 

Statistics, University of Edinburgh. 

Hargrove, B., Melzer, L.S. and Whitman, L. 2008. A Status Report on North American 

CO2-EOR Production and CO2 Supply, presented at the 14th Annual CO2 

Flooding Conference, Midland, TX, 11-12 December. 

Haugen, K. 1996. A Stochastic Dynamic Programming Model for Scheduling of Offshore 

Petroleum Fields with Resource Uncertainty. European Journal of Operational 

Research 88, 88-100. 

Holloway, S. 1996. The Underground Disposal of Carbon Dioxide. Final report of Joule 

2 Project No. CT92-0031. British Geological Survey, Keyworth, Nottingham, 

UK. 

Holt, T., Jensen, J.L.  and Lindeberg, E. 1995. Underground Storage of CO2 in Aquifers 

and Oil Reservoirs. Energy Conversion and Management, 36(6–9), 535–538. 

Howell, A., Szatny, M. and Torrens, R. 2006. From Reservoir Through Process, From 

Today to Tomorrow – The Integrated Asset Model. Paper SPE 99469 presented at 

the SPE Intelligent Energy Conference and Exhibition, Amsterdam, The 

Netherlands, 11-13 April. 

IEA Greenhouse Gas R&D Programme, 2002. Transmission of CO2 and Energy. Report 

no. PH4/6 (March 2002). 

Intergovernmental Panel on Climate Change (IPCC), 2005. Carbon Dioxide Capture and 

Storage. Cambridge University Press, New York, NY. Information available at 

www.cambridge.org/9780521863360. 

Iyer, R., Grossmann, I.E., Vasantharajan, S. and Cullick, A.S. 1998. Optimal Planning 

and Scheduling of Offshore Oil Field Infrastructure Investment and Operations, 

I&EC Research 37 (4), 1380–1397. 

Jonsbraten, T.W. 1998. Optimal Selection and Sequencing of Oil Wells under Reservoir 

Uncertainty. PhD dissertation, Department of Business Administration, Stavanger 

College, Norway. 



 360 

Jornsten, K.O. 1992. Sequencing Offshore Oil and Gas Fields under Uncertainty. 

European Journal of Operational Research 58, 191-201. 

Kerans, C., Lucia, F.J. and Snger, R.K. 1994. Integrated Characterization of Carbonate 

Ramp reservoirs Using Permian San Andres Formation Outcrop Analogs. AAPG 

Bulletin, 78(2), 181. 

Klass, A.B. and Wilson, E.J. 2008. Climate Change and Carbon Sequestration, Assessing 

a Liability Regime for Long-Term Storage of Carbon Dioxide. Emory Law 

Journal, 58, 103. 

Klins, M.A. 1984. Carbon Dioxide Flooding, D. Reidel Publishing Co., Boston, MA, 

267.  

Kovscek, A.R. 2002. Screening criteria for CO2 storage in oil reservoirs. Petroleum 

Science and Technology, 20(7–8), 841–866. 

Kuuskraa V.A., Van Leeuwen, T. and Wallace, M. 2011. Improving Domestic Energy 

Security and Lowering CO2 Emissions with “Next Generation” CO2-Enahcned 

Oil Recovery (CO2-EOR). DOE/NETL report prepared by Energy Sector 

Planning and Analysis. Report DOE/NETL-2011/1504, June 20. Available at: 

http://www.netl.doe.gov/energy-

analyses/pubs/storing%20co2%20w%20eor_final.pdf 

Kabir, C.S., Chawathe, A., Jenkins, S.D., Olayomi, A.J., Aigbe, C. and Faparusi, D.B. 

2004. Developing New Fields Using Probabilistic Reservoir Forecasting. SPE 

Reservoir Evaluation & Engineering, 7(1), 15-23. SPE-87643-PA. 

Kabir, C.S., Gorell, S.B., Portillo, M.E. and Cullick, A.S. 2007. Decision Making With 

Uncertainty While Developing Multiple Gas/Condensate Reservoirs: Well Count 

and Pipeline Optimization. SPE Res Eval & Eng 10 (3), 251-259. SPE-95528-PA. 

Kosmidis, V.D., Perkins, J. D. and Pistikopoulos, E.N. 2002. A Mixed Integer 

Optimization Strategy for Integrated Gas/Oil Production. European Symposium 

on Computer Aided Process Engineering, 12, 697. 

Lake, L.W. 1989. Enhanced  Oil  Recovery,  Prentice  Hall,  Inc.,  Upper  Saddle  River,  

New Jersey. 

Land, C.S. 1968. Calculation of Imbibition Relative Permeability for Two- and Three-

Phase Flow from Rock Properties. SPEJ, 8(2), 149-156. 

Larsen, J.A. and Skauge, A. 1998. Methodology for Numerical Simulation with Cycle-

Dependent Relative Permeabilities. SPE38456-PA. SPEJ, 3(2), 163-173. 

Lasdon, L.S. 2002. Optimization Theory for Large Scale Systems. Mineola, New York: 

Dover. 



 361 

Lin, X. and Floudas, C.A. 2003. A Novel Continuous-time Modeling and Optimization 

Framework for Well Platform Planning Problems. Optimization and Engineering 

4, 65–93. 

Lippmann, M.J. and Benson, S.M. 2003. Relevance of Underground Natural Gas Storage 

to Geologic Sequestration of Carbon Dioxide. Department of Energy’s 

Information Bridge. Available at:  

http://www.osti.gov/dublincore/ecd/servlets/purl/813565-

Vm7Ve/native/813565.pdf 

Lucia, F.J., Kerans, C. and Jennings Jr., J.W. 2003. Carbonate Reservoir 

Characterization. Paper SPE82071. Journal of Petroleum Technology, 55(6), 70-

72. 

Lund, M.W. 2000. Valuing Flexibility in Offshore Petroleum Projects. Annals of 

Operations Research, 99 (1-4), 325-349. 

Martin, F.D. and Taber, J. J. 1992. Carbon Dioxide Flooding. Journal of Petroleum 

Technology, 44(4), 396–400. 

McCollum, D.L. and Ogden J.M. 2006. Techno-Economic Models for Carbon Dioxide 

Compression, Transport, and Storage & Correlations for Estimating Carbon 

Dioxide Density and Viscosity. Recent Work, Institute of Transportation Studies 

(UCD), UC Davis. UCD-ITS-RR-06-14. 

McFarland, J.W., Lasdon L. and Loose V. 1984. Development Planning and Management 

of Petroleum Reservoirs Using Tank Models and Nonlinear Programming. 

Operations Research, 32 (2), 270-289. 

McVay, D. and Spivey, J. 2001. Optimizing Gas-Storage Reservoir Performance. SPE 

Reservoir Evaluation & Engineering, 4(3), 173-178. 

Mehrotra, S. 1992. On the Implementation of a Primal-Dual Interior Point Method. SIAM 

Journal on Optimization, 2, 575–601. 

Meister, B., Clark, J.M.C., Shah, N., 1996. Optimisation of Oilfield Exploitation under 

Uncertainty. Computers &amp; Chemical Engineering 20, Supplement 2, 1251-

1256. 

Melzer, L.S., Kuuskraa, V.A., Koperna, G.J., 2006. The Origin and Resource Potential of 

Residual Oil Zones, SPE Annual Technical Conference and Exhibition. Society of 

Petroleum Engineers, San Antonio, Texas, USA. 

Metcalfe, R.S., 1982. Effects of Impurities on Minimum Miscibility Pressures and 

Minimum Enrichment Levels for CO2 and Rich Gas Displacements. SPE Journal, 

22(2), 219–225. 

Mohitpour, M., Golshan, H. and Murray, A. 2000. Pipeline Design & Construction: A 

Practical Approach. The American Society of Mechanical Engineers, New York. 



 362 

Moritis, G. 2003. CO2 sequestration Adds New Dimension to Oil and Gas production. Oil 

and Gas Journal, 101(9), 71–83. 

Murray, J.E. and Edgar, T.F. 1978. Optimal Scheduling of Production and Compression 

in Gas Fields. J Pet Technol 30 (1), 109-116. SPE-6033-PA. 

Nakicenovic, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J., Gaffin, S., ... & Dadi, 

Z. 2000. Special report on emissions scenarios: a special report of Working Group III of 

the Intergovernmental Panel on Climate Change (No. PNNL-SA-39650). Pacific 

Northwest National Laboratory, Richland, WA (US), Environmental Molecular Sciences 

Laboratory (US). Pacific Northwest National Laboratory, Richland, WA (US), 

Environmental Molecular Sciences Laboratory (US). 

Oreskes, N. (2004). The scientific consensus on climate change. Science, 306(5702), 

1686-1686. 

Ortiz-Gomez, A., Rico-Ramirez, V. and Hernandez-Castro, S. 2002. Mixed-integer 

Multi-period Model for the Planning of Oil-field Production. Computers and 

Chemical Engineering 26 (4–5), 703. 

Pariani, G.J., McColloch, K.A, Warden, S.L. and Edens, D.R. 1992. An Approach to 

Optimize Economics in a West Texas CO2 Flood. J Pet Technol 44 (9), 984-988 

SPE22022-PA. 

Perry, K.F. 2005. Natural Gas Storage Industry Experience and Technology: Potential 

Application to CO2 Geological Storage, Carbon Dioxide Capture for Storage in 

Deep Geologic Formations-Results from the CO2 Capture Project, v. 2: Geologic 

Storage of Carbon Dioxide with Monitoring and Verification, S.M. Benson (ed.), 

Elsevier Science, 815–826. 

Practical Aspects of CO2 Flooding, Society of Petroleum Engineers (SPE) Monograph, 

22, Appendix F, 2002. 

Saadatpoor, E. 2012. Local Capillary Trapping in Geological Carbon Storage. PhD 

Dissertation. Department of Petroleum Engineering, the University of Texas at 

Austin. 

Sebastian, H.M., Wenger, R.S. and Renner, T.A. 1985. Correlation of Minimum 

Miscibility Pressure for Impure CO2 Streams. Journal of Petroleum Technology, 

37(12), 2076–2082. 

Shaw, J.C. and Bachu, S. 2002. Screening, Evaluation and Ranking of Oil Reserves 

Suitable for CO2 Flood EOR and Carbon Dioxide Sequestration. Journal of 

Canadian Petroleum Technology, 41(9), 51–61. 

Smith, L.A., Gupta, N., Sass, B.M. and Bubenik. T.A. 2001. Engineering and Economic 

Assessment of Carbon Dioxide Sequestration in Saline Formations. Battelle 

Memorial Institute, Columbus, Ohio. 



 363 

Smyth, J., Rusin, P., Garcia J. and Cullick, S. 2010. Optimization of Development 

Scenarios for Multiple Exploration Prospects Using an Integrated Asset Model. 

Paper SPE138431 presented at the SPE Latin American and Caribbean Petroleum 

Engineering Conference, Lima, Peru, 1-3 December.  

Steelman, J. 2012. Federal Revenue from CCS-Enhanced Oil Recovery. Presented at 

Putting the Business Elements together for CO2 EOR. Golden, CO. April 4-5. 

http://www.permianbasinccs.org/conferences/040412/040412_Steelman.pdf 

Sterman, J., 2000. Business dynamics: systems thinking and modeling for a complex 

world. Irwin/McGraw-Hill, Boston. 

Taber, J.J. 1994. A Study of Technical Feasibility for the Utilization of CO2 for Enhanced 

Oil Recovery, The Utilization of Carbon Dioxide from Fossil Fuel Fired Power 

Stations, P. Reimer (ed.), IEA Greenhouse Gas R&D Program, Cheltenham, 

England Appendix B, 134. 

Taber, J.J., Martin F.D. and Seright, R.S. 1997. EOR Screening Criteria Revisited - Part 

1: Introduction to Screening Criteria and Enhanced Recovery Fields Projects. SPE 

Reservoir Engineering, 12(3), 189–198. 

Thomas, C.D., Cameron, A., Green, R. E., Bakkenes, M., Beaumont, L. J., Collingham, 

Y. C. and Williams, S.E. 2004. Extinction risk from climate change. Nature, 

427(6970), 145-148. 

Thompson, J., Waltzer, K., Fowler, M. and Chaisson, J. 2010. The Carbon Capture and 

Storage Imperative: Recommendations to the Obama Administration’s 

Interagency Carbon Capture and Storage Task Force. Report prepared by Cleanair 

Task Force, July 2010. Available at: 

http://www.catf.us/resources/publications/files/The_Carbon_Capture_and_Storag

e_Imperative.pdf 

Van den Heever, S.A. and Grossmann, I.E. 2000. An Iterative 

Aggregation/Disaggregation Approach for the Solution of a Mixed Integer 

Nonlinear Oil-field Infrastructure Planning Model. Industrial and Engineering 

Chemistry Research 39(6), 1955. 

Van den Heever, S., Grossmann, I.E., Vasantharajan, S. and Edwards, K.L. 2001. A 

Lagrangean Decomposition Heuristic for the Design and Planning of Offshore 

Hydrocarbon Field Infrastructure with Complex Economic Objectives. I&EC 

Research 40 (13), 2857. 

Walsh, M. and Lake, L.W. 1989. Applying Fractional Flow Theory to Solvent Flooding 

and Chase Fluids. Journal of Petroleum Science and Engineering, 2, 281-303. 

Wickens, L.M. and De Jonge, G. 2006. Increasing Confidence in Production Forecasting 

Through Risk-Based Integrated Asset Modeling, Captain Field Case Study. Paper 

SPE 99937 presented at the SPE Europec/EAGE Annual Conference and 

Exhibition, Vienna, Austria, 12-15 June. 



 364 

Winter, E.M. and Bergman, P.D. 1993. Availability of Depleted Oil and Gas Reservoirs 

for Disposal of Carbon Dioxide in the United States. Energy Conversion and 

Management, 34(9–11), 1177–1187. 

Zhang, Y. 1995. Solving Large-Scale Linear Programs by Interior-Point Methods Under 

the MATLAB Environment. Technical Report TR96-01, Department of 

Mathematics and Statistics, University of Maryland, Baltimore County, 

Baltimore, MD, July 1995. 

 

 


