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Abstract
This research suggests two categories of carbon management methods to help control and reduce net CO2
emissions: increasing the efficiency of energy processes to reduce CO2 production and utilizing processes
after CO2 production to reduce the amount of emission.
Second chapter analyzes the use of remotely controllable household water heaters as a technique that can
reduce the variability cost of wind power in the system. Produced wind power is variable and integrating
large scale wind power with power system needs backup facility to keep the system reliable. Thus,
variability of wind power imposes cost on the system which is called variability cost. Using a
computational model, this research simulates a system of three elements: wind farm, household water
heaters and grid (as power system) and suggests that using controllable water heaters as demand side
management policy can help reducing variability cost of entire system. This chapter analyzes and
compares three scenarios to show the effect of distributed thermal storage on variability of wind power.
Third chapter develops a techno-economic model for assessment of industrial CO2 storage in Shale gas
reservoirs. CO2 storage in underground deep formations can be a long-term efficient way for carbon
management. In this method, CO2 needs to be captured from emitter (industrial plant), pressurized,
transported with pipeline and then injected to the reservoir. CO2 sequestration for Enhanced Gas
Recovery is technically feasible but its economic feasibility depends on many factors. This research has
developed a techno-economic model, integrated with a reservoir simulation tool (SRM), to analyze costs
associated with CO2 sequestration in Shale gas. Cost structure in techno-economic model has four parts
(modules): Transportation, Injection, Production, and Post-Injection Site Care. Each module generates
individual results and also contributes with other modules in producing overall results. Various scenarios
defined and tested with the model to give a better understanding about sensitivity and importance of input
parameters.
Fourth chapter utilizes the upgraded version of techno-economic model to run stochastic, uncertainty, and
sensitivity analysis. This chapter also studies the production and injection timing under uncertainty to find
more efficient results. In addition to results in third chapter, subsurface and economic parameters have
substantial impact on costs and revenue. Reservoir properties along with well characteristics determine
CH4 production, CO2 injection, storage capacity, possible CO2 breakthrough in production and so on.
Upgraded model has the capability of studying sensitivity of each single geologic property individually or
any combination of them. Forth chapter will study the impact of influential variables to explore the
sensitivity of outputs to major inputs.
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1. First Chapter: Introduction

CO2 emission was 84 percent of total greenhouse gas produced by human activity in 2011 in US (EPA
2013)1. CO2 emission from energy consumption in US has increased from 4,605 million metric tonneCO2
in 1985 to around 6,000 million metric tonnein 2005, which is more than 30 percent increase (EIA 2013)2.
Researchers proposed several carbon management methods to help control and reduce net CO2 emission
and have low carbon energy systems. Generally, these methods can be divided into two categories:
increasing the efficiency of energy processes to reduce amount of CO2 produced or utilizing processes
after CO2 is produced to reduce the amount of emission. This research explores two different
technologies, one from each of above categories. First technology combines wind power energy and
demand side management for distributed thermal storage to increase efficiency of energy system. And
second technology focuses on CO2 capture and storage after CO2 is produced by energy system.
Wind power is a renewable and low emission source of energy but produced electricity is variable and not
perfectly dispatchable. Because of this variability, integrating large scale wind power with power system
needs backup facility to keep the system reliable. These backup facilities supply unanticipated demand
without any imbalance in output but they are not necessarily low emission. Consequently, variability of
wind power imposes cost on the system which is called variability cost. There are techniques to reduce
variability and variability cost of wind power. Using a computational model, this research simulates a
system of three elements: wind farm, household water heaters and grid (as power system) and suggests
that using controllable water heaters as demand side management policy can help reducing variability cost
of entire system. This study analyzes and compares three scenarios to show the effect of distributed
thermal storage on variability of wind power. In first scenario, three components of system work
independently. In second scenario water heaters are supplied directly with wind farms and grid and in
third scenario water heaters are equipped with a communicative device to work consistently with wind
farm. Second chapter includes detailed explanation of this model and results.
CO2 storage in underground deep formations can be a long-term efficient way for carbon management.
Technical and economic feasibility of CO2 injection for Enhanced Oil Recovery has proven for decades.
CO2 sequestration for Enhanced Gas Recovery is technically feasible but its economic feasibility depends
on many factors. In this method, CO2 needs to be captured from emitter (industrial plant), pressurized,
transported with pipeline and then injected to the reservoir. Depleted unconventional gas reservoirs, such
as Shale, with considerable storage capacity are potential candidates for this purpose. This research has
developed a techno-economic model to analyze costs associated with CO2 sequestration in Shale gas by
utilizing reservoir simulation results as inputs to the cost model. Cost structure in techno-economic model
has four parts (modules): Transportation, Injection, Production, and Post-Injection Site Care. Each
module generates individual results and also contributes with other modules in producing overall results.
1
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Because of high level of uncertainty in involving factors, various scenarios defined and tested with the
model to give a better understanding about sensitivity and importance of input parameters. Technoeconomic model has flexibility to test and stochastically analyze a wide range of scenarios including
different reservoir characteristics, source, and sink data. This study is explained in detail in third chapter.
As it’s explained in third chapter, factors such as emitter size, natural gas price, distance from source to
sink etc. affect the economic feasibility of the project. Subsurface and economic parameters also have
substantial impact on costs and revenue. Reservoir properties along with well characteristics determine
CH4 production, CO2 injection, storage capacity, possible CO2 breakthrough in production and so on.
Fourth chapter utilizes the upgraded version of techno-economic model to run stochastic and uncertainty
analysis on such parameters. Upgraded model has the capability of studying sensitivity of each single
geologic property individually or any combination of them. For example injection year is the time that a
producer well switches to an injector well and considering factors such as natural gas and CO2 prices,
engineering assumption in third chapter might not be economically efficient. Forth chapter will study the
impact of influential variables to find more efficient results and explore the sensitivity of outputs to major
inputs.
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2. Second Chapter: Analyzing the use of household Water Heaters to decrease Variability Cost of
Wind Power as a Load Management Policy

2.1. Executive Summary/Abstract
This paper studies Variability Cost in a system of Wind Farm, Water Heaters and grid, considering three
different scenarios as Load Management policies to analyze the cost and profit in entire system. In first
scenario, three components of system work independently. In second scenario Water Heaters are supplied
directly by Wind Farms and in third scenario Water Heaters are equipped with a device that can
communicate with Wind Farm and they work consistently. For this purpose, a computational model is
developed to simulate the system, each of three elements and interactions between them. Wind Farms are
simulated based on real wind power and price data from PJM for year 2009 and also Water Heaters are
simulated based on hot water usage data (ASHRAE 2011). Simulated system is run for 5-minute time
intervals. This research studies the relation between Variability Cost and number of Water Heaters in the
system for each scenario and also shows how aggregating different combination of two Wind Farms with
different properties such as size and generation pattern affects Variability Cost. Results show that when
Water Heaters can communicate with Wind Farm, Variability Cost decreases by adding more Water
Heater or integrating Wind Farms in the system. But when Water Heaters are directly supplied with Wind
Farms (second scenario), changes in Variability Cost for two integrated Wind Farms, depends on the
correlation between integrated Wind Farms, ratio of their size and also the correlation between Wind
Farms and power consumption pattern.

2.2. Literature review/ Introduction
Wind Power
Considering the increasing trend of wind power generation in last several years which is 33.5 percent
increase in 2009, 60.7 percent in 2008, 29.6 percent in 2007 and 49.3 percent in 2006, Wind Power
generation was the fastest growing new source of electricity production in U.S. (EIA 2011). This
renewable source of energy is low emission but the biggest disadvantage is its variability. Simply, power
is generated when wind blows and magnitude of generated power depends on wind speed. Consequently
over small and large time intervals (like different time intervals in a same day, different days, and
different seasons) generated power is not constant and it is variable. This variability makes the Wind
Power a not perfectly dispatchable source. And more backup resources are needed to allow the system
operator to supply unanticipated demand without any imbalance in output.
Cost associated with variability of wind power is called Variability Cost. The larger wind farm and more
variable produced power the higher Variability Cost will be. Therefore Variability Cost of wind power
becomes more and more significant for integrating large scale wind power to power network and power
systems. Larger Wind Farms with larger area have more diverse production pattern between turbines and
there is a higher probability that fluctuation of one turbine be removed by the other turbine. Consequently
larger Wind Farms has less variable production pattern. Also a Wind Farm with smaller but more turbines
has less variability in produced power than a Wind Farm with large but few turbines (Bialasiewicz and
Muljadi, 2006).
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There are techniques to decrease variability of produced wind power and also techniques to decrease the
Variability Cost. International Energy Agency (2005) categorizes managing variability of wind power in
power systems as following methods:









Preparing required ancillary services by utility to keep the system reliable
Storing excess supply of electricity and using it at proper time. Storage technologies such as
hydro storage, large scale batteries, hydrogen fuel cells and flywheels
Interconnecting with other strong grid systems
Distributed generation which is define as “generating plant serving a customer on-site or
providing support to a distribution network” (IEA 2005)
Integrating wind power with other renewable energy resources and taking advantage of different
natural cycles
Using advanced forecasting methods
Utilizing demand-side response technologies
Curtailment of intermittent technology

In addition, aggregating Wind Farms and distributing them geographically are two other possible
techniques that suggested by previous researches. Integrating Wind Farms together reduces the
probability of having same wind speed pattern for all Farms. Consequently, integrated Farms together
behave like a single Wind Farm with more smooth and steady wind speed pattern (Archer and Jacobson
2007). This paper also analyzes a new theoretical model based on Variability Cost of produced wind
power, load management and integrating Wind Farms to deal with variability of wind power generation.
Choosing any of these methods needs feasibility and cost analysis to find out the least cost method.

Load Management and household Water Heaters
Demand-side or demand response load management is a way that enables electric utility to manage
demand for electricity (Wacks 1991). Utilities are able to implement demand-side load management for
operating cost, system security, and load research purpose. Two main reasons for that are reducing peak
load and production cost (Cohen 1988). Three utilities in California prepared Critical Peak Pricing
program (CPP) for their customers as demand response load management and they installed demand
response devices in houses. The result was 20% decrease in demand and 50% less power consumption in
summer peak compare to other houses (Anderson and Cardell 2008). Also Chicago and New England
experienced similar demand response programs (Anderson and Cardell 2008).
Utility can directly control the electricity consumption of consumer (after receiving permission) by
installing remote controllable switches on major appliance such as air conditioners and water heaters
(Wacks 1991). Installed remote control device can modify temperature of water heater by controlling
thermostat setting or can disconnect the device for a predetermined time interval (Ruiz, Cobelo, and
Oyarzabal 2009). In this paper demand- side load management is used in order to decrease operating
costs.
According to U.S. Energy Information Administration, 104.1 billion kWh electricity in year 2001 is
consumed by 40.8 million household Water Heaters which was 9.1 percent of electricity consumption by
end use in U.S. households (EIA 2005).
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Hot Water Consumption profile depends on occupant’s behaviors, habits and also climate and seasons
which results in highly variable patterns (Hendron and Burch 2007). Fairy and Parker (2004) reviewed
and compared a number of Hot Water Consumption Profiles. They showed that significant variance exists
between these profiles. Based on their review, Becker (1990) and ASHRAE Standard 90.2 are the most
recommended data for studying Water Heater systems. Hence ASHRAE‘s Residential Hourly Hot-Water
Use is selected as input data for hot water consumption for this research.

2.3. Model
The model in this research assumes a city in which, households use electric Water Heaters for their hot
water use and city owns Wind Farms. Three scenarios are considered in this model. First scenario
assumes that Water Heaters in the city and Wind Farm(s) are operating separately. Second scenario
assumes that Water Heaters in the city can be connected to Wind Farms (first, city is connected to one
Wind Farm and later we aggregate one more Wind Farm to the system). And in third scenario, each Water
Heater is equipped with a remote controllable device that can communicate with Wind Farm and
intervene the thermostat performance if Wind Power is available. And also two cases, a single Wind Farm
and integrated Wind Farms, were studied for each scenario.
In second and third scenario demanded power from Water Heaters of the city can be supplied with Wind
Farm(s) or bought from the Grid.
Grid

Grid

Grid
Water Heaters
Water Heaters

Wind Farm

Wind Farm

First scenario

Second scenario

Water Heaters

Wind Farm

Third scenario

Figure 2 - 1: In first scenario Water Heaters in the city and Wind Farm are operating separately. In
second scenario demanded power from Water Heaters can be supplied with Wind Farm(s) or Grid.
And in third scenario Water Heaters are equipped with a remote controllable device that can
communicate with Wind Farm

2.3.1. Model components
Model for this research includes three components: Water Heaters, Wind Farms, and Grid. The electricity
is produced by Wind Farm and consumed by Water Heaters to warm up the water. In first scenario total
produced electricity by Wind Farm is sold to the Grid and total demanded electricity from Water Heaters
is bought from the Grid. In second and third scenario, Wind Farm supplies Water Heaters, the excess
electricity supply (production more than consumption) is sold to the Grid and excess electricity demanded
(consumption more than production) is bought from the Grid. In each scenario profit and Variability Cost
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will be calculated for a city with 0 to 10,000 electric Water Heaters which shows the impact of number of
Water Heaters in the system.

2.3.1.1. Water heaters
Water Heater is assumed as a tank full of water with an electric heating element inside to warm up the
water. Residential Hourly Hot-Water Use (ASHRAE 2011) determines how much hot water is demanded
for each hour in average. The initial temperature of tank is assumed 115 °F. If the temperature goes lower
than 110 (low cutoff) heating element starts heating up the water with maximum capacity of element
(5500 watt = 18767 Btu/hour) until the temperature of water reaches to 120°F. At this point heating
element turns off and stops warming up the water. Assumed Water Heater for this research is Kenmore
model 32756 with heating element power equals to 5500 watt (Goh and Apt 2004). Other characteristic of
this model of Water Heater is shown in table 2 - 1 (U.S. Department of Energy 2006; Code of Federal
Regulations 2010; Goh and Apt 2004).

Figure 2 - 2: Residential Hourly Hot-Water Use, 95% confidence level (2011 ASHRAE Handbook
- HVAC Applications, I-P Edition, page 50.13)
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Table 2 - 1: Characteristic of Water Heater
heat loss
factor (UA)

temperature

Water’s initial
temperature in
the tank

Insulation
Thickness
(inches)

BTU/ °F/ hr

120°F

115 °F

2.5

3.6

Size
(gallon)

low cutoff

high cutoff

temperature

50

110°F

ambient

inlet water

temperature

temperature

67.5

60

The energy balance for this Water Heater is
̇

(

)
(

(
)

)
(

( )

)
(

(
)

(

)
)

(
(

)
)

Qelec: Heating element’s heat rate
̇

̇

̇

: Hot water consumption rate

Cp: Heat Capacity of water = 4.1855 [J/(g.K)] (15 °C, 101.325 kPa) = 1 Btu /(lb.F)
Tw: Temperature of water in the water heater
Tinlet: Temperature of inlet water
UA: The Thermal Conductance of the tank shell
Tamb: Ambient temperature.
Cw: Specific heat capacity of water
Solving above differencial equation, temprature as a function of time, a, and b will be:
(

)

(

)

̇

( )
( )

̇

( )

T is the temprature of the water in the Water Heater at time t.
In this study, n number of Water Heaters are simulated to work for one year. For this purpose, based on
Residential Hourly Hot-Water Use (ASHRAE 2011), n number of Residential Hourly Hot-Water Use
profiles are generated randomly for all these Water Heaters for one year.
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Assumptions:
1. Residential Daily Hot-Water Use pattern is considered the same for whole year.
2. Residential Hourly Hot-Water Use for Water Heaters are generated randomly based on normal
distribution with mean = Residential Daily Hot-Water Use at corresponding time interval and
standard deviation = 20% mean:
̇

( ̇

̇ )

f(x,y): Function which generates random numbers based on normal distribution with mean x and
standard deviation y
̇
̇

Hot water consumption rate for jth Water Heater at ith time interval of the year
Residential Hot Water Use at ith time interval of the year (ASHRAE 2011)

(number of 5-min time intervals in a year)
3. Initial temperature for each Water Heater is generated randomly based on normal distribution,
mean = 115 and standard deviation = 3.

Time interval for this research is considered 5-minute and temprature is calculated for each time interval
for each Water Heater:
[

]

Temprature of the water in the jth Water Heater at ith time interval of the year
a and b parameters at deferential equation 3 and 4 vary for each time interval due to hot water
consumption rate ( ̇ ) and working of heating element. If
heating element turns on,
consumes electricity, and heats the water at its capacity and it turns off as soon as
.
As a result power demand matrix for Water Heaters is:

[

]

Demanded power for jth Water Heater at ith time interval of the year
Total demanded power by all Water Heaters at ith time interval of the year is the summation of all
electricity demanded by each Water Heater at ith time interval:
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( )

∑

[

]

2.3.1.2. Wind Farms
From PJM Power Generation database for the year 2009, 10 Wind Farms are selected (based on least
missing data) for this research. Total revenue of electricity production for each Wind Farm per year
(2009) equals to:
( )

∑
Wi: Produced electricity by Wind Farm at ith time interval

LMPi: PJM Real-Time Locational Marginal Pricing for year 2009 at ith time interval
Variability Cost of wind power
Small scale wind power generation can be added to traditional power system without significant change
in reliability but large scale wind power needs complicated techniques to prevent significant changes in
reliability of entire system (Anderson and Cardell 2008). Adding generated wind power to the power
system even in small scale increases variability of the system and decreases the reserve margin and
keeping reliability of the system at same level includes cost (DeCarolis and Keith 2005). Katzenstein
(2010) developed a formulation based on subhourly portioning to calculate Wind Power Variability Cost
for Wind Farms using market prices and generation data. In this formulation:
( )

∑
∑

( )

( )
( )
( )

Pk: subhourly price of electricity
PUP: subhourly price for up regulation capacity
PDN: subhourly price for down regulation capacity
Wk: subhourly produced electricity
qH: average produced electricity over an hour
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Assumptions:



Average hourly wind speed and Wind Power generation can be predicted accurately by wind
operator.
Wind operator will be charged (Variability Cost) for any subhourly deviation from reported
average hourly electricity generation.

Since PJM is reported just one Regulation Market Clearing Price (RMCP), subhourly price for up
regulation capacity (PUP) and subhourly price for down regulation capacity (PDN) are assumed to be equal,
consequently, Variability Cost for each Wind Farm per year (2009) can be calculated as:
∑ (

)

∑

(

)

(

)

(

)

(

)

(

)

qH: average produced electricity over an hour
Wi: subhourly produced electricity
PUP = PJM Regulation Market Clearing Price (RMCP) for year 2009 ($/MWh)
Pi = PJM Real-Time Locational Marginal Pricing (LMP) for year 2009 ($/MWh)
∑

(

)

: PJM Real-Regulation Market Clearing Price for year 2009 at ith time interval
εi: difference between subhourly produced electricity and average produced electricity over an hour at ith
time interval of the year.

Selected Wind Farms, Total Revenue, Variability Cost, and Net Profit for each Wind farm are shown in
table 2 - 2.
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Table 2 - 2: Selected Wind Farms

Farm

Max power
generation (MWh)
in 2009

Total Revenue
$/year

Total Variability
cost $/year

Wind Farm’s Net
Profit $/year

1

25.3

2,565,007

483,132

2,081,875

2

23.2

2,316,858

449,468

1,867,390

3

62.9

5,569,789

907,050

4,662,739

4

130.3

8,289,950

1,169,573

7,120,377

5

34.7

3,574,077

553,775

3,020,302

6

199

21,389,502

2,620,926

18,768,576

7

198

21,731,302

2,645,834

19,085,468

8

76.2

8,377,215

1,033,193

7,344,022

9

64.9

5,971,366

900,911

5,070,456

10

249.8

22,266,990

2,915,742

19,351,248

Also, figure A - 1 (in Appendix A) displays normalized power production for 10 selected Wind Farm for
year 2009.

2.3.1.3. Grid
This research assumes grid is a power network that can supply electricity at LMP prices. Besides, Grid
can buy electricity at LMP prices minus variability cost of that buying electricity.

2.4. Data
2.4.1. Wind Power Generation Data
PJM Power Generation database between 2008 and 2009 is used as a source for Wind Power Generation
input data for this research. PJM database includes sequential datasets for all PJM power plants for 2008
and 2009. Each dataset reports six different types of power generation data in 5-minute time interval.
These data are: 1)Time, 2)Time Zone, 3)Unit ID 4)Generation, 5)Unit Name, and 6)Fuel.
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For this research all set of 5-min data that had “WIND” as “Fuel” were extracted in a new n×6 matrix.
And 10 Wind Farms were selected from this matrix based on least missing data and data for each Farm
modified:





All missing data for each wind farm were found and replaced with zero3 that means no wind
power was produced at that 5-minute.
Outlier data were found and removed from data base
All data for one year (2008 or 2009) were separated to analyze with the model for each farm
Selected data were synchronized to keep the same timely order for all Wind Farms

First, 2008 data were selected for each Wind Farm for preliminary analysis but eventually they were
replaced with 2009 data for final analysis because of less missing data.

2.4.2. Price data
Price data for electricity in this research includes PJM Real-Time Locational Marginal Pricing (LMP) and
PJM Regulation Market Clearing Price (RMCP) for year 2009.

2.5. Scenarios
2.5.1. First scenario, Water Heaters and Wind Farm are operating separately
In this scenario city sells all generated power from Wind Farm to the Grid and buys all electricity for
Water Heaters from the Grid. Price of purchased and sold electricity is LMP prices.
In this case city’s profit equals to:

From equation 6:
∑

From equation 14:
∑

3

(

Missing data cannot be just removed because it changes the time order of the rest of the data
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)

∑

∑

∑

(

)

(

∑

)

(

)

π1: City’s profit in first scenario for whole year

2.5.2. Second scenario, Water Heaters and Wind Farm are operating together
In second scenario, city consumes the generated power from the Wind Farm. Wind Farm supplies the
Water Heaters’ demand (no money transfer). If total power demand by city’s Water Heaters is larger than
total generated power by Wind Farm, city purchases excess demand from the Grid at LMP prices and if
city’s Wind Farm produces electricity more than Water Heaters’ demand, city sells this excess supply to
the grid also at LMP prices.
Therefore:

(17)

ESi: Excess supply of power at ith time interval
EDi: Excess demand of power at ith time interval
In this scenario city’s profit equals to:

∑

∑
|

q'H: average excess supply of power over an hour
ESi: subhourly excess supply of power
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|

(

)

(

)

(

)

(

)

∑

∑

∑

(

)

∑

(

)

(

)

π2: City’s profit in second scenario for whole year 2009

2.5.3. Third scenario, Water Heaters are equipped with a device that can communicate with
Wind Farm
Naturally, thermostat in Water Heater orders heating element to turn on when temperature of water goes
below the low cutoff temperature (110°F) and it heats the water until temperature reaches high cutoff
temperature. At this point thermostat orders heating element to turn off.
In third scenario it is assumed that each Water Heaters is equipped with a controllable device that can
communicate with Wind Farm. Whenever wind blows and wind power is available, controllable device is
informed by Wind Farm and it intervenes the natural performance of thermostat. If temperature of water
is below the high cutoff temperature (120°F) it orders the heating element to turn on (even though the
temperature is not below low cutoff) and heat water until temperature reaches the high cutoff temperature
then heating element turns off. But if wind doesn’t blow or available wind power is not sufficient to
supply Water Heater, thermostat acts naturally.
Consequently, if sufficient wind power is available temperature of the water will be around high cutoff
temperature and actually thermostat behaves like a thermostat with just one cutoff temperature. But if not,
temperature of the water will be between high cutoff and low cutoff temperature. This way whenever
wind power is available, some amount of electricity can be stored in the water as thermal energy.
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If wind blows and wind
power is available

If wind doesn’t blow or available
wind power is not sufficient

High cutoff temperature (120°F):
Heating element turns off when
water gets warmer than this point
and it turns on when water gets
colder than this point

High cutoff temperature (120°F):
Heating element turns off when
water gets warmer than this point
Low cutoff temperature (110°F):
Heating element turns on when
water gets colder than this point

Figure 2 - 3: Thermostat performance in third scenario

In third scenario, Water Heaters consume the generated power from the Wind Farm based on above
mechanism. If total demanded power by Water Heaters at ith time interval (TDpi’) is larger than total
generated power by Wind Farm, city purchases excess demand from the Grid at LMP prices and if city’s
Wind Farm produces electricity more than Water Heaters’ demand, city sells this excess supply to the
grid also at LMP prices.
Therefore:

(23)

ESi’: Excess supply of power at ith time interval in third scenario
EDi’: Excess demand of power at ith time interval in third scenario
TDpi’: Total demanded power by Water Heaters at ith time interval in third scenario
Difference between second and third scenario is that wind power is used more efficiently in third
scenario. Whenever wind power is available there will be less ESi (excess supply) and also less EDi
(excess demand). Consequently, mathematical model for third scenario is similar to second scenario.

In third scenario city’s profit equals to:
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∑

∑
|

(

|

)

(

)

(

)

(

)

(

)

(

)

q'H: average excess supply of power over an hour
ESi’: subhourly excess supply of power in third scenario
∑

∑

∑

(

)

∑

π3: City’s profit in third scenario for whole year 2009

2.6. Results
2.6.1. Part I: Effect of Water Heaters and Wind Farm operating together on the system
2.6.1.1. Single Wind Farm
For 10 selected farms, π1 and π2 are calculated for a city with 1 to 10,000 electric Water Heaters (for
number of Water Heaters in the system 1-10,000). To compare profit in each scenario, difference between
profits (π2 – π1) is shown in figure 2 - 4.
As figure 2 - 4 displays, for all 10 Wind Farms π2 – π1 is increasing for number of Water Heaters between
1 and 3000. And for 9 Wind Farms (all Wind Farms except Wind Farm 8) π2 – π1 is increasing from 1 to
10,000 Water Heater. This increasing trend indicates that the more Water Heaters in the system the larger
profit in second than first scenario will be.
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120,000

Fram 1
Fram 2

100,000

π2-π1 $/year

Fram 3
80,000

Fram 4
Fram 5

60,000

Fram 6
40,000

Fram 7
Fram 8

20,000

Fram 9
0
0

2000

4000

6000

8000

10000

Fram 10

Number of Water Heaters
Figure 2 - 4: Difference between profit in first and second scenario based on number of Water
Heaters in the system

Therefor supplying Water Heaters directly with a Wind Farm and selling and purchasing excess supply
and demand to the grid (instead of working separately) increases the profit.
In order to discover why working Water Heaters and Wind Farm in a system together increases the profit,
π2 – π1 is analyzed in more detail.
π2 – π1 is defined as difference between profit in first and second scenario. So from equation 16 and 22:
∑

∑

∑

∑

(

)

∑

(

)

∑

From equation 17:
∑

∑

∑

∑

then
∑

(

)

17

∑

(

)

(

)

Since π2 – π1 equals to difference between Variability Cost in second and first scenario, increasing trend
of π2 – π1 indicates that adding more Water Heater to the system decreases the Variability Cost in second
scenario. Because in first scenario Variability Cost is fixed (it is paid once and independent from number
of Water Heaters) and doesn’t change due to supplying load with power from grid. Figure 2 - 5 displays
changes in Variability Costs for 10 selected Wind Farms in second scenario by adding Water Heater.
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Farm 1

Farm 2

Farm 3

Farm 4

Farm 5

Farm 6

Farm 7

Farm 8

Farm 9

Farm 10

Figure 2 - 5: Changes in Variability Cost of Wind Farms by connecting more Water Heaters
second scenario
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Figure 2 - 5 shows that for all Wind Farms, adding more Water Heater to the system from 1 to 3000
decreases the Variability Cost of excess power in the system. But adding more Water Heater to the system
(from 3000 to 10000) can not necessarily reduce the variability cost. As it is shown for Wind Farm 8,
adding more Water Heater after 3000 increases Variability Cost of excess power in the system. In order to
explain above results, this research analyzed many characteristics of these 10 Wind Farms. One
interesting property of Wind Farm that can explain above findings is changes in correlation between
produced power and power consumption pattern (demanded power from Water Heaters) by connecting
more Water Heaters to the system. Figure A - 2 (in Appendix A), displays changes in correlation between
produced power and power consumption (total power demand) in the system of Wind Farm connected to
Water Heaters (second scenario). Horizontal axis represents the number of Water Heaters. Total power
demand
at ith time interval equals to summation of all power consumed by all Water Heaters at ith
time interval. Vertical axis represents the correlation between

and

for one year of the system.

According to figure A - 2, for number of Water Heaters between 1 and 500, adding more Water Heater to
the system substantially increases the correlation (absolute value) between produced power and power
consumption. But for more than 500 Water Heaters in the system correlation does not change
significantly. By adding more Water Heater, marginal change of adding one more Water Heater becomes
smaller and cannot affect total consumption pattern significantly. Intuitively, total consumption pattern
becomes less sensitive to change as number of Water Heaters in the system increases.
For Farm 8, adding Water Heater increases the correlation to some extent but Farm 8 has the lowest
correlation between produced power and power consumption pattern (-0.018) and it may explain why
Variability Cost of system including Farm 8 is increasing from 3000 - 10000 Water Heater in the system.
This finding shows that if consumption pattern is not correlated with production pattern, connecting more
loads directly to the Wind Farms makes the excess power more variable and it is not helpful for the
system.

2.6.1.2. Integrating Wind Farms
This part explores the impact of integrating Wind Farms and adding them to the system of Water Heaters
supplied directly with these integrated Wind Farms (second scenario). To study Wind Farm integration,
Wind Farms are aggregated two by two and Variability Cost is analyzed for whole system. Table 2 - 3
displays the Variability Cost of generated power for combination of two integrated Wind Farms (for
example Variability Cost after integrating Wind Farm 1 and 2 is 713,340 $/year).
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Table 2 - 3: Total Variability Cost matrix for aggregated Wind Farms ($/year)
Wind
Farms

2

3

4

5

6

7

8

9

10

1

713,340

1,106,996

1,342,424

809,842

2,775,214

2,804,112

1,247,414

1,119,382

3,045,452

1,094,000

1,324,493

791,293

2,768,881

2,793,297

1,230,211

1,105,496

3,038,352

1,622,902

1,164,248

3,003,240

3,026,797

1,555,930

1,432,355

3,250,522

1,389,640

3,150,214

3,172,572

1,760,571

1,630,417

3,379,173

2,805,245

2,832,234

1,294,893

1,155,956

3,093,630

4,809,573

3,033,458

2,994,583

4,437,612

3,061,988

3,010,047

4,463,645

1,548,407

3,346,513

2
3
4
5
6
7
8
9

3,266,263

Table 2 - 4 shows the percentage of decrease in Variability Cost after integrating two Wind Farms (for
example Variability Cost of Wind Farm 1 and 2 are 483,132 and 449,468 $/year and after aggregation,
Variability Cost is 713,340 $/year which is 24% less than summation of Variability Cost for Farm 1 and
2 separately). According to table 2 - 3 and 2 - 4 integrating Wind Farms significantly reduces the
Variability Cost and increases the net profit. This finding corresponds with Katzenstein (2010) results.
Table 2 - 4: Percentage decrease in Variability Cost of Wind Farms after aggregation
Wind
Farms

2

3

4

5

6

7

8

9

10

1
2

24%

20%
19%

19%
18%

22%
21%

11%
10%

10%
10%

18%
17%

19%
18%

10%
10%

22%

20%

15%

15%

20%

21%

15%

19%

17%

17%

20%

21%

17%

12%

11%

18%

21%

11%

9%

17%

15%

20%

17%

15%

20%

20%

15%

3
4
5
6
7
8
9

14%

After aggregating a combination of two Wind Farms, Variability Cost of entire system with Water Heater
is analyzed (second scenario). Figure A - 3 (in the Appendix A) shows changes in Variability Cost by
connecting more Water Heaters to such system. According to these graphs adding Water Heater can have
negative or positive impact on Variability Cost of entire system. For some combinations of two Wind
Farms the curve is declining for number of Water Heaters between 1 and 10,000 and adding Water Heater
to the system constantly reduces the Variability Cost of system but for some combinations this curve is
declining for a range from 1 to around 2000 and then after, it is increasing from 2000 to 10,000. Which
means in the first part of the range adding Water Heaters is helpful and reduces the Variable Cost but
adding more than 2000 Water Heaters increases the Variability Cost.
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In order to explain this finding and different impact of Water Heaters on different systems, it is required
to study correlation between produced power from two integrated Wind Farms and also the size of each
Wind Farm. Table 2 - 5 shows the correlation between produced power by two integrated Wind Farms
(for example correlation between produced power form Wind Farm 1 and 2 is 0.813).

Table 2 - 5: Correlation between generated power by two Wind Farms
Wind
Farms

1

2

3

4

5

6

7

8

9

10

1
2
3
4
5
6
7
8
9
10

1

0.813

0.650

0.585

0.546

0.260

0.259

0.213

0.496

0.458

0.813

1

0.609

0.521

0.494

0.224

0.227

0.193

0.457

0.433

0.650

0.609

1

0.509

0.463

0.161

0.162

0.114

0.426

0.446

0.585

0.521

0.509

1

0.763

0.213

0.207

0.183

0.654

0.641

0.546

0.494

0.463

0.763

1

0.233

0.228

0.225

0.793

0.689

0.260

0.224

0.161

0.213

0.233

1

0.973

0.794

0.210

0.123

0.259

0.227

0.162

0.207

0.228

0.973

1

0.776

0.209

0.117

0.213

0.193

0.114

0.183

0.225

0.794

0.776

1

0.209

0.135

0.496

0.457

0.426

0.654

0.793

0.210

0.209

0.209

1

0.644

0.458

0.433

0.446

0.641

0.689

0.123

0.117

0.135

0.644

1

Table 2 - 6 contains the maximum power generated by each farm which shows the capacity and size of
the each Wind Farm.
Table 2 - 6: Wind Farm size
Wind Farm
Max power
generation(MWh)

1

2

3

4

5

6

7

8

9

10

25.3

23.2

62.9

130.3

34.7

199

198

76.2

64.9

249.8

According to the results, adding Water Heater to a system of aggregated two Wind Farms reduces the
Variability Cost of entire system for number of Water Heater between 1 to nearly 2000. As number of
Water Heaters increases in the system from 2000 to 10,000 declining curve continues for some
combination of Wind Farms and for other combinations Variability Cost becomes increasing.
Analyzing figure A - 3, table 2 - 5 and 2 - 6 shows that if two integrating Wind Farms are correlated then
Variability Cost curve (vs. number of Water Heaters in the system) will be similar to Variability Cost
curve for each Wind Farm. For example Variability Cost curves for Farm 1 and Farm 2 are declining (for
number of Water Heaters 1-10,000) and the correlation between these two Farms is 0.813 (which means
they are somewhat correlated). Consequently, Variability Cost curve after integrating Farm 1 and 2 will
be declining too.
But if integrating Wind Farms are not correlated enough, then Variability Cost curve can be increasing
after 2000 Water Heater in the system. In this case, difference between size of Wind Farms becomes
important. If size of two integrating Wind Farms is different by far then Variability Cost curve can be
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similar to Variability Cost curve for larger Farm. But if two integrating Wind Farms are not correlated
enough and their size is not different by far then Variability Cost curve can have decreasing-increasing
pattern (decreasing form 1 to 2000 and increasing from 2000 to 10,000 Water Heater).
For integration, Wind Farms are required to be homogeneous. When two Wind Farms are correlated they
have similar production pattern (it can be because of similar geographical locations and receiving similar
wind speed pattern) therefore they are more homogeneous. If integrating Wind Farms are not
homogeneous, integration causes more sub-hourly deviation from hourly average in electricity production
and it consequently increases the Variability Cost. Also if two Wind Farms are not correlated and their
size is different by far they are not homogenous. However, small Farm cannot significantly affect the big
Farm’s production pattern. On the other hand if two Wind Farms are not correlated and their size is not
different by far small Farm can affect the big Farms production pattern significantly (small Farm behaves
as a disturbance) and increases the variability in entire system. In addition to homogeneity, generated
power by integrating Wind Farms also need to be correlated with consumption pattern.
Summarizing above results homogeneity is defined as:
(

)

(

)

And Variability Index (VI) defined as:

: Correlation between generated power by Wind Farm 1 and consumption pattern when number of
Water Heaters in the system goes to 10,000.
: Correlation between generated power by Wind Farm 2 and consumption pattern when number of
Water Heaters in the system goes to 10,000.
Table 2 - 7 shows ρ for all selected Water Heaters
Table 2 - 7: Absolute value of ρ for Wind Farms

Farm

1

2

3

4

5

6

7

8

9

10

0.035

0.034

0.042

0.039

0.022

0.031

0.034

0.019

0.038

0.041

VI is calculated for combination of two integrating Wind Farms in table 2 - 8:
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Table 2 - 8: VI for combination of two integrating Wind Farms

Farm

2

3

4

5

6

7

8

9

10

1

0.0011

0.0024

0.0041

0.0006

0.0022

0.0024

0.0004

0.0017

0.0065

0.0024

0.0039

0.0006

0.0020

0.0022

0.0004

0.0017

0.0065

0.0017

0.0008

0.0007

0.0007

0.0001

0.0007

0.0030

0.0025

0.0004

0.0004

0.0002

0.0019

0.0020

0.0009

0.0010

0.0002

0.0012

0.0045

0.0010

0.0012

0.0008

0.0002

0.0013

0.0008

0.0002

0.0002

0.0003

2
3
4
5
6
7
8
9

0.0039

According to above results if VI for a combination of two integrating Wind Farms is less than 0.0005 then
Variability Cost curve will be decreasing-increasing by increase in number of Water Heaters in the
system. Cells with VI less than 0.0005 are shown in gray in table 2 - 8. Based on these results, Variability
Cost curve for combination of Wind Farm 1 and 8, 2 and 8, 3 and 8, 4 and 6, 4 and 7, 4 and 8, 5 and 8, 6
and 10, 7 and 10, 8 and 9, 8 and 10, will be decreasing-increasing which corresponds with findings in
figure A - 3.

2.6.2. Part II: Equipping Water Heaters with Controllable device that can communicate
with Wind Farm
Figure 2 - 6 displays π3 – π1 for Wind Farms for number of Water Heaters in the system between 1 and
10,000. As it is shown π3 – π1 is increasing for all 10 selected Wind Farms. This trend indicates that
increasing number of Water Heaters equipped with controllable device to contact with Wind Farm,
increases profit of entire system.
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Figure 2 - 6: Difference between profit in first and third scenario based on number of Water
Heaters in the system
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Figure 2 - 7: Changes in Variability Cost of Wind Farms by connecting more Water Heaters in
third scenario

Figure 2 - 7 shows changes in Variability Costs for 10 selected Wind Farms in third scenario by adding
Water Heater. According to this result, for all Wind Farms, adding more Water Heater to the system
decreases the Variability Cost of excess power in the system.
Also effect of aggregating a combination of two Wind Farms on Variability Cost of entire system with
Water Heater is analyzed (third scenario). Figure A - 4 (in the Appendix A) displays these changes in
Variability Cost by connecting more Water Heaters to such system. As Figure A - 4 shows, Variability
Cost for all combinations of two Wind Farms is declining which means adding more Water Heater
decreases the Variability Cost of entire system for number of Water Heaters between 1 and 10,000 for any
combination of two Wind Farms.

2.7. Conclusion
A system of controllable Water Heaters interconnecting to Wind Farm is assumed for this research. If
available wind power at a specific time can meet the demand from Water Heaters on that time, all demand
is supplied by wind power and excess wind power is sold to the Grid but if demand is more than available
wind power, excess demand is bought from the Grid. Based on findings in this research, if Water Heaters
are equipped with a remote controllable device to communicate with Wind Farm, adding more Water
Heaters or integrating Wind Farms in such system reduces the total Variability Cost of the system (third
scenario). But if Water Heaters are just directly supplied by Wind Farm (no communication between
them) adding more Water Heaters to such system may decrease the Variability Cost of excess power in
entire system (second scenario). Also if there is a single Wind Farm in the system (in second scenario),
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for all selected Farms, for number of Water Heaters from 1 to 3000, adding more Water Heater to the
system decreases the Variability Cost of selling excess power to grid. And, if generated power is
correlated enough (absolute value more than 0.02) with power consumption pattern, Variability Cost will
be decreasing but if generated power is not correlated enough (absolute value less than 0.02) with power
consumption pattern, Variability Cost will be increasing after 3000.
According to findings, integrating Wind Farms significantly reduces the total Variability Cost and adding
Water Heater to this system will reduce more Variability Cost if they are equipped by controllable devices
to communicate with Wind Farm. But if controllable device is not used, in order to reduce Variability
Cost combination of Wind Farms in the system is important. Two integrating Wind Farms needs to be
homogenous and correlated enough with consumption pattern (theoretically and neglecting all technical
obstacles). If VI for integrating Wind Farms be more than 0.0005 by adding Water Heater, Variability
Cost of excess power in entire system can be declining but if VI is less than 0.0005 than this curve will be
decreasing-increasing.

2.8. Discussion
The model in this research assumes controllable Water Heaters in the system as load management policy
which can be supplied by Wind Farm and communicate with them. In fact, Water Heaters represents the
load, and power consumption by each Water Heater can be replaced with actual power consumption
profile of a house in a real city. Results of this research show that connecting Water Heaters (or
connecting actual houses) to a Wind Farm can reduce the Variability Cost of excess supply and increase
the profit of selling excess power to the grid especially when they can communicate with Wind Farm
using smart controllable devices. Therefore, one strategy to deal with Variability of produced power by
Wind Farms can be supplying a small city with wind power and then selling excess power to the grid.
Since Variability Cost of wind power depends on sub-hourly deviation from hourly average of electricity
production in a time interval (one hour) (|Wk - qH|), decrease in Variability Cost by adding more Water
Heaters to a system of single Wind Farms can be because of two reasons: decrease in variation of excess
wind power; or decrease in total amount of excess wind power selling to the grid.
If decrease in variability cost is because of decrease in variation then adding Water Heaters works as a
dampener for Wind Farm and intuitively, by connecting more Water Heaters to the Wind Farm, excess
wind power will be less variable and smoother and consequently has less variability cost. As a result, total
profit will increase.
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Figure A - 1: Normalized Power Production for 10 selected Wind Farm for year 2009
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Figure A - 2: Changes in correlation between produced power and power consumption by connecting
more Water Heaters
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Figure A - 3: Changes in Variability Cost by connecting more Water Heaters after aggregating a
combination of two Wind Farms
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Figure A - 4: Changes in Variability Cost by connecting more Water Heaters after aggregating a
combination of two Wind Farms in third scenario
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3. Third Chapter: Techno-economic assessment of industrial CO2 storage in Shales
3.1. Executive Summary/Abstract
CO2 sequestration is a technique for long term carbon dioxide storage and emission reduction.
Sequestration in conventional oil reservoir for the purpose of Enhanced Oil Recovery (EOR) has been
proven technically and economically feasible for decades. But storing CO2 in depleted unconventional
reservoirs, such as shale gas, is technically possible but its economic feasibility is not proven yet. Using a
Surrogate Reservoir Model (SRM), this research studies the costs associated with CO2 sequestration in
depleted Shale gas reservoirs. Outputs from the SRM runs are utilized as inputs to estimate the costs of
transportation, injection, CO2 separation and long-term monitoring of CO2 from large industrial point
sources in depleted shale-gas reservoirs in addition to revenue of CH4 production. The boundary of the
techno-economic modeling begins at the point of injection into a pipeline from the source, and ends with
long-term monitoring and post-injection site care (PISC) at the sequestration site. The problem boundary
thus excludes the cost of capture of CO2 at the industrial point source. Techno-economic model includes
four main modules: transportation (pipeline), injection, production and post-injection and main output for
each module is unit technical cost of that process. Major output of entire model is unit technical cost of
CO2 sequestration in Shale. SRM generates reservoir simulation results for two wells; producer and
producer/injector. Producer stays producer for entire simulation time (100 year) but producer/injector is
initially a producer but after it is depleted, it will become an injector well. Because of high level of
uncertainties in input parameters, thirteen scenarios are defined and tested to analyze the effect of
different inputs. Designed graphical user interface facilitates defining and analyzing additional cases.

3.2. Literature review/ Introduction
Statement of the problem
CO2 emission rate has been increasing with the rate of 1.5 percent per year for last thirty years. With this
trend (some studies predicted higher growth rate), CO2 emission will be doubled in 50 years (Pacala and
Socolow 2004). If CO2 is captured from industrial plants, transported and then sequestrated, it can
contribute to reducing net emission plus benefits from increase in oil or gas production (Middleton and
Bielick 2009, NETL 2010b, Pacala and Socolow 2004, Riahi et al. 2003, Leach et al. 2011). Injecting
CO2 for Enhanced Oil Recovery (EOR) has been done in US for more than thirty seven years (Duncan et
al. 2009) and its technological and economic feasibility is confirmed for more than 20 years (Oldenburg
et al. 2004). But natural resource of CO2 is mostly used for this purpose which doesn’t have any
contribution in reducing CO2 emission (NETL 2010b). Enhanced Gas Recovery, with CO2 sequestration
in depleted natural gas reservoir is proven to be technically feasible but its economic feasibility depends
on technology, natural gas prices, CO2 prices, CO2 breakthrough rate, and amount of CH4 recovered
(Oldenburg et al. 2004). Eccles et al. (2009) studied the costs associated with CO2 sequestration in
sandstone saline reservoirs and concluded that geologic storage cost also depends on reservoir
characteristics which determine injection rate and storage capacity. Keller et al. (2008) and Riahi et al.
(2003) suggested that although CO2 sequestration is currently an expensive process, due to technology
advancement, young CO2 sequestration technology has large potential to become available at lower prices
in future. And declining rate of the cost will be higher than other CO2 reduction technologies.
Consequently, in long term, marginal cost of CO2 sequestration will be lower. CO2 sequestration costs are
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reported in literature in a wide range. NETL (2010a) study for CO2 sequestration in deep saline
formations suggests $5-10 per short ton of CO2 removed that can vary up to 23$. Eccles et al. (2009)
stated $2-7/ton CO2 (2005U.S.$) for CO2 storage in sandstone saline reservoirs at optimal depth of 1600,
depending on depth and subsurface characteristics. While Rubin et al. (2005)4 assumed 5$/tonne CO2 for
geologic storage, results of another work by Smith et al. (2001) shows around 40 to 77 $/metric tonneof
CO2 avoided for cost of transmission and sequestration in saline formations.
Shale gas reservoirs can be a potential candidate for CO2 sequestration and storage. There are much more
Shale formations than depleted oil reservoirs (Tao and Clarens 2013). This paper aims to study and
explores the costs of CO2 sequestration in unconventional Shale gas reservoir. A techno-economic model
is built and coupled with reservoir modeling tools (surrogate reservoir model) for detailed analysis of
costs. Techno-economic model has capability to test a wide range of scenarios, including reservoir
characteristics, transportation and pipeline, injection, production and, post injection parameters. An
interactive graphical user interface is designed for the model that gives the user flexibility to freely and
easily define and test desired scenarios. Results of this research and also the result that can be generate
with techno-economic model (because of high level of uncertainty and numerous number of possible
scenarios, result of this research might not be able to cover all possible cases but techno-economic model
has the capability to tested those cases) can help policy makers, professionals and researchers to have a
better understanding of cost involved in such project. Also results can show the sensitivity of costs to
input parameters, inputs that have high impact on costs and possible solution to reduce the costs and make
the project more feasible.

3.3. Techno-economic model
This model studies costs associated with CO2 injection in depleted shale gas reservoir as long-term
storage of carbon dioxide in deep underground formations. This model assumes CO2 is captured from
industrial emitters (source), transported with pipeline and injected in depleted shale gas wells (sink).
Techno-economic model estimates costs involved in this process including: transportation (pipeline),
injection, CO2/CH4mixture separation, and post-injection site care. CO2 capture cost from industrial
emitters is not considered in this model. CO2 Capture cost is reported in a wide range in previous studies,
depending on the plant type and capture technology. Oldenburg et al. (2004) mentioned 10 for fertilizer
and 50 $/metric tonneof CO2 for cement plant, Smith et al. (2001) cited 33 – 72 for PC/FGD and 21 – 62
$/metric tonneCO2 for IGCC plants, Holloway (2008) reported 18 –72 $/metric tonneCO2. Finkenrath
(2011) considered 43 – 62 $/metric tonneCO2. Heddle et al. (2003) stated 15 $/metric tonneCO2, Ho et al.
(2008) calculated 57 $/metric tonneCO2, and Rubin (2005) assumed 29 - 44 for PC5, 11 - 32 for IGCC6
and 28 - 57 $/tonneCO2 for NGCC7 plans.
As briefly outlined in Figure 3 - 1, this model utilizes outputs from surrogate reservoir model (SRM)
along with other required parameters as inputs to cost structures built in the model. Model generates
results for each individual element and also calculates overall costs of CO2 storage. In addition, the model
4

According to Consumer Price Index in table B – 1, equals 2.4 – 8.4 $/metric tonne CO2 for 2013U.S.$
Pulverized Coal Combustion
6
Coal-based Integrated Gasification Combined Cycle
7
Natural Gas Combined Cycle
5
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is capable of producing stochastic analysis for results to study the sensitivity of input parameters.
Considering high degree of uncertainty for input parameters, eventually, model is used to explore the
costs under defined scenario.

Inputs to SRMs
surrogate reservoir model (SRM)

Outputs from SRMs

Inputs

Inputs

Inputs

Inputs

Pipeline
Transportation

Injection

Production, Gas
Recovery and
Separation

Long-term
Monitoring and
PISC

Outputs

Outputs

Outputs

Outputs

Outputs/ scenario testing results

Figure 3 - 1: Problem boundary for the techno-economic assessment of CO2 storage in Shales.
The problem boundary includes phases of the life-cycle from pipeline transportation to end-of-life
monitoring and site care.

This section describes the structure of the techno-economic model and discusses the development of key
inputs, outputs and parameters. An overview of the different elements of the model is shown in Table 3 1.
Table 3 - 1: Structure of the techno-economic model, inputs, and outputs.
Techno-Economic Inputs

Techno-Economic Model

Techno-Economic Major Outputs

SRMs Outputs:
CH4 Production SRM
• CH4 Production rate
CO2 Injection SRM
• CO2 injection rate
CO2 Production and CO2 Breakthrough
SRMs
• CO2 Production rate
• Percentage of CO2 in production

Transportation
• Pipeline diameter
• Pipeline cost
Injection
• Wellhead pressure
• CO2 pumping cost
• Monitoring
• Geologic site characterization
• Well Operation Costs
• Mechanical Integrity test

Profiles/Scenarios

Production
• Production revenue, costs
• Cost of CH4/CO2 separation

•
•
•
•
•

• Some of Reservoir characteristics from four
SRMs
Other Required Inputs for:
• Transportation Module
• Injection Module
• Post injection Module

•

Production Module

Post injection
• Well plugging
• Monitoring
Run scenarios with point estimates or
Monte Carlo given uncertain inputs.
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•
•
•
•
•
•
•
•

Capital costs
Operating costs
Overall UTC of CO2 Storage
UTC of Transportation
UTC of Injection
UTC of Post-Injection
UTC of CO2 Separation
Pore Space Acquisition Cost per
metric tonneof Stored CO2
Natural gas revenue
Total Stored CO2 per Well
Total Transported CO2
Total Produced CH4
Total Produced CO2

3.4. Inputs to techno-economic model
The key inputs to the techno-economic model are CH4 production, CO2 injection rate, and CO2 production
rate. This information is passed from surrogate reservoir models (SRM) to the techno-economic model in
the form of time-series input data. Information from the SRMs is utilized to analyze defined scenarios
based on combination of different inputs. The information from the SRMs is integrated with external data
on CO2 source locations, volumes of produced CO2 from these locations and distances to candidate
injection sites to optimize pipeline configurations and calculate its costs.

3.5. Reservoir simulation and SRM
SRM generates reservoir simulation results for two wells with respect to subsurface characteristics; one
producer and one producer/injector well, for time interval of 100 years. The producer well produces CH4
during the entire time interval of simulation but producer/injector well is initially a producer well which
converts to a CO2 injector well after producing 75% of accessible CH4 (Kalantari 2013).
Four SRMs are designed based on numerous runs of reservoir modeling and a Dynamic Link Library
(DLL) integrates these SRMs with techno-economic model in GoldSim. Regarding to subsurface
characteristics of reservoir as input, SRMs generate four different outputs of reservoir simulation
including: CH4 production, CO2 injection rate, CO2 production rate, and CO2 breakthrough. DLL, as an
external function, enables Techno-economic model to call SRMs and generate results according to
different characteristics of reservoir chosen by user.
Each SRM requires different input data which some of them are in common. CH4 Production SRM, CO2
injection Rate SRM, CO2 Breakthrough SRM, and CO2 Production SRM need 55, 53, 40 and 47 inputs.
There are two types of input data: Static inputs and Dynamic inputs. Static inputs don’t change for
different time steps and they are constant during the simulation but dynamic inputs change for different
time steps. In total there are 57 different inputs (55 static and 2 dynamic which come to 255 inputs) for
each well and 510 for both wells (Kalantari 2013). The techno-economic model utilizes a graphical user
interface (GUI) within the GoldSim environment that gives users flexibility to change all required
subsurface characteristics individually and run the model. Required data are including the fracture cluster
properties for producer (Figure B - 10 in Appendix B) and producer/injector well (Figure B - 11 in
Appendix B) and SRM generates CH4 production and CO2 injection profile for these clusters. Total CH4
production or CO2 injection of the well is derived by multiplying the generated production or injection
profile by number of clusters, therefore each input is assumed to be the average value between clusters.

3.6. Structure of the techno-economic model
The structure of the techno-economic model consists of four main interconnected modules, with each
module including a number of sub-modules:
►

Transportation
• Pipeline diameter calculations
• Pipeline cost calculations
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►

Injection
• Wellhead pressure calculations
• Pumping cost calculations
• Geologic Site Characterization costs
• Well Operations costs
▬ Mechanical integrity test costs
▬ Other injection costs
• Monitoring during CO2 injection

►

Production
• Production Revenue
• CH4/CO2 mixture separation costs
Post injection activities
• Well plugging and site care
• Post injection monitoring

►

A graphical user interface (GUI) integrates all these parts and enables user to easily change input
parameters and run the model (Figure B - 1 in Appendix B). Almost all input parameters are user defined
in the GUI and this increases the flexibility of the model to test a variety of scenarios. All of the input
variables that the user may need to change have default values.
The following subsections describe the development of modules in the model.

3.6.1. Transportation module
This module calculates the costs of transporting CO2 from industrial plants to depleted shale gas wells in
the northeastern and southwestern study areas, as demarcated in Figure 3 -2. The figure shows industrial
point sources in the relevant study areas and Marcellus shale wells currently in production at the time of
this writing. Transportation module consists of two sub-modules: pipeline diameter and pipeline cost.

Figure 3 - 2: Map of CO2 emitters, natural gas pipelines, Marcellus shale play and Marcellus shale
producing wells
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3.6.1.1. Pipeline Diameter Calculations
An iterative method is used to optimize pipeline diameter (Heddle 2003, Bock et al. 2003, McCollum
2006, NETL 2010a, and NETL 2013). CO2 pressure at pipeline inlet is assumed P1 = 2,200 psig and at
outlet P2 = 1,200 psig (NETL 2010a). Pipeline diameter is calculated for maximum pressure drop equal
to (P2 – P1)/L and L is the length of the pipeline. Using this method there is no need for a recompression
station and CO2 remains in liquid form in the pipeline (since the critical point of CO2 is at 88°F and
1,071.8 psi. It is in liquid form at any point with higher pressure and lower temperature). The length of
the pipeline is an input variable to the model, while the model outputs an optimized figure for pipeline
diameter.
The iterative method proceeds according to the steps outlined below. This example assumes that a single
industrial CO2 point source is being matched to a single sink for transportation and injection, and that the
pipeline distance is implicitly being optimized from source to sink. These assumptions can be relaxed
when we consider potential cost savings from aggregation of multiple sources and sinks for planning and
costing out the pipeline transportation infrastructure.

1.
2.
3.
4.
5.

Make an initial guess for pipeline diameter (D = 4 inches)
Calculate Reynolds number (Re) of liquid CO2 flow (Equation 2)
Calculate friction factor (Equation 5)
Calculate pressure drop from Equation 8
Compare calculated pressure drop in step 4 with maximum pressure drop (2,200 – 1,200)
If calculated pressure drop in step 4 is smaller, then calculated pipeline diameter is complete,
Else, set larger pipeline diameter (+2in) as second guess for pipeline diameter in step 1 and repeat
the process from step 2.

The general equation to calculate Reynolds number is:

Equation1

Q = gas flow rate, (ft3/s)
ρ: fluid density (lb/ft3)
μ: viscosity of fluid (lb/ft/s)
D: pipeline diameter (ft)
u: average velocity of fluid in pipe (ft/s)

Rearranging Equation 1:
Equation2

Q = gas flow rate, (ft3/day)
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ρ: fluid density (lb/ft3)
μ: viscosity of gas (lb/ft/s)
D: pipeline diameter (in)

The Fanning friction factor (ff) for flow of CO2 in the pipeline can be calculated with Equation 3
(McCollum 2006 and White 2001):

[

{

(

)

}]

Equation3

And the Darcy friction factor (f) is:
Equation4

Substituting, the Darcy friction factor is:

[

(

{

)

}]

Equation5

ϵ = Roughness of the pipe (in)
D = pipeline diameter (in)
f = Darcy friction factor, dimensionless
Re = Reynolds number, dimensionless
Using general equation for pressure drop in pipelines (Equation 6), pressure drop is calculated (White
2001):
Equation6
ΔP = pressure drop, lb/ft.s2
f = Darcy friction factor, dimensionless
Q = gas flow rate, ft3/s
L = piping length, ft
ρ = fluid density (lb/ft3)
D = pipeline inside diameter, in
(

)

Equation7
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Equation8
ΔP = pressure drop, psi
P1 = upstream pressure (CO2 pressure at pipeline inlet), psi
P2 = downstream pressure (CO2 pressure at pipeline outlet), psi
f = Darcy friction factor, dimensionless
Q = gas flow rate, ft3/day
L = piping length, mi
ρ = fluid density (lb/ft3)
D = pipeline inside diameter, in

Assumptions:
P1 = 2,200 psi
P2 = 1,200 psi
Pavg = (2,200 + 1,200)/2 = 1,700 psi
Tavg = 60°F

Viscosity (μ) of liquid CO2 at Pavg and Tavg = 6.1915×10-5 lb/ft/s
Density (ρ) of liquid CO2 at Pavg and Tavg = 56.328 lb/ft3
Roughness for commercial steel pipes is assumed, ϵ = 0.0018 in (Menon 2005)

Table 3 - 2: Calculated pipeline diameter for 100 miles and different CO2 flow rates
CO2 Flow Rate, Metric ton/day
(Metric ton/year)
Calculated diameter, in

1,000
2,000
(365,000) (730,000)
6

8

3,000
(1,095,000)

4,000
(1,460,000)

5,000
(1,825,000)

6,000
(2,190,000)

8,000
(2,920,000)

10,000
(3,650,000)

10

10

12

12

14

14

Using this interactive technique makes it possible to link two parts of transportation module and make
them interactive. Pipeline diameter will be calculated from user defined source-sink information and this
number along with other data will be passed to Pipeline Cost sub-module. Consequently entire model will
be a bit more integrated and there is no need for pipeline diameter as an input, it will be an output of the
model.

3.6.1.2. Pipeline Cost Calculations
Pipeline Capital and Operation and Maintenance costs are developed along the lines of the cost model
mentioned in NETL (2010a, at p. 5 and updated in 2013, at p. 12). We incorporate Tortuosity Factor
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probability distribution as uncertainty in the pipeline length for this cost module. Figure 3 - 3 shows the
given Tortuosity Factor probability distribution. Input data to this sub-module includes: the pipeline
diameter (calculated in previous sub-module), pipeline length, inlet and outlet pressure (which are defined
by user).

Figure 3 - 3: Tortuosity Factor probability distribution according to Tortuosity Factor frequency
distribution

For better analysis, part of long tail is removed and shorter range is used for pipeline costs. This range
covers 80% percent of cumulative probability.
Table 3 - 3 displays the cost breakdown of pipeline Capital and Operating and Maintenance Costs.
Table 3 - 3: Pipeline Cost Breakdown (NETL 2010a, p. 5) and updated from NETL (2013, p. 12)
Cost Type

Units

Cost
Pipeline

Materials

Labor

Miscellaneous

Right of Way

$
Diameter (inches),
Length (miles)
$
Diameter (inches),
Length (miles)
$
Diameter (inches),
Length (miles)
$
Diameter (inches),
Length (miles)

$70,350 + $2.01× L (330.5 × D2 + 686.7D + 26,960)
$371,850 + $2.01× L (343.2×D2 + 2,074D + 170,013)

$147,250 + 1.55 × L (8,417D + 7,234)

$51,200+ 1.28 × L (577D + 29,788)

Other Capital
CO2 Surge Tank
Pipeline
Control System

$

$1,244,724

$

$111,907
O&M

Fixed O&M

$/mile/year

$8,454
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Figure 3 - 4 presents stochastic analysis of Capital Cost for a pipeline with 100 miles source-sink straight
line distance and different diameters based on Tortuosity Factor distribution. Figures 2 - 5 also illustrates
Pipeline Operating and Maintenance Cost which is not sensitive to pipeline diameter.

pipeline capital cost (million $)
100 miles and 6 inches diameter pipeline

pipeline capital cost (million $)
100 miles and 8 inches diameter pipeline

pipeline capital cost (million $)
100 miles and 10 inches diameter pipeline

pipeline capital cost (million $)
100 miles and 12 inches diameter pipeline

pipeline capital cost (million $)
100 miles and 14 inches diameter pipeline

pipeline capital cost (million $)
100 miles and 16 inches diameter pipeline
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Figure 3 - 4: Probability distribution of Pipeline Capital Cost for 100 miles source-sink straight
line distance and based on Tortuosity Factor probability distribution (million $)

Figure 3 - 5: Probability distribution of Pipeline Operating and Maintenance Costs (Thousand
$/year) for 100 miles source-sink straight line distance and based on Tortuosity Factor probability
distribution (it is not sensitive to pipeline diameter)

Increasing the diameter of pipeline significantly increases its capacity but according to above results,
change in diameter doesn’t affect the costs very much. Therefor the economy of scale would decrease the
cost of CO2 transportation from source to sink. Table 3 – 4 displays the calculated CO2 transportation cost
for different CO2 flow rates, considering 100 miles length for the pipeline. As results show, for high flow
rates, CO2 transportation cost can be less than 2$/tonne.
Table 3 - 4: Calculated transportation cost for 100 miles and different CO2 flow rates
CO2 Flow Rate, Metric ton/day
(Metric ton/year)

500
(182,500)

1,000
(365,000)

2,000
(730,000)

3,000
(1,095,000)

4,000
(1,460,000)

5,000
(1,825,000)

Transportation cost ($/tonne)
(Mean, S.D.)

(14, 3.4)

(7, 1.7)

(3, 0.9)

(2.7, 0.7)

(2, 0.5)

(1.7, 0.4)

3.6.1.3. Graphical User Interface for Transportation Module
A Graphical User Interface (GUI) is designed for transportation module and user can optimize pipeline
parameters according to variables of interest. Within the GUI, users can enter the following pipeline
properties:
►
Pipeline Properties
►
Pipeline length and flow rate
o Pipeline length and CO2 emissions rate
o Pipeline length and industrial plant
o CO2 flow rate, source and sink geographic coordinate
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Pipeline Properties
In this part of the GUI the user can enter pressure of CO2 flow at the inlet and outlet, inside roughness of
the pipeline, and density and viscosity of CO2 in pipeline (Figure B - 2 in Appendix B)

Table 3 - 5: Default value for pipeline properties
Default value
CO2 pressure at pipeline inlet (psi)

2200

CO2 pressure at pipeline outlet (psi)

1200

Inside roughness of pipeline (in)

0.0018

Density of CO2 in pipeline* (lbm/ft3)

56.328

Viscosity of CO2 in pipeline** (lbm/(ft.s))

6.1915x10 -5

* and ** at Pavg=(2200+1200)/2=1700 psi and Tavg=60°F

Note: at this pressure range and assumed temperature (Tavg = 60°F) CO2 is in liquid form and any entered
data by the user should correspond to this assumption (CO2 should be in liquid form).

Pipeline Length and CO2 Emissions Rate
Based on available source-sink information, the user has three options to enter pipeline length and flow
rate (rate of emission) data (Figure B - 3 in Appendix B). The user can choose any of following options to
enter the data:
1.

Pipeline length and CO2 emissions rate (Figure B - 3(a) in Appendix B)

By selecting the checkbox for the pipeline length and CO2 emissions rate, the user can simply enter
pipeline length and flow rate of liquid CO2 in the pipeline.
2.

Pipeline length and industrial plant (Figure B - 3(b) in Appendix B)

By selecting this option, the user can enter pipeline length and choose an industrial plant from the
prepared list. This list is extracted from the EPA Green House Gas database (2011) for CO2 emissions of
industrial plants located in Pennsylvania. The list is sorted for Counties and for each industrial plant.
Other data such as Industry Type, Facility Name (EPA database) and City are also included in the list.
By choosing an industrial plant, the software reads the rate of CO2 emission from lookup table (EPA
database) and reports it in two boxes at the bottom of the list (Tonne/year and tonne/day). This allows the
user to see data for the plant selected. The rate of CO2 emission will be set as CO2 flow rate in pipeline for
pipeline calculations.
3.

CO2 flow rate, source and sink geographic coordinates (Figure B - 3(c) in Appendix B)

By selecting this option, the user enters the rate of CO2 emissions, but instead of Pipeline length, the user
can enter source (industrial plant) and sink (injection site) geographic coordinates in degrees, and after
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latitude and longitude are converted from degrees to radian, the software will calculate the distance
between these two points, and use this distance as pipeline length for transportation module.

The distance between two points is calculated using the ‘Haversine’ equation (Institute for geophysics
University of Texas at Austin 2013, Montavont and Noel 2006). According to Institute for geophysics,
University of Texas at Austin: “This formula remains well-conditioned for numerical computation even at
small distances.” The Haversine equation (Equation 9) is shown below:
(

(

)

(

)

(

)

(

)

(

))

Equation9

d = distance between point 1 and point 2 (km)
λ1 = Latitude of point 1 (radians)
λ2 = Latitude of point 2 (radians)
1 = Longitude of point 1 (radians)
2 = Longitude of point 2 (radians)
R = earth’s radius (mean radius = 6,371km)

3.6.2. Injection module
Main objective of this module is calculating costs of CO2 injection in depleted shale gas wells. Injection
module utilizes inputs from SRM, user defined and assumed values for cost calculations.
Producer/injector well is initially a producer well and whenever 75% of its accessible CH4 is produced, it
converts to a CO2 injector well (Kalantari 2013). Assuming constant bottomhole pressure during
injection, CO2 injection SRM generates reservoir simulation results for CO2 injection rate for 100 year
time interval (this rate equals to zero before injection starts).
This module includes following sub-modules:
•
•

Wellhead pressure calculations
Pumping cost calculations

•
•
•

Geologic Site Characterization costs
Well Operations costs
Monitoring during CO2 injection

3.6.2.1. Wellhead pressure calculations
At the time of injection, pressurized CO2 will be injected into the well. It is assumed that CO2 has
pressure of 1,200 psi and temperature of 60ºF at the pipeline outlet (injection point). Since critical point
of CO2 occurs at 88ºF and 1,071.8 psi, CO2 is in liquid form at any point with higher pressure and lower
temperature. Consequently, CO2 will be injected in the liquid form. By increasing wellhead pressure over
time, it is required to inject higher pressure liquid CO2, that requires pumping a liquid form CO2 rather
than compressing supercritical fluid. This process needs much less energy.
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After injecting liquid CO2 in the well because of increase in temperature (it is higher than critical
temperature) it will be in supercritical form all the time independent from well pressure (over the entire
injection period). CO2 injection rate will be an output from the SRM and an input for the GoldSim
techno-economic model. This key parameter will be used to calculate total stored CO2 per year per well
and many other variables such as required number of injection wells.
The techno-economic model takes the sand face (Bottomhole pressure BHP) pressure as an input from the
SRM and uses that pressure to estimate the wellhead pressure. Assuming the well as a vertical pipe,
wellhead pressure (P1) can be calculated by the following equations:

(

)[

]

Equation11

√

(

Equation10

)

(

Equation12

)

Q: gas flow rate, measured at standard condition, ft3/day
f: friction factor, dimensionless
F: transmission factor, dimensionless
Pb: base pressure, psi
Tb: base temperature, °R(460 + °F)
P1: upstream pressure, psi
P2: downstream pressure, psi
G: specific gravity of gas, dimensionless (air = 1.00)
Tf: average gas flowing temperature, °R (460 + °F)
L: piping segment length, mi
Z: gas compressibility factor at flowing temperature, dimensionless
D: pipeline inside diameter, in.
H1: upstream elevation, ft
H2: downstream elevation, ft
s: elevation adjustment parameter, dimensionless
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Equation13

√

(

)

Equation14

Assumptions:
Tb = 120°F = 580 °R
Pb = 14.7 psi
P1 = wellhead pressure, psi
P2 = sand face pressure, psi
Tf = (120 + 60)/2 + 460 = 550
L = 6500 feet = 1.23 mi
H1 = 0 ft
H2 = - 6500 ft
D = 4.5 in.
CO2 pressure at pipeline outlet = 1200 psi
Well head temperature = 60 F
Well bore temperature = 142 F
Tavg : Average Temperature = (60 + 142)/2 = 101 F

Note: Tubing diameter of the well may vary depending on the production performance of a well. And it
can be 2.375, 2.875, 3.5, 4 or 4.5 in.

Equation15
G: gas gravity
ρCO2: density of CO2
ρair: density of air
MCO2: Molecular weight of CO2
Mair: Molecular weight of air
Note: According to Menon (2005) and Ikoku (1984), gas gravity (G) is considered constant for any
pressure and any temperature (MW gas/ MW air).
In order to use the proper equation for determining friction factor, first, it is required to calculate
Reynolds number of flow.

(

)(
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)

Equation16

μ: viscosity of gas, lb/ft/s
Since calculated, Reynolds numbers are more than 4000, flow of gas (CO2) is turbulent. Consequently,
proper equation to calculate friction factor can be derived from Nikuradse friction factor correlation for
fully developed turbulent flow in rough pipes (Ikoku, 1984):
(

√

(

(

)

Equation17

Equation18

))

e: roughness of the pipe (ft or in.)
Note: Since CO2 will be injected when the reservoir is depleted (we assume a minimum 42 years of
production), it seems it is better to assume rough pipe instead of smooth (because of corrosion during
production period).
Roughness for Rusted steel (corrosion) = 5 – 133 × 10 - 4 ft (Hamworthy 2013)
So roughness is assumed e = (5+133)/2 = 0.0064 ft = 0.0768 in.
Also, for average pressure in vertical pipelines (for iterative method), it is suggested in Menon (2005) to
use equation Eq.19 for Pavg instead of taking a simple average (Pavg = (P1 +P2)/2).

(

)

Equation19

Because viscosity (μ) and the compressibility factor (Z) of super critical CO2 change in a wide range due
to changes in temperature and pressure, the proper way to calculate wellhead pressure can be an iterative
method with following steps:
1. Make an initial guess for wellhead pressure (14.7 psi)
2. Calculate the average pressure, Pavg
3. Read the viscosity (μ) and the compressibility factor (Z) from a lookup table for calculated
average pressure (Pavg) in step 2.
4. Calculate Reynolds number (Re) of the flow (Equation 16)
5. Calculate the friction factor and transmission factor from proper formula based on the calculated
Reynolds number (Re) in step 5
6. Calculate wellhead pressure (Pwellhead) from Equation 14
7. Compare the calculated wellhead pressure in step 6 with the wellhead pressure in step 1;
If the difference is less than 10 psi, then the calculated wellhead pressure is final,
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Else, set the calculated wellhead pressure in step 6 as a second guess for wellhead pressure in step
1 and repeat from step 2.
Using this iterative method, calculated wellhead pressure should converge and give the final wellhead
pressure. This method should be repeated for each time step (year) in the model to calculate wellhead
pressure and related cost on that time step (year).
Note: The CO2 viscosity look-up table at Tavg =101ºF and Pavg (14.7 – 8,000 psi) is extracted from the
National Institute of Standard and Technology, U.S. Departments of Commerce website (2013).
Figure 3 - 6 shows a sample result of built model in GoldSim for Reynolds number calculations and it
may change for other cases based on SRM outputs and user defined parameters:

Figure 3 - 6: Reynolds number for CO2 flow in the well.

Results show that Reynolds numbers is always more than 4,000. So the flow of gas (CO2) is turbulent.
And Equations 8 and 9 should be used to calculate friction factor for all years.
Figure 3 - 7 displays sample results of the GoldSim model for calculated wellhead pressure using the
iterative method described above. In this sample, constant injection rate and increasing bottomhole
pressure are assumed.
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Figure 3 - 7: A sample result for the calculated wellhead pressure (psi) using a constant injection
rate (1.65 MSCF/day = 85.714 tonne/day) per well

This result will be different according to different outputs from SRM and user defined variables. Also,
since SRM assumes decreasing injection rate and constant bottomhole pressure, the increasing curve will
be a horizontal line instead (sample result: Figure 3 - 8).

Figure 3 - 8: Sample result for the calculated wellhead pressure (psi) for constant bottomhole
pressure (3360 psi)
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According to Figure 3 - 8, the calculated wellhead pressure will be higher than CO2 pressure at the
pipeline outlet (1,200 psi). Therefore pumping will be required to inject liquid CO2 into the formation.

3.6.2.2. Pumping cost calculations:
Required pumping power (kW) can be calculated by equation 20 (McCollum and Ogden 2006):
(

)[

(

)
]

Equation20

Wp: pumping power requirement (kW)
m: is the CO2 mass flow rate (tonnes/day)
ρ: density of liquid CO2 during pumping 630 kg/m3
ηp: efficiency of pump 0.75
Pcut-off: pressure at which compression switches to pumping (MPa)
Pfinal: final pressure of CO2 for pipeline transport (MPa)
Required pumping power equals zero if more pressurizing is not needed. Considering the average price of
electricity for industrial customers in Pennsylvania in 2011 end user 7.738 Cents per kWh (EIA),
electricity cost for pumping CO2 will be calculated. And using equation 21 (McCollum and Ogden 2006),
the pump’s capital cost is calculated based on required pumping power.
(

)

Equation21

Wp: pumping power requirement (kW)
Capital Cost for pump: (2005 dollars)
Substituting, for the 42th year pump’s capital cost equals:
(

)

This method for costing out pumping capacity assumes that pumps will be added as needed (i.e., when
additional pumping capacity is required) and that the pumps will operate in series.
Other Injection Costs
Other than capital and operation and maintenance costs for pumping CO2, NETL (2010a and 2013), EPA
(2008 and 2010), Smith et al. (2001) and TVA (2002) discuss the following injection related costs for
geologic sequestration of CO2, which can be applicable to CO2 sequestration in a depleted shale gas
reservoir.

8

Geologic Site Characterization

Prices of electricity can be changed by user.
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Monitoring during CO2 injection
Well operating and mechanical integrity tests
Surface and Subsurface maintenance
Labor
Pore space acquisition

NETL (2010a, 2013) mentioned some other activities such as “Site Screening and Evaluation for drilling
CO2 injection wells” which is not applicable to this study because this research assumes that after the
reservoir is depleted, old gas producing wells will be used to inject CO2 and no new injection well drilling
will be required.

3.6.2.3. Geologic Site Characterization
Site Characterization activities are used to evaluate the site for safe CO2 injection before the injection
phase (Table 3 - 5) and include the following items (EPA 2008).
Table 3 - 6 Geologic Site Characterization Unit Costs (EPA 2008 and updated from EPA 2010)
Cost item
Develop maps and cross sections of local geologic structure
Conduct 3D seismic survey to identify faults and fractures in primary and
secondary containment units
Obtain and analyze seismic (earthquake) history
Remote (aerial) survey of land, land uses, structures etc.
Obtain data on areal extent, thickness, capacity, porosity and permeability
of receiving formations and confining systems
Obtain geomechanical information on fractures, stress, rock strength, in
situ fluid pressures (from existing data and literature)
Obtain geomechanical information on fractures, stress, rock strength, in
situ fluid pressures (new cores and tests)
List names and depth of all potentially affected USDWs
Provide geochemical information and maps/cross section on subsurface
aquifers.
Provide information on water-rock-CO2 geochemistry and mineral
reactions.
Develop list of penetrations into injection zone (from well history data
bases)
Develop list of penetrations into containment systems (from well history
data bases)
Develop list of water wells (from public data)
Prepare geologic characterization report demonstrating: suitability of
receiving zone, storage capacity and injectivity, trapping mechanism free
of non-sealing faults, competent confining system, etc.
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Cost algorithm
$6,434 per site
$104,000 per square mile
$6,434 per site
$3,100 per site + $415 per square
mile
$2,574 per site
$12,868 per site
$78 per foot for stratigraphic test
well + $3,100 per core
$2,574 per site
$6,434 per site
$36,035 per site
$1,287 per square mile
$1,287 per square mile
$3,860 per square mile
$25,735 per site

3.6.2.4. Monitoring During CO2 Injection
At the beginning of CO2 injection, monitoring becomes a necessary side process. Monitoring should be
applied in order to (Reynen et al. 2005, EPA 2008, EPA 2010, Holloway 2008):







“Control the CO2 injection process and allow a safe and stable injection
Control and reduce the risk of failure and leakage
Provide early data for migration of CO2 and maintain safety and environmental issues
Prepare data for reservoir modeling
Verify and provide input into reservoir models
Provide early warnings of failure”

Monitoring can include the following processes (Reynen et al. 2005, EPA 2008, and EPA 2010):






“Measurements to determine the mass of CO2 injected, principally derived from the fluid
pressure, temperature, flow rate and gas composition at the wellhead
Monitoring of pressure during the injection process
Monitoring of the migration and distribution of the CO2 in the deep subsurface, focusing on the
intended storage reservoir, but including any unintended migration out of the storage reservoir
Monitoring of the shallow subsurface to detect and quantify any CO2 migrating out of the storage
reservoir towards the ground surface
Monitoring of the ground surface and atmosphere to detect and quantify CO2 leaking into the
biosphere”

Benson and Cole (2008) also outlined monitoring operations for two cases, basic and enhanced
monitoring programs which enhanced program has additional operations to meet the standards.
Table 3 - 7: Monitoring operation categorized by Benson and Cole (2008)
Basic monitoring program
Pre-operational monitoring
 Well logs
 Wellhead pressure
 formation pressure
 Injection- and production-rate testing
 Seismic survey
 Atmospheric-CO2 monitoring
Operational monitoring
 Wellhead pressure
 Injection and production rates
 Wellhead atmospheric-CO2
monitoring
 Microseismicity
 Seismic surveys

Enhanced monitoring program
Additional Pre-operational
monitoring
 gravity survey
 Electromagnetic survey
 CO2-flux monitoring
 Pressure and water quality above
the storage formation
Operational monitoring
 Well logs
 gravity survey
 Electromagnetic survey
 Continuous CO2-flux monitoring
 Pressure and water quality above
the storage formation

EPA (2008, 2010) categorized monitoring processes and cost items for CO2 sequestration during injection
and also the post-injection period that can be applied to saline, depleted gas, and depleted oil reservoirs
(Table 3 - 7). Although, CO2 sequestration for the purpose of enhanced shale gas recovery is not covered
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in the EPA report, this document assumes the same processes and cost model which is described in EPA
report for enhanced shale gas recovery. Based on the EPA report (2008 and 2010), monitoring activities
during injection the period are shown in Table 3 - 7.
Table 3 - 8: Monitoring Unit Costs (EPA 2008 and updated from EPA 2010)
Cost Item
Develop geochemical baseline for injection zones and confining zone
Develop baseline of surface air CO2 flux for leakage monitoring
Conduct front-end engineering and design (monitoring wells)
Obtain rights-of-way for surface uses (monitoring wells)
Obtain rights-of-way for surface uses (monitoring sites)
Downhole safety shut-off valve
Standard monitoring well cost (above injection zone)
Standard monitoring well cost (into injection zone)
Pressure and temperature gauges and related equipment for monitoring
wells
Salinity, CO2, tracer, etc. monitoring equipment for wells (portion of
equipment may be at surface such as for in situ sampling using U-tubes)
Develop plan and implement surface air and/or soil monitoring within
current plume footprint
Develop plan and implement surface air and/or soil monitoring within
current plume footprint, at artificial penetrations and sensitive locations
(human occupancy)
Surface microseismic detection equipment
Monitoring well O&M
Annual cost of air and soil surveys & equipment
Annual cost of passive seismic equipment
Periodic seismic surveys: 3D
Complex modeling of fluid flows and migration (reservoir simulations)
every five years
Annual reports to regulators
Quarterly reports to regulators
Monthly reports to regulators

Cost Algorithm
$828 per injection well
$36,200 per station
$20,700 + $5,200 per shallow
monitoring well
$10,400 per monitoring well site
$5,200 per air monitoring station site
(microseismic is done inside
monitoring well)
$15,500 + $2.1 per ft depth
$155 to $207 per ft typical for slimhole design down to 9,000 ft
$155 to $207 per ft typical for slimhole design down to 9,000 ft
$10,400 per well
$10,400 per well
$4,289 for plan plus $75,000 per
monitoring site
$4,289 for plan plus $75,000 per
monitoring site
$52,000 per site (geophone arrays go
into monitoring wells)
$25,900 + $3.1 per ft per well per year
$10,000 per station per year
$10,500 per station per year
$104,000 per square mile
$19,912 per site + $7,080 per injection
well
$2,212 per report
$803 per report
$428 per report

3.6.2.5. Well Operating and Mechanical Integrity Tests
Well operation and mechanical integrity tests costs include testing and monitoring activities related to the
injection well (EPA 2008) as outlined in Tables 2 - 8 and 2 - 9.
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Table 3 - 9: Well Operation Unit Cost (EPA 2008 and updated from EPA 2010)
Cost item
Develop a corrosion monitoring and prevention program
Standard measurement/monitoring equipment: injected volumes, pressure, flow
rates and annulus pressure
Continuous measurement/monitoring equipment: injected volumes, pressure,
flow rates and annulus pressure
Equipment to add tracers

Cost algorithm
$2,655 per site
$10,000 per well
$15,500 per well
$10,400 per well

Table 3 - 10: Mechanical Integrity Test Unit Cost (EPA 2008 and updated from EPA 2010)
Cost item
Internal mechanical integrity pressure tests
Mechanical integrity internal log and video every 5 years
Conduct a radioactive tracer survey of the bottom-hole cement using a CO2soluble isotope annually (every 2 years)
External mechanical integrity tests to detect flow adjacent to well using
temperature or noise log at least annually
Conduct pressure fall-off test every five years

Cost algorithm
$2,070 per test
$2,070 plus $4.15 per ft
$5,200 per test
$2,070 plus $4.15 per foot
$2,070 per test

Surface and Subsurface Maintenance
NETL (2010a) and TVA (2002), used Equations 22 and 23 for surface and subsurface maintenance costs,
respectively, of CO2 sequestration in saline formations:
(

)

Equation22

Equation23
These equations seem to be less accurate based on updated data in the EIA report (2010). Thus, surface
and subsurface maintenance costs are assumed equal to surface and subsurface maintenance for gas
production sites in the EIA (2010) report. The values are calculated based on a simple average for 4,000
and 8,000 ft gas producing wells (Tables 2 - 10 through 2 - 11) and then interpolated for 6,500 ft depth
(Marcellus reservoir depth is assumed 6,500 ft).
Table 3 - 11: Surface Maintenance Cost per Well Producing from 4,000 Feet (2009 Price), $/Year
Region

50 Thousand Cubic
SCFD

250 Thousand
SCFD

West Texas

5,500

6,200

South Texas

7,400

8,400

South Louisiana

6,500

8,400

North Louisiana

8,400

8,300

Mid-Continent

7,600

12,000

9,600

Rocky Mountains

14,100

25,100

21,700
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500 Thousand
SCFD

Table 3 - 12: Surface Maintenance Cost per Well Producing from 8,000 Feet (2009 Price), $/Year
250 Thousand
SCFD
12,400

500 Thousand
SCFD
10,900

1 Million
SCFD

South Texas

16,600

14,400

16,600

South Louisiana

16,400

16,300

16,400

North Louisiana

16,300

16,200

Mid-Continent

18,500

16,000

Rocky Mountains

26,100

22,600

Region
West Texas

50 Thousand
SCFD
6,200

Table 3 - 13: Subsurface Maintenance per Well Producing from 4,000 Feet (2009 price), $/year
Region

50 Thousand SCFD

250 Thousand SCFD

500 Thousand SCFD

West Texas

2,700

2,700

South Texas

3,600

3,600

South Louisiana

3,100

3,100

North Louisiana

3,100

3,100

Mid-Continent

3,300

3,300

3,300

Rocky Mountains

3,200

3,200

3,200

Table 3 - 14: Subsurface Maintenance per Well Producing from 8,000 Feet (2009 price), $/year
250 Thousand
SCFD
4,200

500 Thousand
SCFD
4,200

1 Million
SCFD

South Texas

6,100

6,100

6,100

South Louisiana

5,100

5,100

5,100

North Louisiana

5,400

5,400

Mid-Continent

4,800

4,800

Rocky Mountains

5,200

5,200

Region
West Texas

50 Thousand
SCFD
4,200

Applying the calculations, annual surface and subsurface maintenance cost are equal to $14,075.60 and
$4,400.30 respectively for each well, assuming a 6,500 ft depth.
Labor
Using the same methodology, direct labor & overhead is calculated from the EIA (2010) report and
equals $7,425 per year for each well with a depth of 6,500 ft.
In addition to the above cost elements, total stored CO2, stored CO2 per well, and unit technical cost
modules were developed in the GoldSim model.
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Pore Space Acquisition
According to NETL (2010a):
“Pore Space Acquisition costs are the costs associated with acquiring rights to use the subsurface
area where the CO2 will be stored, i.e. the pore space in the geologic formation.”
Gresham et al. (2010) assumed the cost of leasing pore space at $2–10 per acre per year for private lands
and $45–65 per acre per year for state-owned lands for a 100-year time interval (discount rate =15% and
inflation rate = 4%) and EPA (2010) considered $52/acre for “Lease rights for subsurface (pore space)
use”.
The output data that can be provided by the reservoir simulation and SRM make it possible to calculate
pore space acquisition cost using a slightly different method. Output data of simulations are generated
based on characteristics of the shale gas reservoir, so this method is much more appropriate for our
purpose. The required data to calculate this pore space acquisition cost (PSC) that the SRM can provide
include:


Total storage area



Total storage capacity

Total storage area is one of the boundary conditions in the SRM which represents the total area where
CO2 can be stored. Total storage capacity is simply the integration of injection rate with respect to time.
Multiplying the cost of leasing pore space by total area of storage gives the annual pore space cost
(APSC) for the entire area of injection:
(

)

Equation24

The APSC is the annual cost of leasing pore space for entire area of injection in $/year. For example EPA
(2008) calculated APSC at about $0.35 per tonne (metric ton) of CO2 injected.
Pore space cost (PSC) per mass of CO2 stored can be calculated using Equation 26.
∫ (
∫ (

)
)

Equation25
Where, t0 represents the starting year of CO2 injection, and tn represents the last year of CO2 injection (t0 =
42 and tn = 100).
Calculated Pore Space Cost with this method varies from 0.08 to 10.54 ($/metric tonneof CO2 stored)
with respect to reservoir characteristics under defined scenarios.

Calculating total storage area:
Rectangular area around the injector/producer wells is considered as storage area. This area can be
derived from multiplication of width and length of the rectangular.
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( )

Equation26

(

)
Equation27

LGR: The hydraulic fracture full length in Lower Marcellus dived by 100 (ft)
Number of clusters: User defined data and the initial assumption is 30
Average distance between clusters: Assumed 100 ft.
Since pore space acquisition price ($ per acre per year of land) is reported in a very wide range (Gresham
et al. (2010): $2–10 per acre per year for private lands and $45–65 per acre per year for state-owned
lands), scenario S3, S8 and S9 are defined to study the sensitivity of this cost (2, 33, and 65 $/ per acre
per year). These values can be changed by user. Pore space acquisition cost is assumed from first to the
last year of CO2 injection (100th year). As it mentioned before in this document, pore space acquisition
price for $ per injected (stored) CO2 will be an output of this sub-module.

3.6.2.6. Graphical User Interface for CO2 Injection
A graphical user interface (GUI) was designed for CO2 injection in the GoldSim model. Data entered here
are required for the CO2 injection module. This GUI consists of three sections (Figure B - 4 in Appendix
B):




Geologic site characterization (Figure B - 5 in Appendix B)
Well operations (were arranged into three new categories including Mechanical Integrity Test
costs (Figure B - 6 in Appendix B)
Monitoring during CO2 injection (Figure B - 7 in Appendix B)

3.6.3. Production module
This module focuses on producer well. Composition of produced gas is mainly natural gas; and CO2 is
assumed to be the only possible impurity. CH4 and CO2 production SRMs, produce reservoir simulation
results of this well for 100 years duration. For entire 100 years, producer well stays producer but injection
in other well (producer/injector well), might cause CO2 breakthrough and CO2 production from this well.
Under some scenarios (especially when producer and injector wells are located too close together) CO2
breakthrough in production might occur. And if the content of CO2 is higher than certain concentration
(will be explained in next section), produced gas needs to be processed to decrease the contamination and
meet the natural gas pipeline standards. Consequently, production module has two sub-modules, CH4
production and CO2 separation. This module calculates production revenue and cost of CH4/CO2 mixture
separation. Required data, including time series for CH4 production and CO2 production (CO2 content in
production), are received from corresponding SRMs via DLL.
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3.6.3.1. Cost of CH4/CO2 Mixture Separation
Regarding US gas pipeline specifications, methane in natural gas pipeline delivering to consumer should
have Carbon Dioxide content less than 2 mol percent of CO2 and H2S of less than 4 ppm (Hao et al. 2002,
Kohl and Nielsen 1997, Shimekit and Mukhtar 2012).
Because natural gas purification is a costly process, a high amount of contamination in some of
discovered natural gas fields (which mainly includes CO2 and H2S) makes production from those reserves
infeasible (Golombok and Morley 2004).
There are different processes to purify the natural gas and reduce the contamination content (Hao et al.
2002, Kohl and Nielsen 1997):






Gas absorption in liquid solvents
Adsorption on solid adsorbents
Chemical conversion to another compound
Membrane separation
Condensation

Gas absorption in liquid solvents is the most common process in natural gas purification.
Three types of amines are commercially being used as absorbent for CO2 removal from natural gas (Kohl
and Nielsen 1997):


Monoethanolamine (MEA)



Diethanolamine (DEA)



Methyldiethanolamine (MDEA)

Amine treatment, even for a low percentage of CO2 and H2S is an energy intensive process. Additionally
in this process byproduct gas (CO2) will be produced at atmospheric pressure (Van Wissen et al. 2005).
Consequently, if separated CO2 needs to be returned to the sequestration process and be re-injected into
shale gas the whole separation process will be even more energy intensive because separated CO2 needs
to be compressed.
Membrane separation is fairly new technology and it’s especially proper for CO2 removal from high
pressure gas. In this method capacity of a plant can simply be increased by adding more modules (Kohl
and Nielsen 1997).
CO2 content in natural gas should be less than 10 percent and H2S less than 1 percent and within this
range it is feasible to purify natural gas using amine treatment (Kohl and Nielsen 1997, Van Wissen et al.
2005).
Natural gas purification and separation of CO2 is preferred with amine for flow rates higher than 20-30
MMSCFD and with low CO2 content. However, membrane separation is preferred for feed flow rate
lower than 20-30 MMSCFD for any concentration of CO2 in the feed (Kohl and Nielsen 1997).
Hao et al. (2002) calculated the cost of purifying natural gas as a function of CO2 and H2S percentage for
a single stage with H2S-selective membranes. They determined this cost is in the range of 0.531 - 0.791
$/MSCF of product for CO2 concentration in feed varying from 0 to 0.4 mole fraction.
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Bhide and Stern (1993) compared the cost of separating CO2 from natural gas as a function of CO2
concentration in feed for different processes. They conclude that if the concentration of CO2 in feed is less
than 0.17 mole fraction then DEA (Diethanolamine) is cheaper than membrane separation. Otherwise (for
higher concentrations) membrane technology is cheaper for separating CO2 from natural gas. At the
aforementioned CO2 concentration, the cost of separation is around 0.29 $/MSCF of feed.
Bhide and Stern (1993) also calculated separation cost of CO2 from natural gas as a function of CO2
concentration in feed for different flow rates and different feed pressures for DEA and membrane
methods. According to their results an increase in feed pressure decreases the separation cost of CO2 by
membrane and increases separation cost by DEA.
According to Kohl and Nielsen (1997), process cost of CO2 removal for natural gas flow rate of 60
MMscf/d ranges from 0.1 to 0.55$/MSCF feed gas for CO2 concentration in feed from 5 – 40 percent.
They concluded that for CO2 concentration in feed less than 15% membrane technology is the cheapest
and for CO2 concentration of 15 to 40 percent, two stage MDEA Amine is the cheapest technology (with
the cost around 0.22 $/MSCFfeed gas).
Because the reported CO2 separation cost is highly variable for different processes, a triangular
distribution with three values (minimum, most likely, and maximum with default value of 0.2, 0.5 and
0.8$/Mscf of Feed) is assumed for sensitivity and stochastic analysis of CO2 separation cost. These values
can be changed by user for each analysis and scenario.

3.6.3.2. CH4 production
This sub-module calculates the revenue of produced CH4. For this purpose, according to entered
subsurface characteristics, CH4 production SRM generates production profile of CH4 for 100 years and
then CH4 production is multiplied by gas price. For stochastic analysis of the revenue, gas price is
assumed to have a flat rate with triangular distribution (minimum, most likely, and maximum with default
value of 2, 4, and 6 $/Mscf).

3.6.3.3. Graphical User Interface for production module
A graphical user interface (GUI) is designed for production module (Figure B - 8 in Appendix B). This
GUI enables user to change the values of triangular distribution for CH4 price and CO2 separation cost.
Because of uncertainty in gas price and CO2 separation cost, user is capable of modifying gas price and
CO2 separation cost triangular distribution for each timesteps of production and injection (100 years)
individually. Also inflation rate can be added for calculating the revenue.

3.6.4. Post-Injection Site Care
After injection is complete, post-injection site care (PISC) activities such as well plugging, equipment
removal, general site care, and long-term monitoring are required for safe long-term storage of CO2.
Injection wells should be plugged after the CO2 injection period, but monitoring wells needs to be
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plugged at the end of the long-term monitoring. PISC and its associated costs are assumed to last for 30
years after injection/production period (100 years). Benson and Cole (2008) categorized monitoring
operations for two cases, basic and enhanced monitoring programs with additional operations.
Table 3 - 15: Monitoring operation categorized by Benson and Cole (2008)
Basic monitoring program
Closure monitoring
 Seismic survey

Enhanced monitoring program
Additional Closure monitoring
 gravity survey
 Electromagnetic survey
 CO2-flux monitoring
 Pressure and water quality above the
storage formation
 Wellhead pressure monitoring

Based on the EPA (2008) cost model, Table 3 - 15 shows baseline post-injection activities and theirs
costs.

Table 3 - 16: Post-Injection Site Care Unit Costs (EPA 2008 and updated from EPA 2010)
Cost Item
Flush wells with a buffer fluid before plugging
Plug injection wells (done to all wells, percent refer to
intensity)
Perform an MIT prior to plugging to evaluate integrity of
casing and cement to remain in ground
Plug monitoring wells
Remove surface equipment, structures, restore vegetation
(injection)
Remove surface equipment, structures, restore vegetation
(monitoring wells)
Document plugging and post-injection process (notification
of intent, post-injection plan, post-injection report)
Post-injection monitoring well O&M Annual
Post-injection air and soil surveys
Post-injection seismic survey (assume every five years)
Periodic post-injection reports to regulators (every 5 years)

Cost Algorithm
$1000 + $0.085 per foot
$13,500 to plug and $11,400 to log
$2,070 plus $4.15 per foot
$6,700 to plug and $5,700 to log
$25,900 per injection well
$10,400 per monitoring well, $5,200 for
monitoring stations
$13,274 per site
Annual O&M costs are $25,900 + $3.1 per ft per
well per year
$10,400 per station per year
$104,000 per square mile
$4,425 per report

EPA (2012) categorized injection wells into six different classes. According to EPA (2012), “Class I
wells inject hazardous and non-hazardous wastes into deep, isolated rock formations.”, “Class II wells
inject fluids associated with oil and natural gas production”. And “Class VI wells are wells used for
injection of carbon dioxide (CO2) into underground subsurface rock formations for long-term storage, or
geologic sequestration.” CO2 sequestration in class II and class VI wells have substantial differences such
as: higher injection rate, higher amount of injected CO2, higher pressure and longer time period in class
VI wells (EPA 2012).
Post injection site care and monitoring activities are regulated by EPA for class I and II injection wells but
at the time of preparing this study regulating class VI injection wells is not finalized by EPA. This study
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assumes same monitoring activities for both classes of wells during injection period but for post-injection,
basic monitoring activities are assumed for class II (activities associated with monitoring well are not
considered) and additional monitoring activities are assumed for class VI.

Graphical User Interface for post-injection site care
Due to uncertainties in regulations for CO2 sequestration wells and consequently PISC costs, the GoldSim
post-injection GUI was developed to be flexible. This study assumes that under any regulations for CO2
sequestration wells, post-injection activities are the same but parameters relating to those activities might
be different and the user can input those data and modify costs for any regulation. The GUI for PISC costs
is shown in Figure B - 9 in Appendix B.

3.7. Unit Cost Analysis
The cost metric used in this analysis is the present discounted average cost of transportation, injection and
monitoring per metric tonneof industrial CO2 injected. We refer to this as the “unit technical cost,” or
UTC, following Mian (2011). It is also known as the “levelized cost” of output from a capital investment.

3.7.1. Development of the Unit Technical Cost
Discounted UTC (Equation 32) is also calculated in the model based on Discount Rate (r) and it equals
the summation of discounted UTC of transportation (Equation 33), discounted UTC of injection
(Equation 36), discounted UTC of production (Equation 39) and discounted UTC of PISC (Equation 41).
Since project is long-term, and cost objects happen in different times, discounted UTC can give a more
realistic estimation.

Equation28
The equation for discounted UTC of transportation:
Equation29
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Equation31
The equation for discounted UTC of injection:
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Equation34
The equation for discounted UTC of CH4 production:
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Equation36

The equation for discounted UTC of PISC:

Equation37
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t1: Starting year of CO2 injection
t2: Ending year of CO2 injection and CH4 production
t3: Ending year of Post-Injection and Site Care

Discount Rate is assumed to be 10 percent for calculations, but it is an input data and can be changed by
the user for each run.

3.8. Results and testing Scenarios:
Six categories of scenario are studied in this research including:







Sensitivity of Subsurface Conditions (Scenario1, Scenario2, Scenario3, and Scenario4)
Sensitivity of Emitter Size (Scenario5, and Scenario6)
Gas prices (Scenario7)
Sensitivity of Pore Space Acquisition cost (Scenario8, Scenario9)
Straight-Line Transport Distance (Scenario10, Scenario11)
Long-term site care (Scenario12)

These five categories can also be organized into two main groups which are:



Scenarios related to subsurface modeling and reservoir simulation
Scenarios related to surface and economy of project

Note: All UTC are discounted UTC and for calculating that in all scenarios, discount rate is assumed
10%.

Results Menu:
A result GUI is designed and major outputs of the model are gathered in this menu which provides an
easy access and user friendly graphical environment (especially in the Player version of the software) for
the user to explore the results after each run (Figure B - 12 in appendix B).
3.8.1. Sensitivity of Subsurface Conditions (Scenario1, Scenario2, Scenario3, and Scenario4)
Kalantari (2013) developed reservoir simulation and SRMs. He analyzed three main scenarios and two
cases for each scenario based on difference in distance between two wells (producer and
producer/injector) and Bottomhole Injection Pressure. Same concept is used in this research to design four
different scenarios. Two different distances between wells (900 and 1400 ft) and two different constant
Bottomhole Pressures (1680 and 3360psi) are assumed for sensitivity of subsurface conditions while other
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parameters of the model (including surface and subsurface parameters) kept the same. Following tables
show these four scenarios.

Table 3 - 17: First four scenarios for Sensitivity of Subsurface Conditions
Scenario

Distance between
wells (ft)

Constant bottomhole
pressure (psi)

Description

S1

1400

3360

Medium Distance/High Bottomhole Pressure

S2

1400

1680

Medium Distance/Low Bottomhole Pressure

S3

900

3360

Low Distance/High Bottomhole Pressure

S4

900

1680

Low Distance/Low Bottomhole Pressure

Table 3 - 18: First four scenarios for Sensitivity of Subsurface Conditions
Subsurface Conditions

Size of emitter

Gas price
Distribution

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term
Site Care

S1

Medium Distance/High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)
$/Mscf

33$/acre

Medium (50 mile)

Class II
well

S2

Medium Distance/Low
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)
$/Mscf

33$/acre

Medium (50 mile)

Class II
well

S3

Low Distance/High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)
$/Mscf

33$/acre

Medium (50 mile)

Class II
well

S4

Low Distance/Low
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)
$/Mscf

33$/acre

Medium (50 mile)

Class II
well

Kalantari (2013) also has analyzed high distance (2000 ft) scenarios. But they are not studied in this
research because selected scenarios have more CH4 production and CO2 injection (considering the effect
of CO2 breakthrough on economy of the project). Based on Kalantari’s work (2013) production well is
assumed to have 29 and producer/injector to have 30 clusters and injection will be started at 42th year.

Scenario 1:
Under first scenario, distance of two wells and Bottomhole Injection Pressure are assumed to be 1400 ft
and 3360 psi. Result as overall Unit Technical Cost of CO2 storage is mentioned in Figure 3 - 9.
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Figure 3 - 9: Scenario 1, cumulative probability distribution of overall Unit Technical Cost of CO2
storage

Scenario 2:
Under second scenario, distance between two wells and Bottomhole Injection Pressure are assumed to be
1400 ft and 1680 psi. Figure 3 - 10 shows the results for this scenario.

Figure 3 - 10: Scenario 2, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage
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Scenario 3:
For this scenario, Minimum Distance to Offset Injector-Producer and Bottomhole Injection Pressure are
assumed 900ft and 3360psi. X and Y coordinate of clusters and Pattern ID are changed accordingly but all
other subsurface characteristics are same as previous scenarios. Following figure, displays the results.

Figure 3 - 11: Scenario 3, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage

Scenario 4:
In fourth scenario, Minimum Distance to Offset Injector-Producer and Bottomhole Injection Pressure are
assumed 900ft and 1680psi. X and Y coordinates of clusters and Pattern ID are similar to third scenario
but all other subsurface characteristics are kept the same as previous scenarios. Figure 3 - 12, displays the
results.

Figure 3 - 12: Scenario 4, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage
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Table 3 - 18 displays the economic results of the model for analyzing sensitivity of subsurface conditions
scenarios.
Table 3 - 19: Summary of result for sensitivity of subsurface conditions
UTC of Storage
UTC of Transportation
$/tonne Stored
$/tonne Transported CO2
CO2 (mean, S.D.)
(mean, S.D.)

UTC of
Injection$/tonne
Injected CO2

UTC of PostInjection $/tonne
Injected CO2

UTC of CO2 Separation
$/tonne Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored
CO2

S1

74.8, 9.2

38.7, 9.2

36.1

0.006

0

2.2

S2

185.2, 9.2

38.7, 9.2

146.5

0.024

0

10.54

S3

61.1, 9.2

38.7, 9.2

22.4

0.004

0

1.3

S4

87.1, 9.2

38.7, 9.2

48.4

0.008

0

4.3

Extreme Case (Se)
In third scenario, in spite of close distance between two wells and high Bottomhole Injection Pressure,
because of assumed subsurface characteristics, reservoir simulation does not show CO2 breakthrough.
Consequently, CO2 production and CO2 separation cost are zero. But under some reservoir conditions,
CO2 will be produced after CO2 injection is started. Thus, it would be useful to analyze such situation and
see the effect of CO2 breakthrough in economy of project.
Extreme Case is defined by choosing special characteristics for reservoir, to show a case that CO2
breakthrough and considerable amount of CO2 in production impose extra cost on the project. Figure 3 13 shows overall Unit Technical Cost of storing CO2 with the impact of CO2 separation cost triangular
distribution (with minimum, most likely, and maximum of 0.2, 0.5 and 0.8$/Mscf of Feed).

Figure 3 - 13: Extreme Case, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage
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Figure 3 - 14: Extreme Case, cumulative CO2 Production

Figure 3 - 15: Extreme Case, cumulative probability distribution of Unit Technical Cost of CO2
separation $/tonne stored CO2

Table 3 - 20: Summary of result for Extreme Case

Se

UTC of Storage
$/tonne Stored CO2
(mean, S.D.)

UTC of Transportation
$/tonne Transported CO2
(mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of PostInjection $/tonne
Injected CO2

61, 9.2*

38.7, 9.2

22.3

0.004

UTC of CO2
Separation $/tonne
Pore Space cost
Injected CO2
$/tonne Stored CO2
(mean, S.D.)
0.026, 0.006

1.3

*: Triangular distribution of CO2 separation cost affects the distribution of overall UTC

Discussion
Results show that by decreasing distance between two wells and increasing the Bottomhole Injection
Pressure, CH4 production and CO2 injection rate increase (because of more enhanced gas recovery) and
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more CO2 will be stored but chance of CO2 breakthrough in production increases as well. If concentration
of CO2 in the production is more than 2% mole fraction, then CO2 needs to be separated from CH4 and
this process is costly. But the positive effect of increase in CO2 storage capacity per area of land (or per
volume of subsurface formation) on economy of the project is much stronger than negative effect of CO2
separation after breakthrough. And even if there is considerable amount of CO2 in production, CO2
separation doesn’t affect the economy of project substantially. And as results show, in Extreme Case it
adds very low amount to the overall UTC of the project.
In order to test the rest of scenarios which are related to variables other than subsurface parameters, it is
better to choose a base case from first four scenarios (S1, S2, S3, and S4) and keep the same parameters
according for the rest of scenarios. Therefore, based on the results, Scenario 3 is chosen as the base case
for subsurface characteristics.

3.8.2. Sensitivity of Emitter Size (Scenario5, Scenario6)
Scenario 5 and 6 along with scenario 3 (as the base case) study the effect of emitter size on Unit
Technical Cost of stored CO2. In these three scenarios size of emitter is changing but all other parameters
are kept constant.
Table 3 - 21: Scenario 3, 5, and 6 to study the sensitivity of emitter size
Subsurface Conditions

Size of emitter

Gas price Distribution

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term
Site Care

S3

Low Distance/High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular ($2, $4, $6)

33$/acre

Medium (50 mile)

Class II well

S5

Low Distance/ High
Bottomhole Pressure

Low (30,000 MT/yr)

Triangular ($2, $4, $6)

33$/acre

Medium (50 mile)

Class II well

S6

Low Distance/High
Bottomhole Pressure

High (500,000 MT/yr)

Triangular ($2, $4, $6)

33$/acre

Medium (50 mile)

Class II well

As results for these three scenarios show, size of emitter has a strong effect on UTC of Transportation and
overall UTC. The larger emitter size, the lower UTC of transportation will be. But it doesn’t affect UTC
of the injection and post-injection. It happens because UTC of injection and post-injection are calculated
for one well and injection is limited to the given injection rate (output of reservoir simulation while
Bottomhole Injection Pressure is hold constant during injection period) and size of emitter doesn’t affect
injection rate.
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Table 3 - 22: Summary of result for sensitivity of emitter size
UTC of Storage
$/tonne Stored
CO2 (mean, S.D.)

UTC of Transportation
$/tonne Transported
CO2 (mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of Post-Injection
$/tonne Injected CO2

UTC of CO2
Separation $/tonne
Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored CO2

S3

61.1, 9.2

38.7, 9.2

22.4

0.004

0

1.3

S5

151.4, 30.6

128.9, 30.6

22.4

0.004

0

1.3

S6

30.9, 2

8.5, 2

22.4

0.004

0

1.3

Figure 3 - 16: Scenario 5, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage

Figure 3 - 17: Scenario 5, cumulative probability distribution of Unit Technical Cost of CO2
transportation
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Figure 3 - 18: Scenario 6, cumulative probability distribution of overall Unit Technical Cost of
CO2 storage

Figure 3 - 19: Scenario 6, cumulative probability distribution of Unit Technical Cost of CO2
transportation

3.8.3. Sensitivity of Natural Gas Price (Scenario7)
Scenario 7 is defined to explore the impact of changes in gas prices on the revenue of the project. The
difference between scenario 3 and scenario 7 is in distribution of natural gas price and other parameters
are similar. For natural gas price a triangular distribution with three values is assumed. Scenario 7 has
higher range of prices than scenario 3. In scenarios 3 (as the base case), three values of minimum, most
likely, and maximum are 2, 4, and 6 $/Mscf and in scenario 7 they are 2, 8, and 16 $/Mscf.
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Table 3 - 23: Scenario 3, 5, and 6 to study the sensitivity of emitter size
Gas price Distribution

Subsurface
Conditions

Size of emitter
$/Mscf

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term
Site Care

S3

Low Distance/High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (50 mile)

Class II well

S7

Low Distance/ High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 8, 16)

33$/acre

Medium (50 mile)

Class II well

Figure 3 - 20 and 2 - 22 display the revenue under scenario 3 and 7. Also Figure 3 - 21 and 2 - 23 show
the cumulative probability distribution UTC of produced CH4 deducted from UTC of CO2 storage
(UTC(CO2) - UTC(CH4)).
(

)

(

) (

)

Figure 3 - 20: Scenario 3 revenue from selling produced CH4

Figure 3 - 21: Scenario 3 cumulative probability distribution of UTC of produced CH4 deducted
from UTC of CO2 storage
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Figure 3 - 22: Scenario 7 revenue from selling produced CH4

Figure 3 - 23: Scenario 7, cumulative probability distribution of UTC of produced CH4 deducted
from UTC of CO2 storage

Table 3 - 24: Mean and standard deviation of UTC (CO2) - UTC(CH4)
UTC(CO2) - UTC(CH4)
Mean ($/tonne stored CO2)

S. D. ($/tonne stored CO2)

S3

46.4

9.8

S7

29.4

14.3
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3.8.4. Sensitivity of Pore Space Acquisition Cost (Scenario 8 and Scenario 9)
As it is explained in section 8.2.3.6, Pore Space Acquisition Cost is reported in the literature with very
high variability. Pore Space Acquisition Cost is an input to the techno-economic model with the unit of $
per acre per year. Then techno economic model uses a more accurate method, specialized for shale gas
formation and based on reservoir simulation results, to calculate this cost for tonne of CO2 stored as a
function of storage area and amount of stored CO2. Scenario 8, 9 and 3 (base case) are defined to show
the sensitivity of the project to this cost. Pore Space Acquisition Cost assumed 2, 33, and 65 $/acre for
Scenario 8, scenario 3 and scenario 9. Following tables show the results of testing these scenarios.

Table 3 - 25: Scenario 3, 8, and 9 to compare the sensitivity of Pore Space Acquisition Cost
Subsurface Conditions

Size of emitter

Gas price Distribution
$/Mscf

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term
Site Care

S3

Low Distance/High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (50 mile)

Class II well

S8

Low Distance/ High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)

2$/acre

Medium (50 mile)

Class II well

S9

Low Distance/High
Bottomhole Pressure

Medium (100,000 MT/yr)

Triangular (2, 4, 6)

65$/acre

Medium (50 mile)

Class II well

Table 3 - 26: Summary of result for sensitivity of Pore Space Acquisition Cost
UTC of Storage
UTC of Transportation
$/tonne Stored
$/tonne Transported CO2
CO2 (mean, S.D.)
(mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of PostInjection $/tonne
Injected CO2

UTC of CO2 Separation
$/tonne Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored
CO2

S3

61.1, 9.2

38.7, 9.2

22.4

0.004

0

1.3

S8

60.5, 9.2

38.7, 9.2

21.8

0.004

0

0.08

S9

61.6, 9.2

38.7, 9.2

22.9

0.004

0

2.6

As results show, because every other parameter is similar between scenario 3, 8, and 9, the effect of Pore
Space Acquisition Cost with unit of $/(acre.year) on this cost with unit of $/stored CO2 is linear. But the
output is highly dependent on area of storage and stored CO2 which are defined by distance between wells
and injection rate.

3.8.5. Sensitivity of Straight-Line Transport Distance (Scenario 10 and Scenario 11)
Transportation cost is a function of pipeline length and total transported CO2. Comparing results of testing
Scenario 3, 10, and 11 explore the sensitivity of this cost to the straight-line between distance between
source and sink.
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Table 3 - 27: Scenario 3, 10, and 11 to compare the sensitivity of Straight-Line Transport Distance
Subsurface Conditions

Size of emitter

Gas price Distribution
$/Mscf

Pore Space
Acquisition

Straight-Line Transport
Distance

Long-Term
Site Care

S3

Low Distance/High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (50 mile)

Class II well

S10

Low Distance/ High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (20 mile)

Class II well

S11

Low Distance/High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (100 mile)

Class II well

Table 3 - 28: Summary of result for sensitivity of Straight-Line Transport Distance
UTC of Storage
$/tonne Stored
CO2 (mean, S.D.)

UTC of Transportation
$/tonne Transported
CO2 (mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of Post-Injection
$/tonne Injected CO2

UTC of CO2
Separation $/tonne
Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored CO2

S3

61.1, 9.2

38.7, 9.2

22.4

0.004

0

1.3

S10

38.9, 3.7

16.5, 3.7

22.4

0.004

0

1.3

S11

98.1, 18.4

75.7, 18.4

22.4

0.004

0

1.3

3.8.6. Long-term site care (sensitivity to base case) Scenario 12
In this scenario CO2 injection well is assumed to be categorized under class VI well by EPA. This
assumption will increase the post-injection cost and following requirements need to be added to the
model:





Post injection costs related to the monitoring wells including:
o Plugging monitoring well
o Remove surface equipment, structures, restore vegetation for monitoring well
o monitoring well O&M Annual
seismic survey
Periodic post-injection reports to regulators

Table 3 - 29: Scenario 12 for the sensitivity of Long-term site care Cost
Subsurface Conditions

Size of emitter

Gas price Distribution
$/Mscf

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term Site
Care

S3

Low Distance/High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (50 mile)

Class II well

S12

Low Distance/ High
Bottomhole Pressure

Medium
(100,000 MT/yr)

Triangular (2, 4, 6)

33$/acre

Medium (50 mile)

Class VI well
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Table 3 - 30: Summary of result for Long-term site care scenario
UTC of Storage
$/tonne Stored
CO2 (mean, S.D.)

UTC of Transportation
$/tonne Transported
CO2 (mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of Post-Injection
$/tonne Injected CO2

UTC of CO2
Separation $/tonne
Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored CO2

S3

61.1, 9.2

38.7, 9.2

22.4

0.004

0

1.3

S12

61.1, 9.2

38.7, 9.2

22.4

0.02

0

1.3

3.8.7. Best of all (Scenario 13)
In order to find the most optimistic scenario and calculate the least possible overall UTC from all 11
scenarios, scenario 13 has all the best options. Results show that in the best case (from 11 defined
scenario), UTC of storing CO2 in shale gas formation can be as low as 25.4 $/ tonne Stored CO2.

Table 3 - 31: Scenario 13 best of all scenarios

S13

Subsurface Conditions

Size of emitter

Gas price Distribution
$/Mscf

Pore Space
Acquisition

Straight-Line
Transport Distance

Long-Term Site
Care

Low Distance/High
Bottomhole Pressure

High (500,000 MT/yr)

Triangular (2, 4, 6)

2$/acre

Medium (20 mile)

Class II well

Table 3 - 32: Summary of result for scenario 13

S13

UTC of Storage
$/tonne Stored
CO2 (mean, S.D.)

UTC of Transportation
$/tonne Transported
CO2 (mean, S.D.)

UTC of Injection
$/tonne Injected
CO2

UTC of Post-Injection
$/tonne Injected CO2

UTC of CO2
Separation $/tonne
Injected CO2
(mean, S.D.)

Pore Space cost
$/tonne Stored CO2

25.4, 0.8

3.6, 0.8

21.8

0.004

0

0.08

3.9. Discussion
This research utilizes the results of reservoir simulation for one injection well. Consequently, UTC of
injection and post-injection are calculated for one well. And common costs are shared just for one injector
well. Having more injection wells in the injection site, can reduce the UTC by dividing costs between
more wells.
Table 3 - 33 briefly states the reported CO2 transportation and sequestration cots in existing literature.
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Table 3 - 33: Comparing results of this research with reported cost in previous studies
Source

Cost Item

Cost
($/metric tonne)

Description

This study

Sequestration

22.4

This study

Sequestration

36.1

This study

Transportation

38.8

This study

Transportation

8.5

NETL (2010a)

Sequestration

5.5 – 11
2–7
5
0.5 – 5.0
6 – 12
40 – 77

For saline formations

Rubin (2005)
Ogden et al. (2002)
Holloway (2008)

Sequestration
Sequestration
Sequestration
Sequestration
Sequestration and
Transportation
Transportation
Transportation
Transportation

UTC of injection for scenario S3 (low distance
between wells/high bottomhole pressure)
UTC of injection for scenario S1 (medium distance
between wells/high bottomhole pressure)
UTC of transportation for scenario S3(medium
emitter, 100,000 metric tonne/year of CO2 emission
rate) and straight line distance of 80 km
UTC of transportation for scenario S6 (large
emitter, 500,000 metric tonne/year of CO2 emission
rate) and straight line distance of 80 km
For deep saline formations. It can be as high as
$25.4 per metric ton
For sandstone saline reservoirs at depth of 1600m
For geologic storage
For onshore operations
For offshore operations

3.2
3.45 – 5.26
7.82

Heddle et al. (2003)

Transportation

1.50 – 2

Eccles et al. (2009)
Rubin (2005)
Bachu (2007)
Bachu (2007)
Smith et al. (2001)

For 100 mile pipeline
For 100 km pipeline
For 500 km pipeline
For 100 km pipeline for a IGCC power plant with
2.16 Mt per year emission rate

In this study analysis of the subsurface scenarios suggests that in most cases (except Scenario S2) the
average UTC for CO2 transportation and long-term storage is between $60 and $88 per metric tonne. The
second conclusion of this project is that there is not a linear relationship between the injection pressure
and cumulative stored CO2. If everything else is constant, greater Bottomhole Pressure corresponds to
more storage potential. And positive effect of the increase in CO2 storage capacity per area of land (or
per volume of subsurface formation) due to high injection pressure and lower distance on project
economics dominates the negative cost impacts of CO2 separation after breakthrough.
UTC is highly sensitive to emitter size. Larger emitter sizes are associated with a lower per-unit CO2
transportation and storage cost, a result of economies of scale in pipeline transportation and injection
costs. Costs could be driven down to as low as $31 per metric tonne of stored CO2. Conversely, they
could be driven up $152 per metric tonne of stored CO2. Pore space cost was found insensitive to UTC.
UTC is highly sensitive to the transportation distance. UTC could be as low as $39 per metric tonne for a
straight-line distance of 20 mi from emitter to well and could be as high as $100 per metric tonne of
stored CO2 for 100 mi from emitter to well. The UTC is not sensitive to whether the long-term storage of
CO2 in shale is ultimately regulated as a Class II or Class VI well by EPA under the underground
injection control (UIC) requirements.

3.10. Suggested future work
There are many other factors that are not covered in this study. Parameters including well and geologic
properties, and economic variables that affect UTC, profit and also affect other inputs. These factors can
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be explored for more economically efficient point, for example combined effect of injection year,
bottomhole injection pressure and distance between two wells on UTC or effect of inflation and discount
rate. Also other variables can be chosen as objective function to find more desirable point, for example
the purpose of study can be maximizing storage capacity or total CO2 storage per well or finding the
sensitivity of storage to input variables.
A Network Optimization for CO2 pipeline can also be done to minimize transportation costs. Given a
collection of sources and sinks design of transport network can be studied. And sensitivity of that network
structure to the subsurface parameters in the producer/injector wells can be explored.

3.11. Example
Two source one sink:
In this example two industrial plants, located in South West of Pennsylvania, are selected from EPA data
base. First, it is assumed that each industrial plant collects its own CO2 emissions and transports it with its
own CO2 pipeline from the plant to the sink (well) and injects all CO2 emissions in one or more wells (Vshaped pipeline network). In this case UTC of Transportation is calculated and displayed in following
table.
Table 3 - 34: UTC of Transportation for two industrial plants located in SW Pennsylvania with
separate pipeline (Single source – single sink):

Facility Name

County

CONSOL PA COAL
CO LLC/BAILEY
WASHINGTON
PREP PLT
JESSOP STEEL,
LLC WASHINGTON WASHINGTON
FACILITY

UTC of
CO2 emissions
Transportation
estimated distance
(non-biogenic)
$/tonne
to the sink, miles
metric tons/ day
Transported CO2
(mean, S.D.)

Industry Type
(subparts)

CO2 emissions
(non-biogenic)
metric tons/ year

Stationary
Combustion

94620

259.23

60

48.7, 11.6

Stationary
Combustion

30451

83.43

60

151.4, 36.2

Second, it is assumed that each plant has a short CO2 pipeline from the plant to a collecting point
(separate pipelines) and then there is an integrated pipeline from collecting point to the sink (Y-shaped
pipeline network). Table 3 - 33 shows the calculated UTC of Transportation for each section.
Table 3 - 35: UTC of Transportation for two industrial plants located in SW with integrated
pipeline network:
Facility Name
CONSOL PA
COAL CO
LLC/BAILEY
PREP PLT
JESSOP STEEL,
LLC
WASHINGTON
FACILITY

CO2 emissions
(non-biogenic)
metric tons/ year

CO2 emissions
(non-biogenic)
metric tons/ day

estimated
distance from
plant to common
pipeline, miles

UTC of
Transportation
$/tonne Transported
CO2 (mean, S.D.)

94620

259.23

20

17.5, 3.9

30451

83.43

20

88

54.2, 12

estimated
common
distance,
miles

UTC of
Transportation
$/tonne Transported
CO2 (mean, S.D.)

50

30.9, 7.3

As results show it is more cost efficient to collect CO2 from industrial plants at a collecting point and then
transport the collected CO2 with an integrated pipeline (even though it is required to build longer pipeline)
instead of having separate pipelines from each plant to sink.
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3.13.

Appendix B
Table B – 1: Consumer Price Index (CPI), base year is 2013, (BLS 2014)
Year
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002
2001
2000

CPI
100
98.56
96.56
93.6
92.09
92.42
89.00
86.54
83.84
81.09
78.98
77.22
76.02
73.92

Graphical User Interface (GUI)

Figure B - 1: main Graphical User Interface (GUI)
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Figure B - 2: GoldSim GUI for pipeline properties.

(a)

(b)

(c)

Figure B - 3: GoldSim GUI for pipeline length and CO2 emissions Rate.
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Figure B - 4: GoldSim GUI for CO2 Injection Module.
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Figure B - 5: GoldSim GUI for CO2 injection geologic site characterization.
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Figure B - 6 :GoldSim GUI for CO2 injection well operations.

98

Figure B - 7: GoldSim GUI for monitoring during CO2 injection.

99

Figure B - 8: GoldSim GUI for production.
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Figure B - 9: GoldSim GUI for post-injection site care costs.

101

Figure B - 10 : GoldSim GUI for Reservoir Simulation for producer well
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Figure B - 11: GoldSim GUI for Reservoir Simulation for producer/injector well
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Figure B - 12: GoldSim GUI for results
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4. Fourth Chapter: Optimization of production and injection timing under uncertainty

4.1. Executive Summary/Abstract
This chapter focuses on stochastic analysis of the subsurface parameters and their impacts on economic
variables such as UTC and profit. Upgraded version of techno-economic model can test much wider range
of scenarios especially regarding geologic and well properties. Now, this model is capable of exploring
high level of uncertainty in input variables and testing the sensitivity of cost metrics to these inputs. New
upgrades add option of selecting stochastic analysis on each single geologic parameter individually or any
combination of them within the defined range. This way effect of input variables can be studied and
compared, to discover inputs with high and low impacts on outputs of the model. Some inputs are given
by nature and can’t be changed by human such as reservoir properties, some other inputs are also
dominated by the market or regulations such as CH4 and CO2 prices, but there are variables that can be
modified to lower the costs or increase the profit such as year of starting injection. Results of this chapter
can give better understanding about variety of inputs including given and changeable parameters.
According to findings, at positive prices of CO2 (paying for CO2) sequestration in Shale gas reservoir is
not economically feasible. At each level of CH4 price, if CO2 price is negatively high enough (project gets
paid for storing CO2) profit function can have an indifference curve with a minimum point. This curve
can be an estimate for minimum level of CO2 price that sequestration is profitable. Besides, sensitivity
analysis of selected group of subsurface parameters shows that producer well properties don’t have
significant effect on discounted UTC of injection.

4.2. Literature review/ Introduction
Statement of the problem
A wide range of scenarios were analyzed in third chapter, but because of numerous number of inputs,
there are still many other cases and parameters that have not been covered, especially subsurface
parameters. Regarding cost estimates of CO2 sequestration and storage, one common problem in most
previous researches is, utilizing deterministic method, costs, values and lacking stochastic and uncertainty
methods which suggest high level of precision in findings (Rubin 2012). Since there is uncertainty
involved in factors influencing cost estimates especially about new CO2 sequestration methods and
technologies, it’s helpful to consider this lack of precision in calculations (Rubin 2012).
More upgrades in techno-economic model which is coupled with SRM, increased the capabilities of the
model to test more diverse scenarios and study the input variables stochastically. Because of very high
degree of uncertainty and lack of information in the system, many values assumed fixed in previous
analysis of input parameters and sensitivity of outputs to these inputs is not clear.
Production and injection rates are related to subsurface parameters including well and geologic properties
which affect UTC and profit. But sensitivity of these outputs to the changes in different inputs is not the
same. New upgrades to the model, makes it possible to study these sensitivities.
One important parameter in profitability of project is the year that producer well switches to injector well,
CH4 production stops and CO2 injection starts. The project can benefit from sequestering CO2 in
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underground formation (if CO2 emission is regulated and carbon tax is imposed on emitters). On the other
hand, turning the producer well to an injector stops CH4 production and revenue from selling CH4. As it is
explained before, SRM produces results of reservoir simulation for a pair of wells: one producer and one
producer/injector. Producer remains a producer well for entire time of simulation (100 years) but
producer/injector is initially a producer and eventually converts to an injector well. This transition is
assumed to happen after producing 75% of accessible CH4 which kept fixed at 42nd year of production as
an independent variable (Kalantari 2013). But this is an engineering assumption and not necessarily an
economic efficient year for injection and depending on influential economic and non-economic factors
there might be more efficient and optimum solutions for this assumption with higher profit for project.
For example, under high gas price scenario it might be more efficient to postpone injection to later years.
High carbon tax also can affect this transition by moving it to earlier years. Changeable subsurface
characteristics can significantly affect this assumption as well.
This study will use the upgraded version of cost model and techno-economic model to study the relation
and interaction between economic and non-economic parameters and eventually their impact on CH4
production, CO2 storage and profitability of project and UTC.

4.3. Techno-economic model updates
4.3.1. Stochastic analysis of subsurface parameters
Techno-economic model is upgraded for stochastic and sensitivity analysis of all inputs required for SRM
(55 static variable for each well) individually or any selected combination of them. Newly developed GUI
enables user to select the Monte Carlo stochastic analysis for each subsurface parameter individually.
These parameters include well properties for producer and producer/injector (figure B - 10 and figure B 11 in appendix B). After selecting the stochastic analysis, user can enter two values to define the interval
or accepts default values, (these values are required to be within the defined range). For each realization, a
randomly generated number will be assigned to the chosen parameter from this interval. Then after, SRM
will be called for CH4 production and CO2 injection profiles as part of inputs to the techno-economic
model. Techno-economic model will have outputs for each realization and stochastic results in the end of
each run. This way it’s possible to explore the sensitivity of outputs (UTC) to each input parameter. User
can also define other Monte Carlo analysis properties such as number of realization. Subsurface Monte
Carlo stochastic analysis has two menus: basic and advanced (figure C - 1 in appendix C).
4.3.1.1. Basic menu
This menu enables basic and less experienced users to run the Monte Carlo sensitivity analysis for some
major subsurface parameters such as: CO2 injection starting year, distance between producer and
producer/injector wells, hydraulic fracture conductivity in i and j directions, net pay thickness, natural
fracture porosity, cluster Type, matrix permeability in i and k directions, and matrix porosity (figure C - 2
in appendix C).
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4.3.1.2. Advanced menu
This menu is designed for advanced users to run the Monte Carlo sensitivity analysis on any of well
properties for both producer and producer/injector (figure B - 10 and figure B - 11 in appendix B). In this
menu, advanced user has complete control over the subsurface parameters and reservoir simulation
inputs.

4.3.2. Number of wells
As mentioned before, SRM produces reservoir simulation results assuming constant bottomhole pressure.
Accordingly, CO2 injection rate per well is declining over the time. Having constant CO2 flow rate in the
pipeline, by decrease in CO2 injection rate per well at time interval t, more injecting well would be
required for next time interval. Injection rate per well is the output of SRM and is a vector (100×1), which
the n×1 element determines the injection rate in nth year from the beginning of the project (injection will
be started when the reservoir is depleted which will be after 42th year).
[

]

Equation 139

Number of injecting wells is also a vector (100×1) and nth element includes the required number of
injecting wells in nth year:
[

]

Equation 240

Number of injecting wells at t1 (first year of injection >= 42) can be calculated as:
[

]

[

Equation 341

]

Number of injecting wells at t2 (second year of injection):
[

]

[
[

]

[

]

[

]

Equation 442

]

Number of injecting wells at t3 (third year of injection):
[

]

[
[

]
]
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[

]

[

]

Equation
543

Therefor general equation to calculate required number of injecting wells at tn (nth year of injection):
[

]

∑
[

]

([

]

[

])

Equation
644

Figure 4 - 1 displays a sample results for required number of injecting years for a pipeline with CO2 flow
rate of 100,000 MT/yr.

Figure 4 - 1: Sample result for number of injecting wells for a pipeline with CO2 flow rate of
100,000 MT/yr

4.3.3. Price of CO2
Currently, main portion of CO2 consumed in EOR projects is from natural resources of CO2 (Dilmore
2010). And providing CO2 contributes to large share of costs in these projects (Ham 1996). Some of the
CO2 price reported in EOR literature is mentioned in table 4 -1. But according to Leacha and others
(2010), future emission reduction policies may benefits CO2 sequestration projects. Carbon emission
policies may impose tax on CO2 which stimulates industries to be willing to pay (less than carbon tax) to
get rid of their CO2 emissions.
Initially model assumes zero cost for CO2 which means CO2 is free. In the upgraded version of the model
CO2 cost is added to the model to test wider range of uncertainty. A triangular distribution (with
minimum, most likely, and maximum) is assumed for CO2 price for each year (Figure C - 3, Appendix C).
Price can be positive or negative. Negative price of CO2 implies that project gets paid for sequestration
and storing CO2 adds revenue in addition to selling the CH4 but positive price of CO2 denotes purchasing
and paying for CO2 which adds cost to the project.
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Table 4 - 1: CO2 cost reported in the literature
Price of CO2 ($/Mcf )*
3 (in Wyoming’s Powder River Basin.)
1.2 (in Permian Basin)
1.25 (in the Gulf Coast region)
1(in California)

Source
van 't Veld (2010)
Advanced Resources International (2006)
DOE (March 2005)
Rawls and others (2002)

*: One metric tonne of CO2 equals 19.28 thousands standard cubic feet

4.3.4. Cost updates
On the time of preparing this chapter some of the references that are used in the third chapter are updated.
Therefore techno-economic model and cost model is updated accordingly. Here is the list of updates:










Pipeline cost breakdown of pipeline Capital and Operating and Maintenance costs (Table 3 - 3)
Geologic Site Characterization Unit Costs (Table 3 - 5)
Monitoring Unit Costs (Table 3 - 7)
Well Operation Unit Cost (Table 3 - 8)
Mechanical Integrity Test Unit Cost (Table 3 - 9)
Post-Injection Site Care Unit Costs (Table 3 - 15)
Calculating total storage area (section 3.6.2.5)
CO2 separation cost triangular distribution (section 3.6.3.3)
Result GUI menu (section 3.8)

4.4. Results
4.4.1. Sensitivity analysis of profit regarding CH4 price, CO2 price, and injection year
As it is explained, the injection year chosen by reservoir modeling team might not be an economic
efficient year for injection. And depending on the value of input variables, there might be more efficient
injection year(s) with higher profit for the project. Basically, the more efficient solution is the case that
has higher profit for the project. The general form of objective function can be written as:

Objective function:
∫

(

)

PCH4: Price of CH4
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PCO2: Price of CO2
CH4 productionP: CH4 production rate from Producer well
CH4 productionP/I: CH4 production rate from Producer/Injector well
CSep: Cost of CO2/CH4 mixture separation
CI: Cost of CO2 Injection
All these variables are calculated per well (injection well) and profit is calculated for two wells.
For better analysis of results profit function focuses on producer and producer/injector wells and because
transportation and post-injection site care costs are independent from well properties, these costs are
excluded from the equation.
In order to explore more efficient points, objective function (profit function) is stochastically studied for
different injection years and value of other variables is kept at the same level (except Natural Gas and
CO2 prices) with regard to third scenario as the base case (Low Distance/High Bottomhole Pressure and
medium size emitter). First, Natural Gas price is assumed to have a flat rate of 3 $/mcf and profit is
calculated for a range of injection years for different CO2 prices.
As figure 4 - 2 shows at Natural Gas price of 3 $/mcf, for CO2 cost more negative than -30$/tonne (in
negative price, project is paid but in positive price, pays for storing CO2) profit is declining by increase in
injection year and it is more profitable to start the injection as soon as possible to take advantage of
money earned from storing CO2. On the other hand if CO2 price is higher than -10$/tonne (more positive),
profit is increasing and CO2 sequestration is not profitable enough to convince the owners of the project
to convert the producer well into an injector and store CO2 and they better off if they postpone the
injection as much as possible. These results obviously show that under positive price of CO2 the project is
not economically feasible. But if CO2 cost is between -10 to -30 $/tonne, the profit function has a convex
curve with a minimum. Hence, starting injection as early as possible or moving the injection to the latest
possible years is more profitable than injection in intermediate years, depending on the price of CO2. For
the price of CO2 somewhere between -20 and -25 $/tonne the project is indifference between CO2
injection in early or late years.
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Figure 4 - 2: project profit at CH4 price of 3$/mcf

In order to find this indifference curve, the model needs run stochastically for different prices of CO2,
increasing 1$/tonne for each run (one run of the model produces just one single graph). This study has
tested at least 40 levels of CO2 price (40 runs) for each CH4 price. And this procedure is repeated for the
price of CH4 from 3$/mcf to 12 3$/mcf (at least 400 runs).
Indifference curves for each level of CH4 price are selected from the results and displayed in figure 4 - 3.
For example at CH4 price of 6$/mcf indifference curves appears at CO2 price of -30$/tonne. At this point
profit for starting CO2 injection at 42nd year equals to the profit of CO2 injection starting at 56th year. For
injection starts at 42nd year, CO2 storage will be higher but CH4 production is lower than starting CO2
injection at 56th year, so the project is indifferent between high CO2 storage, low CH4 production and low
CO2 storage, high CH4 production.
According to these results, higher price of CH4 moves the indifference curve to the lower levels of CO2
price (more negative price). This finding denotes that if the price of CH4 is higher, the owner of the
project needs higher revenue from CO2 to be motivated to start storing the CO2.
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CH4 price 3$/mcf

CH4 price 4$/mcf

CH4 price 5$/mcf

CH4 price 6$/mcf

CH4 price 7$/mcf

CH4 price 8$/mcf

CH4 price 9$/mcf

CH4 price 10$/mcf

CH4 price 11$/mcf

CH4 price 12$/mcf

Figure 4 - 3: Profit indifference curves for CH4 price between 3 and 12 $/mcf
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In higher costs (less negative) of CO2, storage is not as profitable as CH4 production and by switching the
producer well to the injector, profit decreases. So if the price of Natural Gas increases and CO2 price kept
at the same level, project owners tend to postpone the injection to the later years and if there is no legal
obligation for CO2 storage, then there is no economic reason to do so. Findings also shows that
indifference curves are more sensitive to CH4 than CO2 price. By one unit change in CH4 price, larger
change in CO2 price is required to reach an indifference curve.

4.4.2. Sensitivity of UTC of injection to major subsurface parameters
4.4.2.1. Regression model test
One technique to study the sensitivity of UTC to major geological inputs is to run the stochastic model
and fit a regression model. For this purpose, 8 main subsurface parameters (Four for producer and the
other four for producer/injector well) are selected as predictor variables:

Table 4 - 2: Selected subsurface parameters for sensitivity analysis of UTC of injection
Geologic Parameter

Range

Hydraulic fracture conductivity in i-direction
Hydraulic fracture conductivity in j-direction
Net pay thickness for Tier 1
Natural fracture porosity

0.26 - 5.4 (md-ft)
0.13 - 2.7 (md-ft)
60 - 130 (ft)
0.005 - 0.035 (fraction)

Producer well:
1.
2.
3.
4.

Producer/Injector well:
5.
6.
7.
8.

Hydraulic fracture conductivity in i-direction
Hydraulic fracture conductivity in j-direction
Net pay thickness for Tier 1
Natural fracture porosity

0.26 - 5.4 (md-ft)
0.13 - 2.7 (md-ft)
60 - 130 (ft)
0.005 - 0.035 (fraction)

Since distance between producer and producer/injector well is high enough (900 ft) in third scenario
amount of CO2 breakthrough is negligible, UTC of transportation and Post-Injection are independent from
UTC of Injection, and subsurface parameters affect the injection costs, discounted UTC of Injection is
selected as the response variable.
Techno-economic model in GoldSim is run for 1000 realizations. And for each realization, each of above
parameters is given a randomly generated value from the range, SRM is called, CH4 production and CO2
injection profile are extracted and UTC of injection is calculated. In the end, results are collected for
linear regression test. Table 4 - 3 and 4 - 4 display the test results for fitted linear regression model to the
collected data:
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Table 4 - 3: Linear regression test results
Multiple R

0.933

R Square

0.870

Adjusted R Square

0.869

Standard Error

0.853

Observations

1000

ANOVA
df

SS

MS

F

Significance F

8

4823.949

602.994

828.942

0

Residual

991

720.878

0.727

Total

999

5544.827

Regression

Table 4 - 4: Linear regression test results
Coefficients

Standard
Error

t Stat

P-value

Lower
95%

Upper
95%

Lower
95.0%

Upper
95.0%

Intercept

14.115

0.228

61.786

0.000

13.667 14.564 13.667 14.564

Hydraulic fracture conductivity in i-direction

-0.010

0.018

-0.524

0.600

-0.045

0.026

-0.045

0.026

Hydraulic fracture conductivity in j-direction

0.021

0.037

0.572

0.567

-0.051

0.093

-0.051

0.093

Net pay thickness for Tier 1

-0.002

0.001

-1.404

0.161

-0.005

0.001

-0.005

0.001

Natural fracture porosity

2.818

3.125

0.902

0.367

-3.314

8.949

-3.314

8.949

Hydraulic fracture conductivity in i-direction

0.061

0.018

3.356

0.001

0.025

0.097

0.025

0.097

Hydraulic fracture conductivity in j-direction

0.031

0.037

0.853

0.394

-0.041

0.103

-0.041

0.103

Net pay thickness for Tier 1

0.105

0.001

78.734

0.000

0.103

0.108

0.103

0.108

Natural fracture porosity

60.737

3.119

19.475

0.000

54.617 66.857 54.617 66.857

According to these results there is no statistically significant correlation between following parameters
and UTC of injection (because P-value is higher than significance level of 0.05):
Producer:
1.
2.
3.
4.

Hydraulic fracture conductivity in i-direction
Hydraulic fracture conductivity in j-direction
Net pay thickness for Tier 1
Natural fracture porosity

Producer/Injector:
6. Hydraulic fracture conductivity in j-direction
Based on above findings, selected properties from producer well don’t significantly contribute to the
discounted UTC of injection. In addition, hydraulic fracture conductivity in j-direction for
producer/injector well also doesn’t have significant effect on this result. In this case UTC of injection is
not sensitive to these inputs. Other properties of producer/injector (hydraulic fracture conductivity in idirection, net pay thickness, and natural fracture porosity) have positive impact on discounted UTC of
injection.
Figure 4 - 4 graphs the sensitivity of discounted UTC of injection to producer/injector properties.
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UTC of injection ($/tonne CO2)

UTC of injection ($/tonne CO2)

UTC of injection ($/tonne CO2)

UTC of injection ($/tonne CO2)

UTC of injection ($/tonne CO2)

UTC of injection ($/tonne CO2)

Figure 4 - 4: Sensitivity analysis of UTC of injection to producer/injector well properties
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The third dimension in each graph is discounted UTC of injection which is plotted by color. Red dots in
the graph imply cases with higher UTC.
4.4.2.1. sensitivity of Bottom hole injection pressure and distance between two wells
This section studies the sensitivity of discounted UTC to distance between two wells and bottomhole
injection pressure. Distance between wells and bottomhole injection pressure are important factors in
production, injection and breakthrough. Shorter distance and higher injection pressure give higher storage
capacity in reservoir (higher injection rate in less storage area). If two wells are located close enough
together, injecting CO2 might cause minor Enhanced Gas Recovery and increase in CH4 production
(depending on the distance and other subsurface parameters). But shorter distance and higher injection
pressure will increase the chance of CO2 breakthrough in production which adds the CO2/CH4 mixture
separation cost (depending on the concentration of contamination). Figure 4 - 5 shows discounted UTC vs
Bottomhole Injection Pressures for different distance between wells (400 to 800 ft). Each point in the
graph is a final result of techno-economic model according to reservoir simulation results for that distance
between wells and bottom hole injection pressure. For better analysis, UTC of transportation is excluded
from calculations (to remove the effect of tortuosity and uncertainty in pipeline length and focus on effect
of desirable parameters). According to this figure, increasing Bottomhole injection pressure, decreases the
discounted UTC independent from distance between two wells. It seems effect of increase in injection
capacity due to higher pressure compensates the cost associated with CO2 breakthrough caused by closer
distance and high injection pressure.

Figure 4 - 5: Sensitivity of discounted UTC (without considering UTC of transportation) to
Bottomhole Injection Pressure and distance between two wells
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4.5. Conclusion
With regard to findings in this research, there is a minimum price for CO2 (negative price) at each level of
CH4 price to make the CO2 sequestration profitable. At this minimum price, project is indifferent between
CO2 storage and CH4 production (converting producer to injector well). Above this price (more positive)
production is more profitable and below that (more negative price) CO2 storage. If price of CO2 is more
than indifference price, project makes more profit by postponing the CO2 injection as far as possible.
Higher price of CH4 moves the indifference curve to more negative price of CO2. These results can help
the policy makers for setting the carbon tax in the level that can stimulate the industries for storing CO2
emission in Shale formations. It can be concluded that indifference curve is the minimum level of CO2
price that can make the CO2 storage in shale gas economically feasible.
Sensitivity analysis of subsurface parameters indicates that producer well properties don’t have significant
impact on discounted UTC injection. Besides, positive effect of lower distance between wells and higher
Bottomhole injection pressure has larger impact on UTC than negative effect of potential breakthrough.

4.6. Future work
There are many other factors that are not covered in this study. Parameters including well and geologic
properties, and economic variables that affect UTC, profit and also affect other inputs. These factors can
be explored for more economically efficient point, for example combined effect of injection year,
bottomhole injection pressure and distance between two wells on UTC or effect of inflation and discount
rate. Also other variables can be chosen as objective function to find more desirable point, for example
the purpose of study can be maximizing storage capacity or total CO2 storage per well (which can be the
integration of CO2 injection rate) or finding the sensitivity of storage to input variables.
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4.8. Appendix C
Reservoir simulation Graphical User Interface (GUI)

Figure C - 1: Basic and Advance settings

Figure C - 2: Basic menu for stochastic analysis of subsurface parameters

119

Figure C - 3: CO2 cost
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