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ABSTRACT 

Carbon capture and sequestration processes can use the infrastructure of unconventional EOR 

projects targeting organic-rich source rocks and use the existing fluids separation and injection 

technologies. Accordingly, source rocks, also called shale, have unique petrophysical properties 

that facilitate the storage of large amounts of gas, such as methane and carbon dioxide, at high 

pressure. Several laboratory methods have previously been developed to measure the storability 

of gases such as methane and carbon dioxide (CO2) in shale. In my thesis, I investigate source 

rocks for carbon sequestration by applying an existing gas storage method based on Boyle’s law. 

Six shale samples with an average 5% total organic carbon were considered and total (free + 

sorbed) gas storability is predicted using key laboratory-measured parameters: pore volume, pore 

compressibility, Langmuir volume, Langmuir pressure, and sorbed phase density.  The Santos and 

Akkutlu (2013) method considered pore volume changes and used a linear form of the Langmuir 

model to estimate gas storability in the laboratory. Experiments were conducted at 77°F for a 

pressure range of 1,500-3,200 psi.  Four of the samples showed preference for CO2 storage in the 

sorbed phase over the compressed free phase indicating that sequestration in source rocks will be 

dominated by the CO2 adsorption as the trapping mechanism. The maximum amount stored sorbed 

volume ranged from 520 to 2,040 scf/ton while the maximum compressed free gas stored ranged 

from 83 to 460 scf/ton respectively. To maintain the earth’s temperature from rising by 2°C by 

2050, it has previously been predicted that about 45 giga-tons of CO2 in total must be sequestered 

by 2050 considering yearly emission reductions are made. Based on my experimental results I find 

out that carbon sequestration in North American source rocks should suffice to reach to this target. 

Barnett shale alone, including in my calculation the total (both developed and not-yet developed) 
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acreage, has the capacity to store 435 giga-tons of CO2. The Marcellus shale, on the other hand, is 

a large storage unit with a carbon sequestration capacity of 1000 gigatons, i.e., 1 tera-ton. I 

conclude that the source rocks as volumetric storage units have a significant capacity for the carbon 

sequestration. This is mainly due to the potential of the organic material in source rock to store 

carbon dioxide in sorbed states. 
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NOMENCLATURE 

      𝐵𝑔𝑖,𝐶𝐻4
 = Gas formation volume factor for CH4 gas 

      𝐵𝑔𝑖,𝐶𝑂2
 = Gas formation volume factor for CO2 gas 

Cp = Coefficient of isothermal pore volume compressibility, 1/psi 

      GCH4 = Free gas storage capacity of CH4 gas, scf 

      GCO2 = Free gas storage capacity of CO2 gas, scf 

      Gf = Free gas storage capacity, scf/ton 

Gf, dev = Free gas storage capacity at developed area, scf 

 

 Gs = Sorbed-gas storage capacity, scf/ton 

 Gt = Total gas storage capacity, scf/ton 

 GsL = Langmuir maximum sorption storage capacity, scf/ton 

 M = Molar mass, g/mol 

 𝑛𝑑 = Number of moles of dead volume, mol 

 𝑛𝑑𝑓 = Number of moles of dead volume at equilibrium pressure, mol 

 𝑛𝑑𝑖 = Number of moles of dead volume at initial pressure, mol 

 𝑛𝑟 = Number of moles in reference cell, mol 

 𝑛𝑟𝑓 = Number of moles in reference cell at equilibrium pressure, mol 

 𝑛𝑟𝑖 = Number of moles in reference cell at initial pressure, mol 

 ns,free = Number of free moles stored, mol 

 ns,s i  = Number of sorbed moles stored at stage i, mol 

 ns,s = Number of sorbed moles stored, mol 

ns,s max = Maximum number of moles stored in sorbed phase, mol 

 𝑛𝑠,𝑡𝑜𝑡 = Total moles of gas stored in sample, mol 
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𝑛𝑠,𝑡𝑜𝑡 𝑖 = Total number of moles stored in sample at stage i, mol 

𝑛𝑠,𝑡𝑜𝑡 𝑓 = Total moles of gas stored in sample at equilibrium pressure, mol 

 P = Pressure, psi 

 Patm = Absolute atmospheric pressure initially in sample 

 𝑃𝑑𝑓 = Final dead volume pressure, psi 

 𝑃𝑑𝑖 = Initial dead volume pressure, psi 

 𝑃𝑖 = Pressure of sample cell at initial pressure, psia 

 𝑃𝑖,𝑟𝑒𝑠 = Average initial reservoir pressure, psia 

 Pf = Pressure of sample cell at equilibrium pressure, psia 

 𝑃𝐿 = Langmuir pressure, psia 

 Pp = Pore pressure, psia 

 𝑃𝑟𝑓 = Final reference cell pressure, psi 

 𝑃𝑟𝑖 = Initial reference cell pressure, psi 

 𝑃𝑠𝑐 = Pressure at standard conditions, psi 

 P1 = Absolute initial reference volume pressure 

 R = Universal gas constant, psia-ft3/mol-K 

 𝑆𝑤𝑖 = Initial water saturation, fraction 

 T = Temperature, °F 

 𝑇𝑖 = Temperature at initial reservoir conditions, °F 

𝑇𝑂𝐶 = Total organic carbon 

 𝑇𝑆𝐶  = Temperature at standard conditions, °F 

 scf =  cubic feet of volume of gas measured at standard conditions of 60°F and 14.7 psia 
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 Tf = Absolute temperature of reference volume and sample after Pf is stabilized temperature 

at equilibrium, °C 

 T1 = Absolute temperature of sample pore volume at atmospheric pressure 

 T1r = Absolute temperature of reference volume at P1 

 Vads = Adsorbed gas volume, cc 

 Vc = Sample chamber volume, cc 

 VCp = Volume due to pore compressibility, cc 

 Veff  = Effective pore volume associated with Helium free gas, ft3 

 Veff 1 = Effective pore volume associated with CO2 and CH4 free gas, ft3 

 VG = System grain volume, cc 

 Vp = Sample pore volume, cc 

 𝑉𝑝𝑖 = Initial sample pore volume, cc 

 Vp0 = True pore volume, ft3 

 Vr = Reference cell volume, cc 

 𝑉𝑟𝑓 = Final reference cell volume, cc 

 𝑉𝑟𝑖 = Initial reference cell volume, cc 

 𝑉𝑠𝑖 = Initial sample pore volume, cc 

 𝑉𝑠𝑓 = Final sample pore volume, cc 

𝑉𝑠,𝑠 𝑚𝑎𝑥 = Maximum volume of stored sorbed gas, cc 

 Vv = Valve displacement volume (from open to closed position) 

 w = Weight of sample, ton 

 𝑧𝑑𝑓 = Compressibility factor of dead gas at equilibrium pressure 

 𝑧𝑑𝑖 = Compressibility factor of dead gas at initial pressure 
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 𝑧𝑓 = Compressibility factor at final equilibrium pressure 

 𝑧𝑖,𝐶𝐻4
 = Compressibility factor of CH4 at initial reservoir pressure 

 𝑧𝑖,𝐶𝑂2
 = Compressibility factor of CO2 at initial reservoir pressure 

 𝑧𝑟𝑓 = Compressibility factor at reference cell at equilibrium conditions 

 𝑧𝑟𝑖  = Compressibility factor at reference cell at initial conditions 

 𝑧𝑃𝑓
= Compressibility factor at reference cell equilibrium pressure 𝑃𝑓 

 𝑧1 = Compressibility factor at 𝑃1 and  𝑇1 
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GREEK SYMBOLS 

 ρs,free = Free-phase density at standard conditions, g/cc 

 ρs,s = Sorbed-phase density at standard conditions, g/cc 

 ρs,max = Maximum sorbed-phase density at reservoir conditions, mol/cc 

 ϕ = Porosity, fraction 
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1. INTRODUCTION 

1.1 Overview 

Human activities increase the emission of gases, such as methane (CH4) and carbon dioxide 

(CO2), which are main contributors of the greenhouse effect. They contribute 17% and 74% 

respectively to the total greenhouse gas emissions (Ritchie and Roser, 2020). This ongoing 

greenhouse effect has negative consequences at various levels that could have the potential to 

endanger both nature and humanity. Most importantly, it could accelerate global warming to a 

scale that the natural course of the earth’s climate could change irreversibly. Currently, it is 

difficult to predict the consequences of a changing climate on life on earth with certainty, but in 

order to preserve and protect, international climate agreements have been introduced as 

commitments aimed at reducing emissions.  

There is consensus that the current global greenhouse gas emissions far exceed the earth’s natural 

uptake. The earth is capable of naturally absorbing up to 200 megatons per year (Mtpa) of CO2 

(IPCC, 2001) through land and ocean sinks. However, as of 2021, Our World in Data reported that 

an estimated 36,000 Mtpa of CO2 has been emitted globally (Ritchie and Roser, 2021). According 

to one estimate, only the energy-related emissions in 2020 was 31,500 Mt (IEA, 2021a).  The earth 

would require more than 150 years to eliminate this large volume. Figure 1 shows that emissions 

from fossil fuels have increased exponentially. Interestingly, half of the anthropogenic CO2 

emissions took place in a relatively short period of time, between 1970 and 2010, when a rapid 

economic and population growth took place (Pachauri, 2014) 
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Figure 1.  (bottom) Annual CO2 emissions from burning of fossil fuels and atmospheric 

concentration during the years 1750-2020. (top) Annual CO2 emissions in billion tons 

from burning of fossil fuel edited from Our World in Data. Earth’s CO2 adsorption capacity is 
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200Mtpa. Figures adapted from Ritchie and Roser (2020) from Our World in Data.1.2 

Greenhouse Gas Emissions Reduction Efforts 

Rapidly increasing emissions are currently enforcing countries to develop ambitious plans for 

the reduction of their individual CO2 emissions. However, this is an arduous task, in particular for 

developing countries with significant volumes of emission. The current global CO2 capture 

capacity is 40 Mtpa (CCS Institute 2020, IEA 2021a). As such, CO2 emissions have been far 

exceeding the efforts for its reduction. The IEA net zero report (IEA, 2021b) estimates that 1,600 

Mtpa capture is required by 2050 to limit global temperature increase to 2°C assuming yearly 

emissions decrease occur until 2050. Our World in Data emphasizes that global emissions have 

not yet peaked (Ritchie and Roser, 2020), therefore, it is anticipated that the emissions will 

continue to increase significantly and that the efforts to control emissions at large scale should 

begin without further delay. The longer these efforts are delayed, the higher the greenhouse gas 

capacity ceiling requirement will be (Zahasky and Krevor 2020). Due to its urgency, scientists and 

engineers have been and continue to actively seek solutions to retard and control the rise of 

greenhouse gas emissions. 

The prevalent proposed solution to mitigate the emissions is to implement renewable energy 

and electric vehicles (EVs) to replace fossil fuels. However, this will require upscaling of various 

industries with significant emissions. Azadi et al. (2020) estimate that nearly 10% of the total 

global energy-related emissions in 2018 stemmed from minerals and metal production. Recent 

publications highlight the negative environmental and social impacts of activities such as steel and 

cement production (Xu et al. 2020, Azadi et al. 2020, Wang et al. 2020, Nature Editorial 2021). 

Mining activities necessary for large-scale development of the battery industry include long-

distance transportation, electrical equipment usage, mineral refining, and material processing 
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which is a particularly energy intensive process. An important factor that is likely to increase the 

mining carbon footprint is decreasing ore grade. As the ore quality decreases, larger volume of the 

raw mineral is needed to produce the equivalent amount of mineral, resulting in a further increase 

in the onsite mining activities (Azadi et al. 2020). Presuming these scenarios extend to other 

minerals, renewable energy and EVs may not provide the necessary emissions reduction foreseen. 

 

1.3 Carbon Sequestration as Greenhouse Gas Emission Control 

Thus, carbon capture, utilization and sequestration has become key to mitigate greenhouse gas 

emissions. As mentioned earlier, CO2 sequestration could be achieved by the combined integration 

of plants, soils, and the ocean. One approach is then to increase the rate of sequestration through 

changes in forestry, land use or in direct capture and injection into the ocean. Another approach is 

to directly capture and store the gases in subsurface storage units that have reliable seals, i.e., 

geological sequestration.  

Zahasky and Krevor (2020) estimate that there exists 10 million Mt of prospective geological 

storage sites available. They further argue that 2.7 million Mt of carbon sequestration is required 

by 2050, which requires roughly 27% of the geological storage sites used for CO2 injection and 

storage. This indicates that geological storage is physically possible to achieve the set targets. 

Therefore, geological sequestration is considered as a method with potential for large (megatons) 

scale sequestration. 

Geological sequestration efforts have so far focused on aquifers and depleted conventional 

reservoirs, in particular in countries with governments that allow carbon credit as a permit to emit 

a fixed amount of CO2 to the atmosphere. Successful projects include deep saline aquifers and 

offshore petroleum reservoirs in Norway and Canada. Since there is significant interest in 



5 
 

subsurface sequestration, the introduction of source rocks (such as depleted shale wells) becomes 

relevant as they offer potential alternative sites for sequestration. By repurposing existing 

infrastructure and applying the improved recovery concepts, Occidental Petroleum is already 

performing carbon sequestration in its Permian Basin assets, currently storing 20 Mtpa (United 

Nations, 2019). This effort creates a synergy with CO2-enhanced shale oil recovery. During an 

average EOR process roughly 40% of the injected CO2 stays in the reservoir and sequestered; 

whereas the produced CO2 can be separated and injected back.  If this process can be applied to 

other major shale plays in the United States, such as the Eagle Ford and Bakken, the carbon 

sequestration in shale rocks can have a major impact. The knowledge gained through experience 

in carbon sequestering in source rocks could be extended to other shale oil/gas producing fields 

located in Canada, Argentina and China.  

In this study, I will focus on shale gas formations. Previously developed, depleted, and fractured 

shale gas formations are promising alternative storage locations for several reasons. Firstly, these 

formations have been effectively holding a large volume of greenhouse gas (methane) for 

thousands of years -- why not inject another greenhouse gas CO2 for sequestration? The 

infrastructure to store, transport and inject the gas already exists. Thousands of vertical and 

horizontal wells have already been drilled and completed, hence the target formations for 

sequestration are easily accessible. Because the region of interest has already been developed for 

production, pipelines have already been built to transport the gas to market. Hence, an entire 

network is already in place that can be repurposed for the delivery and injection of CO2 into the 

desired subsurface formation (Fig. 2). For example, Sminchak et al., 2012 investigated the 

infrastructure requirements for large-scale CO2 storage applications in midwestern United States. 

Additionally, major cities near source rocks (such as Dallas/Fort Worth near Barnett; New York 
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City, Pittsburgh, Columbus near Marcellus) can benefit by creating a CO2 capture and storage 

system for the city’s high emission points such as power plants, cement factories etc. CO2 would 

be transported from the source through the existing pipelines to the well head. 

 

 

Figure 2 — Visual representation of existing infrastructure in an industrial setting transporting 

CO2 to storage site from the source. 

 

1.4 Carbon Sequestration Potential in North America 

The upstream petroleum industry possesses not only the infrastructure needed but also the 

key knowledge necessary to design the carbon sequestration operations targeting the source rocks. 

Storability measurement of geological formations has been important for estimation of in situ oil, 

water and gas volumes. These measurements have been part of the effort to assess the economic 

potential of the conventional oil and gas resources. Similarly, storability measurement is also 

important in identifying a rock’s quality for carbon sequestration location. However, our 

understanding of the storage capacity of the unconventional resources such as the source rocks for 
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preliminary calculations of sequestration volumes is at its infancy. New and reliable technologies 

such as downhole tools and laboratory methods are critical for the sequestration considerations in 

source rocks. In this thesis, I discuss laboratory methods available, new concepts and trends 

observed in estimating the gas storage capacity of source rocks. A new methodology will be 

introduced in order to estimate the greenhouse gases (CH4, CO2) storage capacity of shale samples. 

 

Figure 3 — Map of shale plays in the United States reprinted from EIA (2011). 

 

A map of showing the locations of gas shale plays in the US is presented in Fig. 3. The focus 

would be on Barnett, Marcellus and Fayetteville gas shales. Original gas in-place in these 

formations has already been calculated assuming the stored fluid is pure methane. (This 

assumption is reasonable for shale gas.) Table 1 shows the estimated values taken from Svetlana 
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et al. (2018). Remember that these calculations have large uncertainties due to geological, 

geochemical, and petrophysical variability in these formations. Also, the uncertainties further 

increase due to lack of data. Despite these uncertainties, it is interesting to note the significant 

difference in storing gas in the Marcellus due to the large acreage the formation holds. The latter 

stores nearly 25 times more natural gas than that in Fayetteville and about 3.6 times more than that 

in Barnett. 

Table 1 — Original Gas in Place for Source Rocks adapted from Svetlana et al. (2018).  

 

Parameter (unit) Barnett Marcellus Fayetteville Haynesville 

Initial Pressure (psi) 3,000 3,500 2,000 10,000 

Temperature (°F) 190 135 223 315 

z-factor for CH4 0.8343 0.8595 0.8288 1.4764 

z-factor for CO2 0.4011 0.4583 0.2835 1.1436 

 

Gas in-Place (Tscf) 508 1,813 75 700 

 

Let us focus to Barnett shale with an estimated 508 Tscf of natural gas in-place, but keep in 

mind that the same discussion I will follow can be extended to the others. The question one needs 

to ask is the following: If I consider CO2 sequestration in the same source rock under the same 

initial pressure and temperature conditions, would the amount of CO2 stored be the same? (I 

consider the storage estimations made using the initial reservoir pressure of each site, because this 

is the highest pressure that I can consider carbon sequestration without compromising the sealing 

capacity of the rock.) The answer to my question is no; because, even though CO2 is going to take 

up the same pore volume in the rock at the same pressure and temperature as methane did, these 

molecules behave differently. More precisely, they maintain different qualities such as density and 

formation volume factor. In essence, maintaining the same pressure and temperature, when forced 

into a tank, these gases will be compressed at a different level. In turn, when we apply the 
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volumetric method, the calculated gas in-place will change. Allow me to explain my point using 

numbers. 

 In Svetlana et al. (2018) the natural gas in-place in a shale play is calculated using the 

volumetric equation: 

𝐺𝐶𝐻4
=

𝐴ℎ ф (1−𝑆𝑤𝑖)

𝐵𝑔𝑖,𝐶𝐻4  
………………………………………………………….…..…………..(1) 

 

Table 2— Formation parameters and their volumetric equation constant numerator values. 

 

Average Total 

Formation Area 

(ft2) 

Average 

Formation 

Thickness 

(ft) 
Porosity (ф) 

Initial Water 

Saturation (Swi) Constant 

Barnett 3.987E+11 300 0.060 0.25 5.382E+12 

Marcellus 2.286E+12 125 0.019 0.30 3.801E+12 

Fayetteville 1.199E+11 200 0.050 0.25 8.991E+11 

Eagle Ford 5.576E+09 200 0.035 0.20 3.123E+10 

Haynesville 1.818E+11 250 0.1023 0.318 3.17156E+12 

 

In Equation (1) the acreage A, formation thickness h and water saturation Swi are all fixed 

quantities regardless of the nature of the gas being considered for storage. Only the formation 

volume factor 𝐵𝑔𝑖 changes with the type of gas because, as shown in Eq. 2, it depends on 𝑧𝑖,𝐶𝐻4
 

the corresponding compressibility for CH4 at the initial reservoir pressure (𝑃𝑖) and initial reservoir 

temperature (𝑇). 

𝐵𝑔𝑖,𝐶𝐻4
=

𝑃𝑠𝑐

𝑧𝑇𝑠𝑐

𝑧𝑖,𝐶𝐻4 𝑇

𝑃𝑖
…………………………………………………………………………(2) 
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The amount of CO2 that could be stored at initial reservoir conditions can be estimated by 

substituting 𝐵𝑔𝑖,𝐶𝑂2
 into Eq. 1, where the compressibility factor for CO2 is 𝑧𝑖,𝐶𝑂2

 needs to reflect 

the change in the stored fluid. Taking the numerator of Eq. 1 as constant, the amount of original 

gas in place (OGIP) is proportional to the inverse of the gas formation volume factor. Tabulated 

values of the constant value for different formations are shown in Table 2. 

     𝐺𝐶𝐻4
=  

𝑐𝑜𝑛𝑠𝑡.

𝐵𝑔𝑖,𝐶𝐻4

 

     𝐺𝐶𝑂2
=  

𝑐𝑜𝑛𝑠𝑡.

𝐵𝑔𝑖,𝐶𝑂2

 

Therefore, to convert OGIP from CH4 to CO2, the following relationship is used: 

𝐺𝐶𝑂2
= 𝐺𝐶𝐻4

(
𝐵𝑔𝑖,𝐶𝐻4

𝐵𝑔𝑖,𝐶𝑂2

)………………………………………………………...……..………..(3) 

Let us take the initial reservoir pressure 𝑃𝑖 for Barnett shale is 3000 psi. This gives the following 

formation volume factor values for methane and CO2: 

 

     𝐵𝑔𝑖,𝐶𝐻4
=

𝑃𝑠𝑐

𝑧𝑇𝑠𝑐

𝑧𝑖,𝐶𝐻4 𝑇𝑖

𝑃𝑖,𝑟𝑒𝑠
= 0.02819

0.8343 𝑥 649.67 °𝑅

 3000
= 5.093𝑥10−3 

 

    𝐵𝑔𝑖,𝐶𝑂2
=

𝑃𝑠𝑐

𝑧𝑇𝑠𝑐

𝑧𝑖,𝐶𝐻4 𝑇𝑖

𝑃𝑖,𝑟𝑒𝑠
= 0.02819

0.4011 𝑥 649.67°R 

3000 𝑝𝑠𝑖
= 2.449𝑥10−3 
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Table 3 — Calculated CO2 volume at initial conditions from Svetlana et al. (2018) methane 

volume values using the inverse relationship of gas stored and 𝑩𝒈𝒊. 

  
Barnett Marcellus Fayetteville Haynesville 

Original Gas (CH4) 

in-Place (Tscf) 508 1,813 75 700 

Volume of CO2 to be 

sequestered (Tscf) 1,057 3,400 219 904 

 

Substituting these values into Eq. 3, we obtain the amount of CO2 that can be stored in Barnett: 

𝐺𝐶𝑂2
= 508 𝑇𝑠𝑐𝑓 (

0.0050932

0.0024486
) = 1056.7 𝑇𝑠𝑐𝑓……….…………………………....…….… (4) 

This value (as well as the values for carbon sequestration in Marcellus, Fayetteville, and 

Haynesville are tabulated in Table 3. Clearly, the amount of sequestered gas in terms of Tscf is 

increased by a factor of 2. This shows the intricacies in carbon sequestration. 

If we consider the stored amount in terms of tons of gas, the calculated volume must be 

multiplied by the gas density. Barnett can hold 55.1 gigatons of carbon dioxide, Marcellus 177.4 

gigatons, Fayetteville 5.5 gigatons, and Haynesville 47.8 gigatons. Together these four source 

rocks would hold 291 gigatons of CO2. 

I would like to reiterate that the estimated numbers have large uncertainties. In addition, when 

we consider carbon sequestration in source rocks, the storage based on the classical volumetric 

method has an added complexity that I intend to delve into in my thesis in the following pages. 

The source rocks storing gases have the ability to store gas in different thermodynamic states, 

namely, free gas, adsorbed gas and absorbed (dissolved) gas. The calculation shown in the previous 

pages consider only the free gas occurrence in the source rock, 𝐺𝑓𝑟𝑒𝑒,𝐶𝑂2
. Because it does not count 

the stored sorbed amount (𝐺𝑠,𝐶𝑂2
), the estimate is a rather low.  In this thesis, I will show that the 
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source rocks can store gases significantly more due to sorption, and because sorption of CO2 is 

larger than CH4, the increase could be much higher than one could estimate intuitively. 

Consequently, the total CO2 storage capacity of a shale play has free and sorbed gas 

components: 

𝐺𝑡𝑜𝑡𝑎𝑙 = 𝐺𝑓𝑟𝑒𝑒,𝐶𝑂2
+ 𝐺𝑠,𝐶𝑂2

…………………………………………………........……..….(5) 

From a natural gas production point of view, the contribution of the sorbed gas to the reserve could 

be considered insignificant, but from carbon sequestration point of view, it is important. In fact, as 

I will show in my thesis, the sequestered amount in the form of sorbed gas is much more significant 

than the free gas amount. 
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2. GAS STORAGE CONSIDERATIONS IN SOURCE ROCKS 

 

Prior to the interest in production from shale formations, storage capacity measurements were 

performed in other types of geological formations such as the conventional ones (sandstones and 

carbonate rocks) and coalbeds. It is widely recognized that conventional rock samples store fluids 

volumetrically when the interconnected pore-network volume of rock behaves as the storage unit. 

Under the subsurface conditions, the larger the pore pressure is maintained, the larger volume of 

fluid is stored in the unit as a compressed fluid. Compressibility equation of state tells us accurately 

the amount of gas that can be sequestered in an effective pore volume Vp at pore pressure P, and 

formation temperature T. In number of moles 𝑛, the amount of gas stored is: n = PVp/(zRT).  

However, storage in source rocks such as coalbed and organic-rich shale are different. In the 

1980s, it was found that the main storage mechanism in coal seams was adsorption (Gray, 1987; 

Mavor et al., 1990). In the early 2000s, there were many experimental and theoretical studies on 

the sorption capacity of coals not only using methane, but also CO2 (Krooss et al. 2002, Siemons 

and Busch 2007, Li et al. 2010). The goal of these investigations were coalbed methane production 

and CO2-enhanced coalbed methane production. More recently, with increasing interest in shale 

gas production, storage capacity of shale formations was also measured and analyzed. These 

analyses of shale gas formations are insightful also for the sequestration considerations. 

 

2.1 Langmuir Isotherm  

Adsorption has been predominantly measured by the Langmuir model. Langmuir’s isotherm 

relates pressure and stored gas capacity by calculating the number of molecules adsorbed onto a 

surface in a single layer (Eq. 6). The isotherm is composed of two fundamental parameters called  
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Figure 4 — Langmuir isotherm example highlighting how the Langmuir pressure and Langmuir 

volume parameters are attained. 

 

Langmuir pressure (𝑃𝐿) and Langmuir volume in terms of scf/ton (𝐺𝑠𝐿). Langmuir volume is the 

volume obtained once the isotherm is level, while the Langmuir pressure is the corresponding 

pressure at the half value of the Langmuir volume (Fig. 4).  

𝐺𝑠 = 𝐺𝑠𝐿
𝑃

𝑃+𝑃𝐿
………………………………………………………............................................(6) 

 

2.2 Shale Petrophysical Properties 

Most of the shale gas formations are rich in organic matter, also known as kerogen. Total 

organic carbon (TOC) is commonly used as a proxy for the organic matter present in the rock 

(Dembicki, 2017). Kerogen is critical component of the source rock, because it indicates the 

generation potential of hydrocarbons. Thermal maturity characterizes the extent which kerogen 

has been transformed to hydrocarbons due to increasing burial depth and temperature. When 
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thermal maturity increases, kerogen porosity also increases as new pores form from the expulsion 

of generated hydrocarbons in the rock. Thus, high maturity rocks with high TOC provide the 

largest volume of organic pores and the highest initial gas in place capacity. 

From the gas storage point of view, kerogen with its organic nanopores can be considered 

analogous to coal. Hence, shales with their organic and inorganic pore networks are a dual storage 

medium that allows volumetric storage (mainly in the inorganic part), as well as sorption storage 

(mainly in the organic part) (Kang et al., 2011). However, unlike coalbeds, shale gas formations 

as source rocks could be significantly over-pressured. This excessive pore pressure leads to 

development of organic nanopores that are not only suitable for sorption but also volumetric -

highly-compressed- gas storage. 

Key petrophysical characteristics of shale are porosity, saturations, permeability, and total 

organic carbon (TOC). Each of these affect the long-term total gas storability of the rock. Ultra-

low shale permeability and anisotropy, for example, limit vertical migration of the stored fluid 

within the formation and provides a natural seal. These formations are quite thick and they held 

natural gas for centuries; they can indeed store greenhouse gases, too. Organic porosity enables 

storage of large amounts of CO2 in adsorbed and dissolved (absorbed) states in kerogen due to 

strong molecular interaction forces between CO2 and the organic pore walls (Kang et al. 2011; 

Kang et al.2014; Kim et al. 2019). These pores are in the micro- to nano-meter range and they are 

prolific within the organic material (Ambrose et al. 2010, Wang and Reed 2009). The number of 

organic pores present in the rock and the pore size distribution are controlled by the thermal 

maturity and TOC of the rock: the higher the TOC and maturity, the more organic pores the rock 

sample has (Busch et al. 2008, Nuttall et al. 2005, Lu et al., 1995). Sorption of CO2 is amplified 
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due to molecular polarity of CO2; the dipole moment of CO2 is known to be much higher than the 

other naturally-occurring gases such as nitrogen and methane.  

In addition, steric effects also lead to high CO2 adsorption. Linear CO2 molecular structure 

facilitates access to minute pores (Kang et al., 2011, Charoensuppanimit et al. 2016). Linearity 

also promotes closer packing of the sorbed CO2 molecules. In this article the authors consider the 

mechanisms of sorption not only as the means of storing fluids such as CO2 but also as a highly 

effective trapping mechanism for carbon sequestration. Hence, it is through the trapping effect of 

sorption mechanisms that considerable carbon sequestration is possible in organic-rich  

 

 

        Figure 5 — Schematic showing free and adsorbed gas in the pore 

 

shale formations (Fig. 5). Thus, the petrophysical components of the shale are important and must 

be carefully considered from sealing and trapping points of view. 
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3. LABORATORY METHODS FOR SEQUESTRATION CAPACITY IN GEOLOGICAL 

FORMATIONS 

 

3.1 Previous Laboratory Studies of CO2 and CH4 Storage 

Different studies considered different parameter effects on shale gas storage and they mostly 

employed the volumetric method. Nuttal et al. (2005) studied Devonian black shale samples in 

Kentucky for enhanced natural gas production potential of CO2 injection. They concluded that 

total organic carbon (TOC) can be used as a proxy for adsorption capacity in shale due to their 

direct and linear relationship. They constructed Langmuir isotherms for the prediction of the 

mono-layer adsorption based on a method proposed by Mavor (1990). Alternatively, authors like 

Busch et al. (2008) calculated sorption volumes using the BET model (Brunuer et al., 1938) which 

considers multi-layer adsorption. Zhang et al. (2012) stated that TOC is the primary control on gas 

adsorption in shale gas systems. Their study included methane gas experiments and thermal 

maturation considerations, which concluded that thermal maturity mostly affects adsorption 

capacity at low pressures. Heller and Zoback (2014) performed CO2 and CH4 adsorption 

measurements on mineral surfaces and gas shale samples. They determined that although TOC is 

the main determinant of adsorptive capacity of a sample, in the small TOC limit, clays that make 

up the shale sample such as illite and kaolinite are also responsible for significant gas storage. 

Additionally, the authors argued that swelling of the organic material could potentially affect 

adsorption (Lin et al. 2007, Hol et al. 2011). Tan et al. (2014) concluded that thermal maturity 

increases the sorption capacity and moisture decreases it as water molecules compete to occupy 

the adsorption sites. 
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3.2 Sorption Considerations  

Sorption includes both adsorption and absorption. Adsorption is the adherence of gas molecules 

to the exposed surface area of the rock’s pore network. The surface area refers to the internal 

surfaces of the walls of the pores, pore throats, and fractures. Adsorption occurs primarily in the 

organic pores due to the affinity of the organic material with the CO2 molecule and the large 

surface area its pores embody (Kang et al. 2011). Absorption, on the other hand, is the dissolution 

and retention of gas molecules by the residual liquids (oil, condensate, and water) or by the 

organic material and solid minerals composing the inorganic matrix. Here, it should be mentioned 

that no laboratory method currently exists which measures adsorbed and absorbed gas volumes 

separately. Instead, there are methods that measure the total sorbed gas. 

The total gas storage in an organic-rich shale is the summation of the sorbed and free gas 

components. It is important to note that the free gas storage is controlled by the pore pressure and 

temperature of the shale formation, in particular the pressure. Because CO2 is a relatively 

compressible fluid, the higher the reservoir pressure is maintained during the storage, the more 

compressed gas can be stored in the reservoir. Similarly, the sorption mechanisms are directly 

dependent on the pressure. Hence, it is ideal to store CO2 in shales at high pore pressure. However, 

it should be noted that the pressure should not be higher than the initial formation pore pressure, 

because over-pressuring the formation beyond its natural strain limits could lead to new 

deformations, resulting in formation of new fractures, faults and fissures, or activation of the 

healed fractures, which are obviously not desired for the long-term storage of CO2. The currently 

exploited shale formations for natural gas production are over-pressured formations. Hence, high-

pressure carbon sequestration in organic- rich shale rock could supply a significant portion of CO2 

storage capacity in North America. 
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3.3 Prevalent Laboratory Methods  

Three main laboratory techniques are used to measure gas storability of a rock: volumetric, 

gravimetric, and chromatographic. The two most common methods employed in reservoir 

petrophysics laboratories are the volumetric and gravimetric methods. due to the simplicity of the 

apparatus and its ability to make rapid measurements. They are described below. 

 

3.3.1 Volumetric Method 

The volumetric method is originally employed to pore volume and porosity measurements; 

therefore, the procedure is the first described for the purpose of investigating pore volume, then 

for storage in shale samples. The Boyle’s Law Double-Cell apparatus (Fig. 6) from API RP 40 

(1988) is the standard setup. The apparatus is composed of two chambers: Sample and Reference 

Chambers of known volumes separated by a valve. For accuracy, the Reference Chamber volume 

𝑉𝑟 and the Sample Chamber volume 𝑉𝑐 are calibrated and recorded. 𝑉𝑣 consists of the minute 

voidage associated with the valves’ displacement from closed to open position during the 

measurements. Initially, a dry core sample (consolidated or unconsolidated) is placed inside the 

Sample Chamber. All the chambers are flushed with Helium gas at low pressure (P𝑎𝑡𝑚), then the 

valves are closed. Valve 1 is opened and the Reference Chamber is filled with Helium gas to a 

predetermined pressure (𝑃1), such as 100 psi, from the gas cylinder. The Helium gas is then vented 

into the Sample Chamber by closing Valve 1 first and opening Valve 2. Sufficient time should be 

given to the system for helium gas to expand into the Sample Chamber and for the Helium 

molecules to penetrate into the sample pore network until equilibrium is reached. Pressure 

measured by the transducer should be stabilized to a constant final value 𝑃𝑓 under the equilibrium. 
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Figure 6 — Double-Cell Boyle’s Law Porosimeter reprinted from API RP 40 (1988). 

 

Finally, pore volume is calculated using a Helium mass balance considering the Helium gas in the 

Reference Chamber Vr, Sample Chamber 𝑉𝑐  valves volume (𝑉𝑣) and sample pore volume (𝑉𝑝) 

shown in Eq. 7 (API RP 40, 1988). The mass balance is actually an equation of conservation of 

mass stating that the total number moles of Helium is conserved within the apparatus all the time. 

In other words, the total number of moles of Helium in the chambers prior to its expansion should 

be equal to the total number of moles of Helium once the equilibrium pressure has been reached.  

𝑃1𝑉𝑟

𝑧1𝑇1𝑟
+

𝑃𝑎𝑡𝑚(𝑉𝑐−𝑉𝐺)

𝑍𝑎𝑡𝑚𝑇1
=

𝑃𝑓(𝑉𝑟+𝑉𝑐−𝑉𝐺+𝑉𝑣)

𝑍𝑓𝑇𝑓
……………...………………………...….……. (7)  

Here 𝑉𝐺  is the Grain (or solid) Volume of the rock sample in the Sample Chamber. The mass 

balance given in Eq. 7 assumes that no helium is lost or added to the system. This is a reasonable 

assumption, because the Helium is an inert gas and the experiments are carried at relatively low 

pressure such that gas leakage during the experiments is negligible. It is further assumed that the 
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temperature stays constant, i.e., isothermal conditions prevail. Solving Eq. 7 for void volume and 

re-arranging, the Grain Volume of the rock sample is determined using Eq. 8: 

𝑉𝐺 = Vc −
𝑉𝑟(𝑃1−𝑃𝑓)+𝑉𝑣𝑃𝑓

𝑃𝑓−𝑃𝑎𝑡𝑚
 ….…….………………………………………………...………. (8) 

The bulk volume of the sample is measured independently, by directly measuring the 

dimensions of the sample or using the Archimedes principle. Finally, the pore volume 𝑉𝑝 and 

porosity ϕ are calculated.  

The volumetric method for sorption measurements is derived from this API approach. In this 

study, a similar equipment is used, but the procedure now involves a measurement gas that adsorbs 

and is used for multiple stages of gas expansion. The reason for multiple-stages is that sorption is 

highly sensitive to pore pressure: the dependence is nonlinear and the increase in sorbed amount 

continues monotonously with pressure until the maximum sorption capacity of the rock is reached 

and until the sorbed amount finally becomes independent of the pressure, which could be in the 

order of thousand psi. Capturing this dependency in the laboratory is a time-consuming and 

challenging task but necessary for the sequestration. 

Because the reservoir pressure and temperature for CO2 storage is high, it is important that, 

once the pore volume of the rock is determined using Helium as the measurement gas, the sorption 

measurements should proceed with CO2 at high pressure and temperature conditions. Hence, the 

two-chamber apparatus is heated to a predetermined (reservoir) temperature using an oil (or water) 

bath or by keeping the apparatus in an environmental chamber. Following the measurement with 

Helium gas, the CO2 sorption measurements should be made at multiple gas expansion stages, 

allowing the system to reach its final equilibrium pressure value at each stage. At each stage, a 

new sorbed gas amount is estimated using a new mass balance written for CO2 in the presence of 
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sorption as a storage mechanism. This process is repeated at higher pressures until the maximum 

sorbed gas amount is reached and a sorption isotherm showing the sorbed gas amount as a function 

of pressure is outlined. This function is strongly nonlinear and as such the measured data points 

are fit to an adsorption model such as Langmuir model (exhibited in Fig. 3) or BET model. The 

Langmuir (1932) adsorption model, although most suited for low-pressure mono-layer adsorption, 

is commonly employed in the petrophysics laboratory due to its simplicity and reasonable 

approximation of the excess sorption (Weniger et al. 2010, Tan et al. 2014). 

 

3.3.2 Gravimetric Method 

In the gravimetric method, the same apparatus is utilized and the same steps of obtaining 

the initial pore volume using Helium gas, followed by CO2 or CH4 for storage capacity 

measurements are applied. However, this method directly measures change in sample mass after 

the gas volume expansion once equilibrium pressure is reached. The change in mass indicates the 

amount of gas adsorbed by the sample. Recently, Wu et al (2019) and Du et al (2020) utilized the 

gravimetric method to measure CO2 and CH4 gasses on shale (Fig. 7).  
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Figure 7 — Schematic diagram of gravimetric experiment set up reprinted Du et al. (2020). 
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4. LABORATORY PROCEDURE FOR CARBON SEQUESTRATION IN SOURCE 

ROCKS 

The volumetric approach for sorption has been applied to various coal samples in the 1980s as 

part of the effort to predict the gas storage capacity of coalbed methane formations.  Kang et al. 

(2011) argued that, during isothermal measurements, not only the amount of sorbed gas but also 

the pore volume available for compressed free gas storage could change in a complex fashion with 

pore pressure. They attributed these changes in pore volume to two important physical effects. 

During the CO2 injection into the source rock, with the increasing pressure, pore volume of the 

rock sample is expected to change due to: 

• Pore volume compressibility of the rock sample 

• Sorbed phase effect. 

These effects are shown in Fig. 8. The first effect is widely known in the petroleum industry 

and it has previously been shown in various geomechanical laboratories. However, it is not 

possible to capture this effect using the existing API RP40 setup in the reservoir petrophysics 

laboratory. Kang et al (2011) proposed changing the Sample Chamber with a Hassler core holder 

to avoid this problem. The sample is kept under net stress during the gas expansion so that the pore 

volume is adjusted to the subsurface conditions. Using the volumetric method with the core holder, 

Kang et al. showed that source rocks such as the Barnett shale could have a dynamically changing 

pore volume due to the compressibility effect. Later on, Akkutlu and Aldana (2021) extended this 

work to predict free gas storage under effective stress, when the latter includes an adjustment to 

the applied stress based on the Biot’s coefficient of the sample. The second effect has been 

introduced by Kang et al. (2011), where the authors argue that organic-rich source rocks, such as 
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Figure 8— Schematic of change in pore volume occupied by gas molecules. A. Diagram showing 

volume change due to pore volume compressibility effect. B. Diagram showing volume change 

due to sorbed phase effect. The effective pore volume in source rock available for gas storage is 

shown as a gray zone. 

 

shale, have small pore volume and the pore space taken by the sorbed gas molecules (adsorption 

layer) may cause a noticeable --and in times significant-- reduction in the pore volume. In turn, 

this leads to a reduction in the storable free gas amount, in particular, in high TOC formations. 

Therefore, any laboratory investigation on carbon sequestration in source rocks such as organic-

rich shale should consider these two effects. Ambrose et al. (2011) proposed a new equation for 

volumetric gas in-place calculations specifically derived for organic-rich shale gas formations 

considering these effects in the reservoir during initial gas in-place calculations. 

In the laboratory, Kang et al. (2011) proposed a new material balance for the analysis of the 

free and sorbed gases in the presence of these effects. Their model contains five storage-related 

parameters whose values should be obtained simultaneously using at least five stages of gas 

expansion. The authors argued that the measurements and nonlinear curve fitting could have 
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significant error in the analysis. Santos and Akkutlu (2013) used the same apparatus proposed by 

Kang et al. (2011) (API RP 40 with a Hassler core holder), but proposed a two-step approach to 

the measurements in order to reduce the uncertainties raised by Kang et al. (2011). The two-step 

approach is presented next. Briefly, the first step is for the measurement of the free gas amount, 

whereas the second is for the sorbed gas amount. 

4.1 Estimation of Free Gas Storage Parameters using Helium 

The first step involves estimation of only two parameters --out of the original five-- identified 

by Kang et al. (2011). These two parameters are Pore Volume and Pore Compressibility associated 

with free gas storage. Helium is used as the measurement fluid during this step. A mass balance 

equation is used, which includes the two unknown parameters, namely, pore volume at reference 

pressure (𝑉𝑝0), and the coefficient of isothermal pore compressibility (𝐶𝑝). To obtain the two 

unknowns, two consecutive stages of Helium gas expansion are performed. 

The initial measurement is separated into dead and sample pore volumes (𝑉𝑑 , 𝑉𝑠) within the 

sample chamber and reference chamber using a reference temperature of 77°F. 

Before gas expansion: 

𝑛𝑟𝑖 =
𝑉𝑟𝑖𝑃𝑖

𝑧𝑟𝑖𝑅𝑇
...………………………………………………………………………………...…...(8) 

𝑛𝑑𝑖 =
𝑉𝑑𝑖𝑃𝑖

𝑧𝑑𝑖𝑅𝑇
...………………………………………………………………………………...…..(9) 

𝑛𝑠,𝑡𝑜𝑡 𝑖 =
𝑉𝑝𝑖𝑃𝑖

𝑧𝑃𝑖
𝑅𝑇

…..……………………………………………………………………..…..…...(10) 

After gas expansion: 

 𝑛𝑟𝑓 =
𝑉𝑟𝑓𝑃𝑓

𝑧𝑟𝑓𝑅𝑇
...………………………………………………………………………….…..…...(11) 

𝑛𝑑𝑓 =
𝑉𝑑𝑓𝑃𝑓

𝑧𝑑𝑓𝑅𝑇
.....……………………………………………………………………………........(12) 
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𝑛𝑠,𝑡𝑜𝑡 𝑓 =
𝑉𝑠𝑓𝑃𝑓

𝑧𝑓𝑅𝑇
………………………………………………………………………………..(13) 

 

Altogether, the equation expressing the change in the number of moles stored is presented 

as Eq. 14. Considering the conservation of mass and the application of mass balance, there should 

be no change in the total volume within the system, such that the total number of moles remains 

the same at the end of the pressure step. 

∆𝑛𝑟 + ∆𝑛𝑑 + ∆𝑛𝑠,𝑡𝑜𝑡 = 0……………………..…………………………………………….….(14) 

The equation is re-arranged by separating the amount of gas stored in the sample.  

−∆𝑛𝑠,𝑡𝑜𝑡 = ∆𝑛𝑟 + ∆𝑛𝑑 = 0...………………..………………………………………..…….....(15) 

It is also expressed in terms of pressure and volume. 

𝑃𝑖𝑉𝑠𝑖

𝑧𝑃𝑖

−
𝑃𝑓𝑉𝑠𝑓

𝑧𝑃𝑓

=
𝑃𝑟𝑓𝑉𝑟

𝑧𝑟𝑓
−

𝑃𝑟𝑖𝑉𝑟𝑖

𝑧𝑟𝑖
+

𝑃𝑑𝑓𝑉𝑑𝑓

𝑧𝑑𝑓
−

𝑃𝑑𝑖𝑉𝑑𝑖

𝑧𝑑𝑖
…………………………………………….…..(16) 

 

Once the total number of moles stored is collected through the volumetric experiment, a 

correction is applied for the sorbed phase and rock pore volume compressibility effects. To account 

for the pore compressibility, the new sample pore volume available for storage at the end of a 

pressure step changes from 𝑉𝑠𝑖 to 𝑉𝑠𝑓. 

𝑉𝑠𝑖 = 𝑉𝑝0(1 + 𝐶𝑝𝑃𝑖)…………………………………………………………………….……..(17) 

𝑉𝑠𝑓 = 𝑉𝑝0(1 + 𝐶𝑝𝑃𝑓) …………………………………………………………….……………(18) 

 

Therefore, by substituting 𝑉𝑠𝑖 and 𝑉𝑠𝑓 into Eq. 16, the number of moles stored is expressed in terms 

of pressure, volume, and pore compressibility 𝐶𝑝. 

𝑃𝑖

𝑧𝑃𝑖

{𝑉𝑝0(1 + 𝐶𝑝𝑃𝑖)} −
𝑃𝑓

𝑧𝑃𝑓

{𝑉𝑝0(1 + 𝐶𝑝𝑃𝑓)} =
𝑃𝑟𝑓𝑉𝑟

𝑧𝑟𝑓
−

𝑃𝑟𝑖𝑉𝑟

𝑧𝑟𝑖
+

𝑃𝑑𝑓𝑉𝑑

𝑧𝑑𝑓
−

𝑃𝑑𝑖𝑉𝑑

𝑧𝑑𝑖
………….………(19) 
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To calculate the pore compressibility, two equations with two unknowns (pore 

compressibility 𝐶𝑝 and pore volume at reference pressure 𝑉𝑝0) are utilized over two pressure steps. 

while the presence of sorption is ignored.  

𝐶𝑝 =

𝑉𝑟(
𝑃𝑓1
𝑧𝑓1

−
𝑃𝑟𝑖1
𝑧𝑟𝑖1

)+𝑉𝑑(
𝑃𝑓1
𝑧𝑓1

−
𝑃𝑑𝑖1
𝑧𝑑𝑖1

)

𝑉𝑝0
+

𝑃𝑓1

𝑧𝑓1
−

𝑃𝑝𝑖1

𝑧𝑃𝑝𝑖1

𝑃𝑝𝑖2
2

𝑧𝑃𝑝𝑖2
−

𝑃𝑓2
2

𝑧𝑓2

……………………………..…………………………(20) 

 

Once pore compressibility (𝐶𝑝) and pore volume at reference pressure (𝑉𝑝0) are obtained using 

Eq. 19 and Eq. 20, the effective pore volume is predicted using: 

 𝑉eff  = [𝑉𝑝0(1 + 𝐶𝑝𝑃𝑓)]…………………………………………………………..……......(21) 

 

4.2 Estimation of Sorbed Gas Storage Parameters using CO2 

Next step of the experiment includes the estimation of the Langmuir parameters, namely 𝐺𝑠𝐿and 

𝑃𝐿 , related to the CO2 sorption by the sample. Santos and Akkutlu (2013) proposed estimating the 

Langmuir parameters by using a linearized form of the Langmuir model. 

Notice that Eq. 22 in its linear form gives a straight line when the laboratory data is plotted as 

(1/𝑛𝑠,𝑠,𝑖) versus 1/𝑃𝑓,𝑖. In turn, the Langmuir parameters can be obtained with certainty from the 

slope and intercept where 𝑛𝑠,𝑠 𝑖 is the number of moles stored in sorbed phase at final pressure 𝑃𝑓 

at stage 𝑖. 

1

𝑛𝑠,𝑠 𝑖
=

1

𝑛𝑠,𝑠𝑚𝑎𝑥
+ (

𝑃𝐿

𝑛𝑠,𝑠𝑚𝑎𝑥
)

1

𝑃𝑓,𝑖
…………….……….………………………...…..............(22) 

At least two stages of measurements are recommended to identify the linearity. Once the 

parameters are obtained, the isotherm can be constructed. Note that the maximum sorption capacity 
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can be converted from moles to scf/ton using Eq. 23 𝐺𝑠= 𝑛𝑠,𝑠M/(𝑤𝜌𝑠,𝑠) where 𝜌𝑠 is 1.87 x 10-3 

g/cc and 6.76 x 10-4 g/cc for CO2 and CH4 accordingly at standard conditions. The final parameter, 

representing the maximum density of the adsorbed phase when CO2 is stored at the maximum 

capacity (𝜌𝑠,𝑠 𝑚𝑎𝑥), is often predicted independently using molecular pore models and applying 

equilibrium molecular dynamics simulation. 

𝐺𝑠 =  𝑛𝑠,𝑠𝑀/(𝑤𝜌𝑠,𝑠)………………………………………………………………………...(23) 

The stored sorbed gas volume corrected for the pore compressibility and sorbed phase effects 

(𝑛𝑠,𝑠 𝑖) is given in Eq. 24: 

𝑛𝑠,𝑠,𝑖 =
𝑛𝑠,tot,i−

𝑃𝑓𝑖

𝑧𝑓𝑅𝑇
[𝑉𝑝0(1+𝐶𝑝𝑃𝑓𝑖)]

1−
𝑃𝑓,𝑖

𝑧𝑓𝑅𝑇
(

1

𝜌𝑠,𝑠 𝑚𝑎𝑥
)

.………………….…………...……………….…………... (24)  

The 𝒏𝒔,𝐭𝐨𝐭,𝐢 in the numerator of Eq. 24 is the sorbed amount measured using the mass balance at 

the equilibrium pressure 𝑷𝒇,𝒊 at the stage i. This amount has not been corrected yet for the pore 

compressibility and sorbed phase effect; the term 𝑷𝒇[𝑽𝒑𝟎(𝟏 + 𝑪𝒑𝑷𝒇)]/(𝒛𝒇𝑹𝑻) in Eq. 24 accounts 

for the pore compressibility effect and 𝑷𝒇/(𝒛𝒇𝝆𝒔,𝒎𝒂𝒙𝑹𝑻) in the denominator of Eq. 24 accounts 

for the sorbed phase effects. Here, 𝒏𝒔,𝒔 𝒊 is the corrected sorbed amount ready for the straight-line 

analysis. I recommend at least three stages of gas expansion for completion of Step 2. In this paper, 

the results include five stages. Once all parameters are known, sorbed gas is calculated by applying 

the Langmuir model. 

4.3 Estimation of Compressed Free Gas and Sorbed Gas Storage 

The free gas amount estimated from (Eq.  25) for sequestering CO2 at final (or “target”) pressure 

𝑃𝑓 using: 

𝑛𝑠,free =
𝑃𝑓𝑉eff  

𝑧𝑓𝑅𝑇
…………….………………….………....................................................... (25) 
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Here, 𝑛𝑠,free is the number of moles of free gas stored in the sample. This value can be converted 

into 𝐺𝑓 in SCF/ton using density of target gas in free-phase at standard conditions (𝜌𝑓𝑟𝑒𝑒). 

 𝐺𝑓 = 𝑛𝑠,𝑓𝑟𝑒𝑒𝑀/(𝑤𝜌𝑠,𝑓𝑟𝑒𝑒)…………………………………………………………………..(26) 

To calculate the effective pore volume 𝑉𝑒𝑓𝑓 1 at various pressures, changes due to the 

presence of the adsorbed phase which underestimate current void space, in addition to pore rock 

compressibility, is accounted for by an adsorption factor (Eq. 27). This value is then used to 

calculate the amount of free gas stored in the sample as effective stress changes. The change in the 

adsorbed volume ∆𝑉𝑎𝑑𝑠 is calculated using the Langmuir model in terms of cm3. 

𝑉𝑒𝑓𝑓 1 = 𝑉𝑝0 + ∆𝑉𝑐𝑝 − ∆𝑉𝑎𝑑𝑠…………………………………………………………………(27) 

where: 

∆𝑉𝐶𝑝 = 𝐶𝑝𝑉𝑝0𝑃 

∆𝑉𝑎𝑑𝑠 = 𝑉𝑎𝑑𝑠,(𝑖+1) − 𝑉𝑎𝑑𝑠,𝑖 

Sorbed gas storage can then be calculated at any pressure by Eq. 6. 

 

 

4.4 Estimation of Total Gas Storage 

The total amount of moles stored in a sample can be separated into free (𝑛𝑠,𝑓𝑟𝑒𝑒 or 𝐺𝑓 ) and sorbed 

(𝑛𝑠,𝑠 or 𝐺𝑠) volumes. It can also be written as the sum of the Langmuir isotherm and the free gas 

equation of state to account for both storage methods respectively (Eq. 28).  

𝑛𝑠,𝑡𝑜𝑡 = 𝑛𝑠,𝑠 + 𝑛𝑠,𝑓𝑟𝑒𝑒 = 𝑛𝑠,𝑠 max
𝑃𝑓

𝑃𝑓+𝑃𝐿
+

𝑃𝑓

𝑧𝑓𝑅𝑇
(𝑉𝑒𝑓𝑓) ..……………………..…………….(28) 

or in terms of scf/ton   𝐺𝑡 = 𝐺𝑠 + 𝐺𝑓 
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Table 4 — Key storage-related parameters of the samples obtained using Helium gas expansion. 

Helium 

Sample 

Core 

Length 

(mm) 

Core 

Diameter 

(mm) 

Core Dry 

Weight (g) 

TOC 

(%) 

Reference 

Pore 

Volume 

(cc) 

Pore 

Compressibility 

(psi-1) 
 

21 45.44 25.21 59.07 3.90 0.42 5.42E-06  

23 24.61 25.02 30.17 4.00 0.65 7.05E-06  

25 24.21 25.3 30.04 3.70 0.72 1.75E-05  

26 24.89 25.28 30.64 4.95 0.88 2.77E-06  

27 25.73 25.3 31.56 4.74 0.80 1.13E-05  

39 20.65 24.86 26.02 1.80 0.69 5.17E-05  

Average 27.59 25.16 34.58 3.85 0.69 1.60E-05  

 

4.5 Shale Samples Properties 

    In this study, the proposed procedure is implemented to six source rock samples. Five samples 

were taken from Barnett shale and another sample from another source rock. The samples and their 

TOC are tabulated in Table 4 in which their values range in 1.8-5.0 %. 

 

4.6 Estimate CO2 in Place for Individual Shale Gas Plays using Laboratory 

Measurements 

 

The total storage capacity of a shale gas play can be estimated by applying the previous 

methodology to samples of different plays at initial reservoir conditions, namely pressure. More 

specifically, the volume for each storage mechanism can be calculated using parameters obtained 

in the laboratory and the areal extent of the formation. A formation’s storability can be further 

divided by developed area, undeveloped area, and total (developed+undeveloped) area. 
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Sequestration volumes in terms of scf/ton are converted to scf by assuming a rock density of 2.63 

g/cc. 
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5 RESULTS AND DISCUSSION 

5.1 Results of Free Gas Storage Parameters using Helium 

The key parameters of reference pore volume 𝑉𝑝0 and pore volume compressibility 𝐶𝑝 are 

predicted using the Helium gas expansion method. Clearly, the samples have low pore volume 

estimated with values changing in between 0.42-0.88 cc with an average pore volume of 0.66 cc. 

Note that, as mentioned in the previous section, these pore volume values could change due to 

pore compressibility and sorption effects with changing pressure. The predicted pore 

compressibility values were in between 2.8x10-6-1.7x10-5 1/psi. Similar values were obtained by 

Kang et al. (2011) and Aldana et al. (2021). Fig. 9 shows the effective pore volume  𝑉eff predicted 

as a function of pressure for the samples. 

 

 

Figure 9 — Effective volume 𝑽𝒆𝒇𝒇  of three Barnett shale samples are shown as a function of 

pore pressure. The data points are obtained using the Step 1 of the procedure. 
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5.2 Results of Sorbed Gas Storage Parameters using CO2 and CH4 

The values Langmuir volume and Langmuir pressure for CO2 and CH4 gases are tabulated 

on Table 5. Although most of them were acquired experimentally, the Langmuir parameters for 

Sample 39 were obtained from Santos (2012). The Langmuir pressures and volumes are of the 

same order of magnitude. On average, Langmuir pressure is larger for both CO2 gas and CH4 gas 

 

Table 5 — Langmuir parameters of the samples obtained for CO2 and CH4 gas. 
 

 
CO2 CH4 

Sample 

Number 

Langmuir 

Pressure 

(psi) 

Langmuir 

Volume (scf/ton) 

Langmuir Pressure 

(psi) 

Langmuir 

Volume 

(scf/ton) 
 

21 2,803.0 1,428.6 3,270.9 52.9  

23 5,197.5 5,000.0 - -  

25 3,420.9 1,250.0 - -  

26 2,963.0 1,000.0 - -  

27 3,201.9 1,250.0 3,672.6 109.9  

Average 3,517.3 1,985.7 2,544.5 81.4  

 

 

Also shown on Fig. 10 is the Langmuir isotherm constructed from the parameters obtained via its 

linear form using CO2 as the measuring fluid. Each sample has its own set of Langmuir parameters. 

Hence, one 1/𝐺𝑠 vs 1/ 𝑃 plot per sample was constructed with a minimum of two data points as 

that is all that is needed to obtain the Langmuir isotherm.  
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Figure 10 — (Left) Linear form of Langmuir model obtained through laboratory experiments, and 

(Right) the Langmuir model constructed after the Langmuir Pressure (𝑷𝑳) and Maximum Sorption 

Capacity (𝑮𝒔𝑳)  values were obtained for the samples analyzed through its linear form. 

 

The key parameters of Langmuir volume and Langmuir pressure were obtained by plotting 1/𝐺𝑠 

vs 1/ 𝑃, where 1/𝐺𝑠𝐿 is the y-intercept and the slope is 𝑃𝐿/𝐺𝑠𝐿 per Eq. 29 ( the scf/ton equivalent 

of Eq. 22) , in the linear form of the Langmuir model. Here, the sorption capacity is represented 

by 𝐺𝑠𝐿, which is found by the inverse of the intercept. Once 𝐺𝑠𝐿 is known, the Langmuir pressure 

is determined from the slope. The intercept for Sample 21 is 0.0007 ton/scf, such that 𝐺𝑠𝐿 equals 

1428.6 scf/ton. Therefore, according to their CO2 gas Langmuir volumes, the samples that have 

the largest sorbed storage capacity are Samples 23, 21, 27, 25, and 26 in increasing order. The 

Langmuir pressure for Sample 21 equals 2,803 psi. The Langmuir model plots using CO2 and CH4 

for Samples 23, 25, 26, 27, and 39 are further discussed next.  

1

𝐺𝑠
=

1

𝐺𝑠𝐿
+ (

𝑃𝐿

𝐺𝑠𝐿
)

1

𝑃
………………………………………………………………………………(29) 
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5.3 Results of CO2 Storage Values  

The maximum sorbed phase density (𝜌𝑠,𝑠 𝑚𝑎𝑥) values of 1.18 g/cc and 0.34 g/cc were used for 

CO2 and CH4, respectively (Span and Wanger 1996, Ambrose et al. 2012). 

The total, free, and sorbed gas volumes for each sample were calculated using the measured 

Langmuir volume and pressure up to approximately 3,200 psi shown in Table 6 and Table 7. The 

maximum amount of CO2 sorbed per sample ranged from 515 to 2040 scf/ton, with an average 

of 915 scf/ton. However, free gas stored the values ranged from 80 to 460 scf/ton with an 

average 340 scf/ton. Comparing the overall amount of gas stored per measurement gas, the 

maximum total amount of CO2 stored per sample ranged from 875 to 2400 scf/ton, with an average 

of 1260 scf/ton.  

 

 

Table 6 — Sample 21, 23, 25, 26 and 27 sorbed, free, and total CO2 gas volumes. 

CO2 

Sample 

Adsorption 

(scf/ton) 

Free 

(scf/ton) 

Total 

(scf/ton)  

21 792.5 83.1 875.6 
 

23 2,038.1 358.6 2,396.7 
 

25 602.7 400.4 1,003.1 
 

26 516.4 457.3 973.7  

27 618.8 419.1 1,037.9  

 

Average 913.7 343.7 1,257.4 
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Table 7 — Sample 21, 23, 25, 26 and 27 sorbed to free-phase CO2 gas ratio. 

CO2 

Sample 

 Sorbed to Free-Phase 

Ratio  
21 9.5  

23 5.7  

25 1.5  

26 1.1  

27 1.5  

 

 

The dominant storage contribution varied by sample for CO2 gas. For Samples 21 and 23 (Fig. 

10), adsorption was the primary storage mechanism with adsorption volumes being five times 

larger than free-phase storage volumes at approximately 3,000 psi, the maximum pressure applied. 

In general, storage volume increased with pressure. Sample 26 (Fig. 11) indicated a 2:1 ratio of 

sorbed gas to free-phase gas. Similarly, Samples 26 and 27 (Fig. 11, Fig. 12) there was a 1:1 ratio 

of sorbed to free-phase gas stored., while for Sample 27, most of the gas was stored as compressed 

free gas. The maximum pressure applied in the laboratory was ~3200 psi, however, the models 

were extrapolated further to show the trend behavior of the different storage components. 
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Figure 11 — CO2 total, sorbed, and free-phase storage measurements for Samples 21, 23, 25, 

27. 
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Figure 12 — CO2 total, sorbed, and free-phase storage measurements for Samples 25, 26, 27. 

 

 

 

5.4 Results of CH4 Storage Values 

The maximum amount of methane sorbed per sample ranged from 35 to 50 scf/ton, with an 

average of 43 scf/ton, while for free gas stored the values ranged from 55 to 210 scf/ton with an 

average 130 scf/ton (Table 8). Ultimately, the maximum total amount of methane stored per 

sample ranged from 90 to 260 scf/ton, with an average of 70 scf/ton. Thus, free-phase storage was 

the dominant storage method for CH4 gas (Fig. 13) exhibited by Sample 21 and Sample 27 with a 

2:1 and 4:1 free-phase to sorbed gas ratio respectively (Table 9). Sample 39 provided similar 

sorbed values of approximately 100 scf/ton at 3,000 psi (Fig. 14). In this procedure, the pore 

volume was assumed constant. However, as shown previously, the effective pore volume changes 

with increasing stress. This behavior causes the sorbed gas volume correction to sorption to trend 

positively instead of negatively, yielding unreasonable results of negative storage.  Samples 23, 
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25, and 26 showed this behavior, therefore their final values were omitted. This observation is 

supported by Santos and Akkutlu (2013). 

Table 8— Samples 21 and 27 sorbed, free, and total CH4 gas volumes. 

 

CH4 

Sample 

Adsorption 

(scf/ton) 

Free 

(scf/ton) 

Total 

(scf/ton)  

21 35.6 56.9 92.5  

27 50.7 207.7 258.4  

Average 43.2 132.3 175.5  

 

 

Figure 13 — CH4 total, sorbed, and free-phase storage measurements for Samples 21 (top) and 27 

(bottom). 

0

50

100

150

0 2000 4000 6000

St
o

ra
ge

 (
sc

f/
to

n
)

Pressure (psi)

Sample #21 CH4 Storage

Adsorbed Gas Total Gas Free Gas

0

100

200

300

400

500

600

700

0 2000 4000 6000

St
o

ra
ge

 (
sc

f/
to

n
)

Pressure (psi)

Sample #27 CH4 Storage

Adsorbed Total Free



41 
 

 

Figure 14 — CH4 sorbed phase storage measurements for Sample 39. 

 

 

 

Table 9 — Samples 21 and 27 free-phase to sorbed CH4 gas ratio. 

 

CH4 

Sample 

 Free-Phase to 

Sorbed Gas 

Ratio  
21 1.6  

27 4.1  

 

 

5.5 CH4 Compressed Free Gas Component Anomaly 

The sorbed gas models constructed all roughly follow the Langmuir isotherm trend, while 

for CH4, the free gas storage steadily increases over pressure until about 4,000 psi where it levels 

out. Around 5,000 psi, it continues to increase but at a slightly lower rate and in a linear fashion. 

The change in trend occurs once the sorption capacity of the rock has leveled and maximum 

sorption capacity appears to have been reached. Therefore, it is concluded that once the available 

pores surface area has been filled, the free-phase gas starts to fill the remaining vacant middle 

portion of the pore. Once full, the volume of free-phase gas is further squeezed into the pore and 
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increases with increasing pressure. Perhaps the reason that the trend is linear at higher pressure as 

opposed to lower pressure is because there is no competing storage mechanism occurring 

simultaneously, since sorption capacity has been exhausted. As the free-phase storage dominates, 

its signature is also reflected in the total stored gas trend.  

 

5.6 Comparison of CH4 and CO2 Sorbed Gas Storage Results 

The total and sorbed gas stored were compared on Fig. 15. The storage volumes for CO2 gas 

were greater than CH4 for both mechanisms. For Samples 21 and 27, samples stored at least three 

times more sorbed CO2 gas. Overall, the uptake of CO2 is larger than that of CH4 for sll three 

storage components (total, free, sorbed). Two factors contribute to this phenomenon. First, CO2 

steric effects and its affinity to shale facilitates molecular interaction of the rock and gas molecule 

which enhances the adsorption of CO2. Second, the linearity of the CO2 molecular structure 

enables further access into the smaller pores of the organic matrix. Since the organic pores are the 

main storage site for adsorption, accessibility into them is crucial, thus the linearity of the CO2 

molecular structure is advantageous. This process is called molecular sieving shown in Fig 16 

(Kang et al, 2011). It has been discussed that CO2 has the capacity to displace CH4 by competitive 

sorption, and this concept can be applied to improved oil recovery (IOR) of gas reservoirs (Huo et 

al. 2017). In this study, the storage experiments were performed with pure gases, however, Du et 

al. 2020 and Qi et al. 2018 considered a mixture of CO2 and CH4. Their findings agree with the 

results presented. Similarly, they observe an increase in CO2 adsorption as the CO2 content of the 

mixture increases 
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Figure 15— CO2 and CH4 total and sorbed storage measurements of total and sorbed gas for 

Sample 21 and Sample 27. 

 

 

 

Figure 16 — (Left) Schematic of molecular sieving in kerogen where the larger molecule 

represents CH4 and the smaller molecule represents CO2 accordingly reprinted from Kang et al. 

(2011) and (Right) the molecular structure of CO2 is linear while of CH4 is tetrahedral. 
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5.7   Considerations of Sorption and Pore Compressibility Effects 

 

The adsorption and pore compressibility effects correction are relevant because these can 

decrease the pore volume available for sequestration. These considerations allow for higher 

accuracy in storage capacity evaluation in organic rich-shale rock. Applying them to samples under 

confining reservoir pressure allows for a more representative sequestration estimation. This 

undertaking can be beneficial not only for CCUS purposes, but also for improved oil recovery.  
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6 ESTIMATION OF CARBON SEQUESTRATION POTENTIAL OF EXISTING SOURCE 

ROCKS IN NORTH AMERICA 

 

With the present methodology, entire gas shale play storage capacity can be estimated. This 

estimate is different than the one I showed in Chapter 1. The total storage computed now considers 

both sorption and free gas storage.  In addition to the Barnett shale, the Marcellus, Fayetteville, 

Eagle Ford, and Haynesville shales in North America were considered. I chose only shale gas 

reservoirs as the potential locations for the sequestration as I carefully explained it in the 

introduction as ideal alternative locations for carbon sequestration. For some plays, the developed 

and undeveloped areas are known, therefore their storage potential were calculated accordingly. 

Overall, total storage over total area was estimated for all shales.  

 

 

Table 10 — North American Shale Gas Play Characteristics.  

  Barnett Marcellus Fayetteville Eagle Ford Haynesville 

Initial Pressure 

(psi) 

3,000 3,500 2,000 5,000 10,000 

Total Acreage  

(sq. mi) 

14,300 82,000 4,300 200 9,000 

Average Formation 

Thickness (ft) 

300 125 200 200 250 

Average Developed 

Area (sq. mi) 

8,000 42,600 2,700 - 2,700 

Average 

Undeveloped Area 

(sq. mi) 

6,300 39,400 1,600 - 1,600 

Average Initial 

Temperature (°F) 

190 135 175 - 315 

 

 



46 
 

6.1 Calculated Initial CO2 Sequestration Capacity at Initial Reservoir Conditions  

Using this simple estimation, the following free gas CO2 storage capacity at initial reservoir 

conditions is estimated for the Barnett shale using the parameters in Table 10. The CO2 volume 

that can be stored at the Barnett shale initial reservoir conditions is calculated using the inverse 

relationship between stored gas (𝐺) and the formation volume factor (𝐵𝑔𝑖). First, the 𝐵𝑔𝑖,𝐶𝐻4
 and 

𝐵𝑔𝑖,𝐶𝑂2
 are calculated. Then, they are imputed into Eq. 3. 

𝐺𝐶𝑂2
= 𝐺𝐶𝐻4

(
𝐵𝑔𝑖,𝐶𝐻4

𝐵𝑔𝑖,𝐶𝑂2

) = 508 𝑇𝑐𝑓 (
5.093𝑥10−3

2.449𝑥10−3) = 1057 𝑇𝑠𝑐𝑓…………………………….(32) 

The calculated free gas value of possible CO2 storage value at initial reservoir conditions is 

1056 Tscf in the Barnett shale.  

 

6.2 Storage Potential in Developed Area 

6.2.1 Free Gas Estimation with Pore Compressibility Adjustments 

The compressed gas storage component is calculated using Eq. 27 at average initial reservoir 

pressure. For this,  𝑉eff 1 must be calculated first from laboratory measured parameters. For this 

example, Sample 21 was used. 

Where  𝑉eff 1 = Vp0 + 𝛥𝑉𝐶𝑝 − 𝛥𝑉𝑎𝑑𝑠  and Langmuir volume is in cm3: 

 𝑉eff 1 = 0.42 𝑐𝑐 + ( 5.42𝑥10−6 𝑝𝑠𝑖−1 𝑥 0.42 𝑐𝑐 𝑥 3000 𝑝𝑠𝑖)….. 

− (4.28 𝑐𝑐
3000 𝑝𝑠𝑖

3000+2803 𝑝𝑠𝑖
− 4.28𝑐𝑐

2964 𝑝𝑠𝑖

2964+2803 𝑝𝑠𝑖
)………………………………….(33) 

 𝑉eff 1 = 0.41 𝑐𝑚3… 

Once  𝑉eff 1 is known, input its value into Eq. 25: 

𝑛𝑠,𝑓𝑟𝑒𝑒 =
𝑃𝑓𝑉eff 1

𝑧𝑓𝑅𝑇
=

3000 𝑝𝑠𝑖 𝑥 0.41 𝑚𝑜𝑙

0.401 𝑥 1206.4 𝑝𝑠𝑖 𝑐𝑚3 𝐾1 𝑚𝑜𝑙 𝑥 298.15 𝐾 
= 8.5𝑥10−3 mol………………..(34) 
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The free gas stored volume is then converted from moles to scf/ton using 𝐺𝑓= 

𝑛𝑠,𝑓𝑟𝑒𝑒M/(𝜌𝑠,𝑓𝑟𝑒𝑒 𝑤) and density of target free gas (eg. CO2) at standard conditions: 

𝐺𝑓 =
8.5𝑥10−3 mol x 44.01

g

mol

0.00187
𝑔

𝑐𝑚3𝑥 6.511 𝑥1𝑜−5 𝑡𝑜𝑛
= 3.07𝑥106 𝑐𝑐

𝑡𝑜𝑛
= 317.7

𝑐𝑐

𝑡𝑜𝑛
 𝑥

3.531𝑥10−5

1

𝑓𝑡3

𝑐𝑐
 = 108.5𝑠𝑐𝑓/𝑡𝑜𝑛  

…………….(35) 

Assuming a rock density of 2.63 g/cc, a new storage capacity in units of scf/acre is calculated.  

𝐺𝑓 = 𝐺𝑓  
𝑠𝑐𝑓

𝑡𝑜𝑛
𝑥 𝜌𝑠ℎ𝑎𝑙𝑒

𝑔

𝑐𝑐
 𝑥

1

32

𝑡𝑜𝑛

𝑠𝑐𝑓
𝑔

𝑐𝑐

 𝑥𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑓𝑡  𝑥 
1

0.000023 
𝑎𝑐𝑟𝑒

𝑓𝑡2

……(36) 

𝐺𝑓 = 108.5
𝑠𝑐𝑓

𝑡𝑜𝑛
 𝑥 

1

32

𝑡𝑜𝑛

𝑠𝑐𝑓
𝑔

𝑐𝑐

2.63
𝑔

𝑐𝑐
 𝑥 300 𝑓𝑡    

 𝑥 
1

0.000023 
𝑎𝑐𝑟𝑒

𝑓𝑡2

= 116.8 MMscf/acre………………………..(37) 

The storage possible in a developed area considers only the average area that has already been 

produced. Thus, an average developed area of 8000 sq. mi for the Barnett shale is included to 

convert the storage capacity from scf/acre to scf. 

𝐺𝑓,𝑑𝑒𝑣 = 𝐺𝑓 𝑥 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 𝑎𝑟𝑒𝑎 𝑥
1

0.00156

𝑎𝑐𝑟𝑒

𝑠𝑞 𝑚𝑖
…………………………………...(38) 

𝐺𝑓,𝑑𝑒𝑣 = 116821097 𝑥 8,000 𝑠𝑞 𝑚𝑖 𝑥
1

0.00156

𝑎𝑐𝑟𝑒

𝑠𝑞 𝑚𝑖
= 599 𝑇𝑠𝑐𝑓…..……………………...(39) 

6.2.2 Sorbed Gas Estimation 

The sorbed gas stored for a developed area is discussed next. Beginning with the Langmuir 

model, the sorbed storage component at average initial reservoir pressure of the target formation 

is calculated using the Langmuir parameters obtained experimentally of Sample 21 and Eq. 6. 

𝐺𝑠 = 𝐺𝑠𝐿
𝑃

𝑃+𝑃𝐿
= 1428.6

3000

3000+2803
= 739 𝑠𝑐𝑓/𝑡𝑜𝑛…………………..………………………(40) 

The storage capacity is first converted to scf/acre, then to scf after using the average developed 

area of the formation (Eq. 41). 
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𝐺𝑠,𝑑𝑒𝑣 = 𝐺𝑠 𝑥 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑 𝑎𝑟𝑒𝑎 𝑥
1

0.00156

𝑎𝑐𝑟𝑒

𝑠𝑞 𝑚𝑖
…………………………………...(41) 

𝐺𝑠,𝑑𝑒𝑣 = 795675491 𝑠𝑐𝑓/𝑎𝑐𝑟𝑒 𝑥 8,000 𝑠𝑞 𝑚𝑖 𝑥
1

0.00156

𝑎𝑐𝑟𝑒

𝑠𝑞 𝑚𝑖
= 4080 𝑇𝑠𝑐𝑓……………..(42) 

The estimated sorbed gas value for the developed area of the Barnett shale is approximately 4080 

Tcf. 

 

6.2.3 Total Gas Estimation  

To obtain the total storage volume of the developed play, the free gas and sorbed gas storage 

volumes of the developed area are summed. 

𝐺𝑡 = 𝐺𝑓,𝑑𝑒𝑣 + 𝐺𝑠,𝑑𝑒𝑣………………………………………………………..……………...(43) 

𝐺𝑡 = 599 𝑇𝑐𝑓 + 4080 𝑇𝑐𝑓 = 4679 𝑇𝑠𝑐𝑓………………………………………………...(44) 

So far, the total gas storage estimation for a developed area indicates the current CO2 subsurface 

storage capacity of regions in shale gas plays that have already been produced. Hence, Table 11 

depicts the current storage availability current of the different North American plays. 

 

Table 11 — Gas shale plays calculated CO2 storage capacity of the developed area. 

Developed Average Formation Area 

  Free Gas Storage 

Capacity (Tscf) 

Sorbed Gas 

Storage Capacity 

(Tscf) 

Total Gas 

Storage Capacity 

(Tscf) 

Barnett 605 4,057 4,662 

Marcellus 1,194 9,668 10,862 

Fayetteville 115 735 850 

Haynesville 303 2,988 3,291 

Total 2,217 17,447 19,664 
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6.3 Storage Potential in Undeveloped Area 

The storage capacity in undeveloped areas of a formation indicate its potential for carbon 

sequestration in the future once it has been produced for methane. The calculations for the 

previous section are then performed using the average undeveloped area for the chosen shale gas 

formations. The results are shown in Table 12. 

Table 12 — Gas shale plays calculated CO2 storage capacity of the undeveloped area. 

Undeveloped Average Formation Area 

  Free Gas 

Storage 

Capacity (Tscf) 

Sorbed Gas 

Storage Capacity 

(Tscf) 

Total Gas 

Storage Capacity 

(Tscf) 

Barnett 477 3,195 3,672 

Marcellus 1,104 8,941 10,045 

Fayetteville 68 436 504 

Haynesville 280 2,758 3,038 

Total 1,929 15,329 17,258 

 

Table 13 — Gas shale plays calculated CO2 storage capacity of the total (developed + 

undeveloped) area. 

Total Average Formation Area 

  Free Gas Storage 

Capacity (Tscf) 

Sorbed Gas Storage 

Capacity (Tscf) 

Total Gas Storage 

Capacity (Tscf) 

Barnett 1,082 7,251 8,333 

Marcellus 2,298 18,609 20,907 

Fayetteville 184 1,171 1,355 

Eagle Ford 9 84 93 

Haynesville 582 5,746 6,328 

Total 4,155 32,860 37,015 
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6.4 Total Storage Potential  

The total storage potential for the plays presented are in the trillion standard cubic feet range. 

Barnett shale has the potential to store 8,300 Tscf in its entirety and the Marcellus could 

theoretically sequester 21,000 Tscf as well (Table 13). In contrast, the Eagle Ford, Fayetteville, 

and Haynesville have less storage potential. With these 5 sites, there is a total storage  

6.5 Discussion of Known and Calculated Storage Volumes  

Two calculated CO2 storage volumes have been calculated: 

1) Free gas volume using 𝐺 and 𝐵𝑔𝑖 inverse relationship from Svetlana et al. (2018) based 

on the initial free gas methane volumes (Eq. 3). 

2) Free and sorbed gas volume using laboratory obtained parameters using Sample 21. 

 

Here I assume the Marcellus, Fayetteville, Eagle Ford and Haynesville shale gas plays exhibit a 

similar storage behavior as the one observed in the laboratory from Sample 21. Sample 21 showed 

a sorbed to free CO2 gas ratio of 9.5:1 (Table 7). This behavior is reflected in the calculated total 

storage  

Table 14 —Total CO2 storage volume comparison chart adapted from Svetlana et al. (2018). 

CO2 volume 

calculation 

Method 

Barnett Marcellus Fayetteville Eagle Ford Haynesville Total 

Inverse 𝐺 and 𝐵𝑔𝑖 

relationship using 

free gas methane 

volumes from 

Svetlana et al. 

(2018) (Tscf) 

1057 3400 219 - 904 5,580 

Inverse 𝐺 and 𝐵𝑔𝑖 

relationship using 

free gas methane 

volumes from 

Svetlana et al. 

(2018) (Megaton) 

55,128 177,399 11,439 - 47,165 291,131 
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Table 14 — Continued. 

CO2 volume 

calculation 

Method 

Barnett Marcellus Fayetteville Eagle Ford Haynesville Total 

Laboratory 

method (Tscf) 
8,333 20,907 1,354 92 364 36,923 

Laboratory 

method 

(Megaton) 

434,760 1,090,786 70,662 4,800 330,163 1,926,376 

 

volumes using the laboratory methods versus the volumes estimated by Svetlana et al. (2018) 

in which only free gas was considered. To meet the target estimated by the IEA (2021b) to limit 

global temperature increase to 2°C by 2050, 44,800 Mt of CO2 must be sequestered to reach net-

zero assuming yearly emissions decrease until 2050. However, if emissions remain constant, then 

693,000 Mt must be stored to reach net-zero 

Using the density of CO2 at standard conditions of 0.116868 lb/ft3, the storage values from 

this study were converted from Tscf to Mega-ton (Table 14). In these 5 formations, according to 

laboratory measurements, there is abundant storage capacity to reach the IEA (2021b) climate 

target.  The Marcellus holds the biggest potential with an optimistic 20,907 Tscf or 1,090,786 Mt 

of storage followed by the Barnett with 434,760 Mt. The Eagle Ford had the least potential 4,800 

Mt due to the relatively small area of the formation followed by the Fayetteville with 70,643 Mt 

of storage capacity due to its thin formation thickness. Fayetteville shale alone has the potential to 

sequester 70,662 Mt of CO2, while only an optimistic 44,800 Mt is required to limit the earth’s 

temperature from rising by 2°C by 2050 considering emission reduction efforts succeed. 

Alternatively, assuming emissions remain constant over time, both the Barnett and Haynesville 

must be considered at their full storage potential or approximately 60% of the Marcellus must be 

used.  
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5. CONCLUSION 

CO2 storage capacity of organic-rich shale source rocks was measured in the laboratory using 

six samples. The Santos and Akkutlu model (2013) was employed which involved performing 

experiments using the volumetric method and a Hassler sleeve holder to apply reservoir equivalent 

pressures. Corrections were made for adsorption and pore compressibility effects to correct the 

pore volume available for sequestration with increasing pressure. In addition, a linear form of the 

Langmuir model was utilized through which the Langmuir volume and Langmuir pressure values 

were obtained. Other key parameters needed to calculate the total and free gas rock storage 

capacity were reference pore volume, pore compressibility, and sorbed phase density of which the 

first two were obtained experimentally, while the latter was assumed from literature. With these, 

the Langmuir isotherm was constructed and used to measure the adsorptive storability of the rock. 

Other key parameters needed to calculate the total and free gas rock storage capacity were 

reference pore volume, pore compressibility, and sorbed phase density of which the first two were 

obtained experimentally, while the other was assumed from the literature. 

Overall, CO2 possessed the largest stored volume over CH4, and four of the six samples had the 

dominant storage method as adsorption. The average CO2 total, sorbed, and free phase gas stored 

was 1257.4 scf/ton, 913.7 scf/ton, and 343.7 scf/ton respectively, while for CH4 it was 175.5 

scf/ton, 43.2 scf/ton, 132.3 scf/ton respectively. The higher storage volume for CO2 can be 

attributed to the linearity of the CO2 molecule and its steric effects which enhance access to the 

minute organic pores and storage in the sorbed phase accordingly. Although a direct relationship 

between TOC and storage capacity is recognized in the literature, it was not observed here, perhaps 

due to all samples possessing a similar TOC of ~5%.  
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Once a storage capacity for a given pressure is obtained, it can be applied to an area of known 

initial reservoir pressure yielding a storage estimation for an entire formation. The Barnett, 

Marcellus, Fayetteville, and Haynesville formations have the capacity to individually store more 

than 44,800 Mt of CO2, which is the entirety of the conservative atmospheric CO2 volume needed 

to prevent catastrophic climatic events due to climate change, if their total 

(developed+undeveloped) areas are used for sequestration.  According to this study, the Marcellus 

shale can potentially store 1,000,000 Mt of CO2 gas at full capacity which is  more than the 

estimated storage required to fully sequester current GHG emissions. 

It is inevitable that CO2 emissions will continue to rise due to increase in population and its 

associated energy demand even with the implementation of renewable energy resources. Thus, 

carbon capture and sequestration provide a tangible avenue for GHG emission reduction. As the 

necessity for carbon footprint reduction rises, organic-rich shales can become alternative storage 

sites as shown by the estimated sequestration capacities of North American plays. Moreover, 

environmental and petroleum entities can mutually benefit through shared knowledge of enhanced 

gas recovery and CO2 sequestration. Although this study focused mostly on the Barnett shale, 

studies on other organic-rich shale plays with different TOC content should also be further 

investigated. Lastly, study directly applies a simple and effective storage model (Santos and 

Akkutlu 2013) that can be easily adopted and employed by the industry. 
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