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ABSTRACT 

Huge amount of shale oil in-place has been explored all over the world. The 

advanced horizontal drilling and multiple hydraulic fracturing in horizontal well 

techniques have made the commercial development of shale oil reservoirs possible. The 

success of shale oil plays in U.S. showed the huge economical potential of shale oil 

resources. However, one major problem in shale oil development is the extremely low 

oil recovery factor. The primary oil recovery factor of a shale reservoir is just around 

5% which means that most of the shale oil remains in the formation and cannot be 

produced. Thus, an increasing number of researches are focusing on the IOR (improved 

oil recovery) and EOR (enhanced oil recovery) techniques in shale oil plays. Among all 

the EOR techniques, gas injection EOR is believed to have the most potential to be 

applied in shale plays. Many experimental and simulation study regarding gas injection 

EOR in shale oil reservoirs showed promising enhanced oil recovery results.   One 

problem during the gas injection EOR process is the asphaltene precipitation and 

deposition. Such phenomenon was widely reported and studied in conventional 

reservoirs, while it was not taken into consideration in researches regarding gas injection 

EOR in shale oils.  

In order to figure out whether the asphaltene associated formation damage exists 

in gas injection EOR process in shale reservoirs, how severe this problems could be， 

and how to evaluate such kind of problems during gas injection EOR process in shale, 

we carried out both experimental works and simulation studies to answer the questions 

mentioned above. The effect of gas injection on asphaltene precipitation in shale oil 

samples was investigated experimentally. The permeability reduction, pore size 

distribution change, and wettability alternation caused by the gas huff and puff injection 

in shale rock samples were investigated experimentally. Experimental results confirmed 

that the gas injection into shale oil can generate large enough asphaltene particles to 

block the pore and throat inside the shale rocks and asphaltene deposition caused non-

negligible permeability damage during gas huff and puff injection in shale. Base on the 
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experimental measurement of the permeability reduction during the gas huff and puff 

injection process, core-scale experiment model was built up to study the asphaltene 

precipitation and deposition process in the core experiments. A reservoir scale model 

was also built up based on the parameters of asphaltene deposition model from 

experiments and core-scale experiment model to investigate the effect of asphaltene 

deposition caused formation damage on production and oil recovery in shale reservoirs. 

Optimization strategies of CO2 huff and puff injection scenarios to minimize asphaltene 

precipitation and deposition were studied based on the reservoir scale model. 

Experimental results showed that severe permeability damage was caused by 

asphaltene during CO2 huff and puff injection (e.g., 48.5%), especially in the first cycle 

(e.g., 26.8%) in one of the tested Eagle Ford shale core plug. The asphaltene deposition 

also reduced pore and throat size and made the rock surface to more oil-wet. Analysis 

of the experiments using simulation approach show that oil recovery factor reduction 

starts right after the beginning of CO2 huff and puff injection and the effect of 

asphaltene deposition on oil recovery factor accumulated during the later cycles. The 

asphaltene deposition was mainly formed in the near surface area of the core plug. As 

the CO2 concentration is quickly increased in the first cycle and more oil is near the 

rock surface in the first cycle, asphaltene precipitation and deposition were most 

significant during the huff period in the first cycle compared with the subsequent cycles. 

The effects of huff and puff injection operational scenarios on oil recovery factor 

reduction caused by asphaltene deposition were analyzed based on the reservoir scale 

model. Reducing huff injection rate, reducing huff injection time and increasing puff 

producing time are favorable optimization strategy for minimizing asphaltene 

deposition caused oil recovery reduction. Although by changing other operational 

scenarios, the amount of asphaltene deposition could be reduced, meanwhile the oil 

recovery factor was reduced significantly. Thus, we recommend controlling the 

asphaltene deposition by optimizing the huff injection rate, huff injection time, and puff 

producing time based on the requirements of industrial production.  
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CHAPTER I  

INTRODUCTION 
In this Chapter, the background of this study is introduced. Then, the motivation 

and objective of this study are presented. 

1.1 Background 

The production of shale oil and gas in America has increased significantly from 

2010 to 2015. Such increase was achieved by technological improvements in horizontal 

drilling and hydraulic fracturing in major shale plays, such as Eagle Ford, Bakken and 

Marcellus.  Although the production of shale oil decreased after 2015 due to the low oil 

price and resulting cuts in investment. As oil prices recover along with the use of more 

advanced hydraulic fracturing and drilling techniques, oil production from shale is 

expected to increase. Figure 1.1 shows the history and projection of tight oil production 

in the United States. Bases on these projections in the U.S. Energy Information 

Administration’s Annual Energy Outlook 2016 ( Energy Information Administration, 

2016), the shale oil production will keep increasing in next 30 years and is expected to 

reach 7.08 million barrels per day by 2040.  

 

Figure 1.1U.S. tight oil production history and projection (2005-2040) (Energy 

Information Administration, 2016). 
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The growth in shale oil production shows how important shale oil production 

has become in the United States. Following the success of shale business in the United 

States, many countries started to explore and develop shale gas and oil resources. 

According to a DOE report, the assessed shale oil in-place all over the world is 6,753 

billion barrels (Energy Information Administration, 2013). However, the technically 

recoverable shale oil resources of the world is just 335 billion barrels as shown in table 

1.1.  

Table 1.1 Risked shale oil in-place and technically recoverable, as of May 

2013(Energy Information Administration, 2013). 

 

This is due to the fact that current available techniques to produce shale oil is 

through primary depletion using horizontal wells with multiple transverse fractures 

which only gives a few percent of oil recovery factor. Thus, a big prize is to be claimed 

in terms of enhanced oil recovery (EOR) in shale. Among all the EOR techniques, gas 

injection is believed to be a more practical and efficient EOR method in shale (Sheng, 

2015). Many experimental and simulation works on gas injection EOR in shale oil 

reservoir have been done and showed promising oil recovery factor results. It seems that 

the gas injection EOR has the most potential to be applied in shale oil reservoirs to 

maximum oil recovery. One problem that comes with gas injection EOR method is 
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asphaltene precipitation and deposition. This phenomenon has been well documented 

and studied in conventional reservoirs.  

The asphaltene deposition problem was firstly detected in the surface facilities, 

especially in separators during the oil depressurization process (Garland, 1989; 

Leontaritis et al., 1994). Later on, it was found that the asphaltene deposition zone can 

be in the bottomhole and near wellbore formation as reservoir depletion proceeds in the 

Hassi Messahoud field (Leontaritis et al., 1994; Minssieux, 1997). Since then, more and 

more researches on asphaltene precipitation and deposition were carried out. It is 

generally agreed that asphaltenes are heavy hydrocarbon molecules which are in 

colloidal suspension in the crude oil and stabilized by resins adsorbed on the surface 

(Sheu et al., 2007). When the solubility conditions such as temperature, pressure and oil 

composition are changed in the oil, the asphaltenes could form a separate solid phase 

which is known as the precipitation process. The precipitated asphaltene would get 

deposited in the porous media either by adsorption onto the pore surface or plugging the 

pore and throat. The asphaltene deposition in the porous media can reduce the rock 

permeability, alter the formation wettability and increase the reservoir fluid viscosity 

which will end up with undesirable effects on oil flow during primary oil production 

and gas injection EOR processes.  

Many field case studies and experimental studies showed asphaltene associated 

problems in gas injection EOR process (Adyani et al., 2011; Ali, 2012; Behbahani et 

al., 2014; Behbahani et al., 2015; Bolouri et al., 2013; Burke et al., 1990; Hamadou et 

al., 2008; Huang, 1992; Jafari Behbahani et al., 2012; Jafaribehbahani et al., 2011; 

Kokal et al., 1992; Leontaritis and Mansoori, 1988; Okwen, 2006; Shelton and 

Yarborough, 1977; Srivastava and Huang, 1997; Takabayashi et al., 2012; Turta et al., 

1997). During the gas injection process, the addition gas molecules differs greatly from 

the resins and asphaltenes in size and structure and therefor solubility parameter which 

would change the original equilibrium in the nonpolar portion of the oil. Such change 

could make asphaltene molecules aggregate to overcome the Brownian forces of 

suspension and start to precipitate when sufficient quantities of injection gas are added 
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to the oil (Ferworn et al., 1995; HAMMAMI et al., 1998; Mullins et al., 2007). Various 

factors can affect the asphaltene precipitation and deposition associated damage in 

porous media including pressure, temperature, initial permeability, injection gas 

concentration, rock mineralogy, pore and throat size, asphaltene aggregation size and 

so on. Researches on the effects of these factors on asphaltene associated damage in 

conventional formation have been well studied and documented in the literature. The 

precipitation and deposition of asphaltene in the oil production process cost the 

petroleum industrys millions of dollars each year because of plugging reservoirs, 

surface facilities, pipelines, downhole equipment and production. Such high cost was 

payed to realize the importance of asphaltene problems and develop method to solve the 

problems. However, the potential asphaltene problems in shale play haven’t been 

studied yet especially in the gas injection EOR application in shale which seems to be a 

hot research topic recently and very close to be put to the practical stage. In order to 

avoid the similar costs payed in conventional play, it is wise to utilize the experience 

accumulated in the asphaltene studies to investigate the potential asphaltene associated 

problems in shale before the problem occurs. 

1.2 Statement of Problems 

In previous studies regarding asphaltene associated problems in conventional 

reservoirs, the formation damage caused by asphaltene deposition in gas injection 

processes, to be more specific, the porosity and permeability reduction caused by the 

asphaltene deposition in porous media during gas injection processes were confirmed 

experimentally (Ali, 2012; Behbahani et al., 2014; Behbahani et al., 2015; Bolouri et 

al., 2013; Hamadou et al., 2008; Huang, 1992; Jafari Behbahani et al., 2012; 

Jafaribehbahani et al., 2011; Okwen, 2006; Srivastava and Huang, 1997; Takabayashi 

et al., 2012; Turta et al., 1997). It was found the quality of permeability reduction 

depends on several factors including total amount of precipitated asphaltene, initial 

permeability, pore and throat size and rock minerals. In general, high total amount of 

asphaltene precipitation could lead to high asphaltene deposition amount which would 

result in a high permeability reduction. Asphaltene deposition in low initial permeability 



Texas Tech University, Ziqi Shen, August 2017 

5 

rocks would result in a high permeability reduction. Rock samples with smaller pore 

and throat size is easier to get asphaltene particle plugging insides which is one of the 

cause of permeability damage. It was also found that rock samples with existence of 

polar components such as carbonate and shale could lead to a higher asphaltene 

deposition which would result in a higher permeability reduction. Such observations 

were also made in the conventional core experiments. Compared with the conventional 

reservoirs, the shale reservoirs have a more critical condition to asphaltene deposition 

associated formation damage problems. 

In shale reservoir, the formation usually has an extremely low permeability 

which is on the scale of nano-Darcy. The lowest permeability in conventional reservoirs 

are usually several millidarcy which is still several thousand times higher than 

permeability of shale. In such low permeability rocks, the permeability reduction caused 

by asphaltene deposition could be very severe according to the conclusion that low 

initial permeability of the porous media could lead to a high permeability reduction 

caused by asphaltene deposition found in the conventional rock experiments.  Another 

characteristic of shale reservoir is that the pore and throat size is also very extremely 

which is usually on the scale of Nanometers especially the pore and throat in the shale 

organic matrix. Such small pore and throat size makes it much easier for the asphaltene 

particles to get plugged and lead to a reduction of the permeability. It was also found 

experimentally that polar groups in carbonate core and clay mineral have greater ability 

than sandstone formation to adsorb asphaltene ((Behbahani et al., 2015; Collins and 

Melrose, 1983; Hamadou et al., 2008). Shale formation is well known for its high clay 

content and some of the oil producing shale formation contains large amount of 

carbonate such as the Eagle Ford shale reservoir. So a high amount of asphaltene 

deposition on the surface of the shale rock samples due to the existence of polar 

components which could make the asphaltene molecules adhere more strongly to the 

surface. Thus, all the characteristics discussed above all make it easier for asphaltene 

deposition associated formation damage to occur in shale reservoir.  
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1.3 Objective of the Study 

Due to the fact that none researches have been done on the asphaltene deposition 

associated problems in shale, we want to investigate these potential problems during the 

gas injection EOR process in shale because the requests for enhancing shale oil recovery 

is urgent. Before putting the gas injection EOR process into practical stage, we want to 

investigate on this potential problem that may influence the performance of such 

expensive treatment technology. This study aims to investigate whether the asphaltene 

associated problems exist or not in shale during the gas injection EOR process and how 

severe the asphaltene associated formation damage could be by performing 

experimental study on shale core samples.  

This study also aims to use simulation models to investigate the effects of 

asphaltene associated formation damage on the performance of gas injection EOR 

process in shale reservoirs. Such simulation models also enable the evaluation of 

asphaltene caused damage during the gas injection EOR project in shale reservoirs. By 

doing sensitivity tests on key parameters of the gas injection EOR process such as the 

cycles numbers, soaking time, huff pressure, puff pressure, the effects of each parameter 

on the asphaltene deposition caused formation damage could be determined. Such 

information will be used to optimize the gas injection EOR process to minimum the 

influence of asphaltene associated formation damage on the gas injection process and 

maximum the performance of the gas injection EOR project. 

1.4 Contributions of the Study 

This study summarized the experiences regarding the asphaltene precipitation 

and deposition associated formation damage during gas injection EOR process gained 

in the researches in conventional plays. New methodology including both experimental 

methods and simulation modeling methods are developed in this study based on the 

experience gained in conventional play to investigate the asphaltene precipitation and 

deposition caused formation damage during the gas injection EOR process in shale 

reservoirs. This is the first systematic study on the asphaltene problems in gas injection 

EOR process in shale reservoirs. By doing this study, we confirmed the existence of the 
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asphaltene precipitation, deposition and associated formation damage caused by the gas 

injection EOR process in shale. We also developed experiments and simulation models 

to evaluate the effects of asphaltene deposition caused formation damage on the 

performance of gas injection EOR which indicates that such asphaltene associated 

problem can influence the performance of gas injection EOR projects significantly. The 

development of reservoir simulation model with asphaltene precipitation and deposition 

enables the optimization of gas injection EOR project to minimum the asphaltene caused 

formation damage and maximum the performance of gas injection EOR project in shale. 

Optimization strategy of huff and puff injection regarding asphaltene precipitation and 

deposition were studied using the developed reservoir simulation model. For studying 

asphaltene precipitation and deposition in complex gas injection condition, the 

numerical method used in this dissertation was proved to be applicable and convenient.  

1.5 Organization of the Dissertation 

This dissertation is divided into seven chapters.  

Chapter I introduces the background information of this project, describes the 

research motivation, and the objectives of this dissertation.  

Chapter II gives a general literature review on asphaltene precipitation, 

deposition and associated formation damages in previous researches.  

Chapter III describes the experimental study workflow and presents the analysis 

methods of rock properties that were employed in this project, including the 

determination of asphaltene components in crude oil, Nano filtration technique, pore 

size distribution measurement, and huff and puff gas injection.  

Chapter IV presents the experimental design and results in this study, including 

the investigation of asphaltene aggregation during gas injection and the investigation of 

Permeability Reduction and Pore Size Distribution Change due to Asphaltene 

Deposition during CO2 Huff and Puff Injection in Eagle Ford Shale.   

Chapter V presents the simulation work conducted in this study including a lab-

scale experiment modelling work regarding asphaltene precipitation and deposition and 
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a reservoir-scale modelling work to investigate asphaltene precipitation and deposition 

effects on shale reservoir production and oil recovery behavior.  

Chapter VI presents the conclusions that can be drawn from this project and 

proposes suggestions for future research. 
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CHAPTER II  

LITERATURE REVIEW 

2.1 Petroleum Asphaltenes 

Petroleum is complex hydrocarbon mixture with organic compounds such as 

sulfur, nitrogen, and oxygen and compounds containing metallic elements such as 

vanadium, nickel, and iron. Generally, the petroleum components are classified under 

two major groups. One is the C6- group which is well-defined, while the other one is 

C6+ which is poorly defined. The C6- group consists of all the pure hydrocarbon 

components with carbon number up to C5. All the components in C6- group are well 

studied and the physical properties of these components including the isomers are well 

recorded in the literature. However, on the other hand, the C6+ group which consists of 

components with carbon number higher than C5 was much more complex with the 

increasing of carbon chain length. So the C6+ group in petroleum is further classified 

into four groups, Saturates (S), Aromatics (A), Resins (R), and Asphaltenes (A) (Mullins 

et al., 2007).  The Saturates (S) are the nonpolar compounds that contains no double 

bonds and include both the alkanes (both n-paraffines and iso-parafins) and the 

cycloalkanes. Saturates are considered as the largest single source of petroleum waxes. 

Aromatics (A) are the compounds with one or more benzene rings. Resins (R) are the 

polar compounds that contains heteroatoms such as oxygen, nitrogen, and sulfur. This 

fraction is operationally defined as the fraction soluble in light alkanes such as pentane 

and heptane, but insoluble in liquid propane(Speight, 2014; Subirana and Sheu, 2013). 

Resins are usually assumed to be soluble in petroleum crudes and plays an important 

role in the solubility of asphaltene contents. Resins may have the function to stabilize 

the dispersion of asphaltene particles. Asphaltenes (A) are also polar compounds but 

with higher molecular weight than Resin. The Asphaltenes are also defined by its 

solubility, namely insoluble in light alkanes such as pentane and heptane, and soluble 

in aromatic solvents such as benzene or toluene (Mullins et al., 2007; Speight, 2014; 

Subirana and Sheu, 2013).   
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2.1.1 Properties of Asphaltenes 

Asphaltenes are the polar and heavy compounds in petroleum which is insoluble 

in in light alkanes such pentane and heptane and soluble in aromatic solvents such as 

benzene or toluene by its definition. Asphaltenes contains large amount of heteroatoms 

such as oxygen, nitrogen and sulfur and also organometallic constituents such as Nickel, 

Vanadium and Iron. The structure of asphaltene molecules is believed to have 

polycyclic aromatic clusters, substituted with varying alkyl side chain (Speight, 2014; 

Subirana and Sheu, 2013).  

For years, the petroleum chemists suffered from the analytical difficulties 

associated with complex mixtures, namely asphaltene have a strong trend to self-

associate. Molecular weight is one of the most important attribute of any chemical 

compounds. One of the commonly used to tool to measure the molecular weight is mass 

spectroscopy. Mietec Boduszynski reported a mean asphaltene molecular weight of 

850g/mol using field ionization mass spectroscopy (FIMS) on n-heptane obtained 

asphaltenes (BODUSZYNSKI, 1981). Laser desorption mass spectroscopy (LDMS) 

also was used to measure asphaltene molecular weight (Miller et al., 1998). In their 

study, the molecular weight of asphaltene obtained from Mayan residuum were 

measured to be 400g/mol. Groenzin and Mullins used time-resolve fluorescence 

depolarization (TRFD) technique to determine the molecular weight of asphaltenes and 

they concluded a mean value of 750 g/mol for the asphaltene molecular weight, a 

maximum value of 1000 g/mol  and a lower-value of 500g/mol for asphaltene molecular 

weight (Groenzin and Mullins, 1999). Other tests using vapor pressure osmometry 

(VPO) gave the asphaltene molecular weight nearly several thousand g/mol. Tests using 

gel permeation chromatography (GPC) gave even higher values, nearly 10000 g/mol. 

But those two technique suffers from problems which could make the measurement 

problematic(Groenzin and Mullins, 2000).   

One of the breakthrough in the study of asphaltene structure is the development 

of Yen model which is a hierarchical structure of asphaltenes proposed by professor The 

Fu Yen (Dickie and Yen, 1967) as shown in figure 2.1. In the model, the term micelle 



Texas Tech University, Ziqi Shen, August 2017 

11 

was used to describe the small stacks of fused aromatic ring systems of asphaltene 

molecules. The micelles could grow into a small limiting size and theses asphaltene 

micelles can later on cluster into aggregates if the concentration is high enough. The 

Yen model also related structures of different length scales which allows the broader 

comprehension of the utility of results in a given scale. The Yen model has been very 

useful for most contributors in the field of asphaltene research and has become an 

intrinsic component of much analysis (Mullins, 2010).  

 

Figure 2.1 Yen model (Dickie & Yen, 1967). 

The Yen model had its limitations due to many huge uncertainties in asphaltene 

science at the time that the Yen model was developed. After decades of the creation of 

Yen model, Dr. Mullins proposed a new modified Yen model. The modified Yen Model 
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emphasis the different hierarchical structures (Mullins 2010).  It shows how hierarchical 

structures are related in terms of structure and energies. The predominant asphaltene 

molecular structure consist of single, moderately sized polycyclic aromatic hydrocarbon 

(PAH) ring system with peripheral alkane substitutes. These molecules can form 

asphaltene nanoaggregates with a single disordered stack of PAHs and with aggregation 

number approximately 6. The exterior of the nanoaggregates is dominated by the 

alkanes substituents. These nanoaggregates can form clusters of nanoaggregates and 

aggregation numbers are approximately eight aggregates (Mullins, 2010). The PAH is 

the primary site of intermolecular attraction, it is polarizable, hence PAH is the site of 

the induced dipole interactions.  This interaction increases monotonically with the 

number of fused rings and is significant for large for large PAHs of asphaltenes. 

 

Figure 2.2 The Modified Yen-Mullins Model (Mullins, 2010). 
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Figure 2.3Asphaltene Molecular Architecture Proposed by Mullins (2005). 

2.1.2 Solubility of Asphaltenes in Petroleum 

Crude oils have four major SARA fractions as discussed previously, namely 

Saturates, Aromatics, Resins, and Asphaltenes. It is believed that the Resins play an 

important role in stabilizing higher molecular weight and polar asphaltenes in crude oil.  

Resins have polar end groups which contains heteroatoms such as oxygen, nitrogen, and 

sulfur, while the other end is nonpolar paraffinic group. Because asphaltenes are polar 

compounds, they will be attracted to the polar ends of the Resins. This attraction is due 

to the hydrogen bonding through the heteroatoms and dipole-dipole interaction arising 

from the high polarities of the resins and asphaltenes (Mullins et al., 2007). So 

Asphaltene molecules in crude oils will be surrounded by resins that act like a peptizing 

agents as shown in figure 2.4. The resins will keep the asphaltene molecules in a 

colloidal dispersion within the crude oil.  
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Figure 2.4 Colloidal suspension of asphaltenes in petroleum (Mullins et al., 2007). 

Nellensteyn was the first to suggest a colloidal structure for bitumen based on 

observations from Tyndall effect. He also observed that using a dispersion of finely 

divided elemental carbon in an asphalt-base oil can cause asphalt-like dispersion. 

Nellensteyn developed a model of asphaltenes as micelle that was surrounded by resins 

(Mullins et al., 2007). This model has been widely used in the research of asphaltene 

science and its influence on those researches couldn’t be overstate. Another big 

improvement in understanding the asphaltene solubility characteristics in crude oils was 

the use of Flory-Huggins approach which is originally developed to describe solubility 

of polymers. This theory was firstly modified and applied to asphaltenes by Hirschberg 

et al, 1984. Their modified Flory-Huggins approach inspired later researchers to come 

up with more accurate model for predicting asphaltene precipitation and also made big 

progress in understanding and describing asphaltene solubility by treating asphaltenes 

as lyophilic colloids. The Flory-Huggins approach has been the basis for several 

methods of predicting asphaltene instability or asphaltene precipitation.  

The solubility parameter of a pure compounds can be measured by mixing one 

material whose solubility properties are not known with another material whose 
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solubility parameters are known. Burke et al. estimated the solubility parameter of 

asphaltene sludge to be around 20.5 MPa1/2 (Burke et al., 1990). Anderson estimated the 

solubility parameter of asphaltenes to be between 19 MPa1/2 and 24 MPa1/2 (Andersen 

and Speight, 2001).  Figure 2.5 shows the solubility parameter distribution of various 

generic fractions of crude oil at 25oC. 

 

Figure 2.5 Solubility parameter distribution of various generic fractions of crude oil at 

25oC (Andersen and Speight, 2001). 

2.2 Asphaltene Precipitation 

Even after decades of development of Colloidal model of asphaltene in 

petroleum by Nellensteyn, it is still an important basis for understanding and researching 

asphaltene solubility behavior in petroleum crudes. According to the colloidal model, 

asphaltene molecules are surrounded by resins which act like peptizing agents so that 

the resins make the asphaltene maintain a dispersion condition within the crude oils. 

The nature of such colloidal suspension in crude oils make the equilibrium easy to be 

disturbed. Field experience and experimental observations showed that asphaltene 

stability in crude oils can be influenced by several factors including the composition, 

pressure, temperature and so on. In other words, by changing the original status of those 
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factors in the crude oils, asphaltene may precipitate. The term precipitation is defined 

as the formation of a solid phase out of a liquid phase. In the case of asphaltene, the 

precipitation process in generally interpreted as the process of asphaltene particles 

become solid phase after the colloidal suspension by resins are abundantly disturbed. 

2.2.1 Effect of Composition Change 

Asphaltene can precipitate when mixed with light alkanes, CO2 flooding, 

miscible flooding. Burke et al. carried out experiments on asphaltene precipitation 

during acid stimulation, gas-lift operations and miscible flooding in 1990.  They 

measured amount of asphaltene precipitation in several live oil and solvent mixtures at 

reservoir condition. They found out that changing the composition of the reservoir fluid 

by adding other chemicals has a significant impact on the formation of asphaltene 

precipitation. Their experimental results showed that after adding different light 

components into the live oil sample, asphaltene precipitation was settled and adhered to 

the bottom of the vessel. The authors concluded that by adding light molecular weight 

alkanes into the crude oil, the solubility parameter of the liquid phase is decreased 

because the light alkanes have relatively low solubility parameters. After the solubility 

is decreased enough, the precipitation may form. An example was shown in figure 2.6 

which illustrates the change in solubility parameters of a live oil when light hydrocarbon 

solvent was added into the oil. As shown in figure 2.6, by increasing injection 

concentration of HCG2 gas components makes the solubility parameters of the crude 

oil mixture decreased. When the solubility parameter is lower than the solubility of 

asphaltenes which is approximately 20.5 MPa1/2, the precipitation will occur.  
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Figure 2.6 Solubility parameter change with HCG2 solvent gas added (Burke et al., 

1990). 

In the experiments of Burke et al, an increase in asphaltene precipitation amount 

was found when adding more HCG2 gas into the crude oil up to 78 mol%. However, 

after 78 mol% of HCG2, a decreased amount of asphaltene precipitation was observed 

when adding more HCG2 solvent gas into the oil system. The authors explained this 

phenomenon as the supercritical extraction effect. When pressure is above the bubble 

point pressure, compressing the liquid will increase the solubility parameters by virtue 

of their inverse relationship to molar volumes. When the concentration of HCG2 solvent 

gas is high enough, it will behaves like supercritical extraction agent for the higher-

molecular-weight compounds remaining in the liquid. Under such condition, the fluid 

system is so compressed and retrograde vaporization occurs, the lighter-molecular-

weight compound would be extracted first which makes the remaining liquid phase 

richer in high-molecular-weight hydrocarbons and resins. The consequence of such 
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interaction is the enhancement of solubility in both vaper and liquid phase. As the 

system including resins and asphaltenes transfer into vapor phase when dewpoint 

pressure is reached , the asphaltenes enter a vapor phase rich in the heavy hydrocarbons 

and resins that enhance their solubility (Burke et al., 1990). It was also found in the 

experiment that addition of solvent didn’t always result in precipitation. By adding 

naphtha solvent into one crude oil sample, no significant change in amount of asphaltene 

precipitation was observed and solubility parameter of the mixture was increased by the 

addition of naphtha solvent. 

The addition of lighter-molecular-weight compounds such as light alkanes will 

make the crude oil system lighter and in the process the equilibrium in the nonpolar 

portion of the crude oil system is disturbed. As a result, resin molecules will desorb 

from the surface of asphaltenes to reach a new thermodynamic equilibrium. The 

desorption of peptizing resins forces the asphaltene micelles to agglomerate in order to 

reduce their overall surface free energy (Mullins et al., 2007). When asphaltene 

molecules aggregate big enough to overcome the Brownian forces of suspension after 

adding enough titrant into the crude oil, the asphaltenes will start to precipitate 

(Ferworn, 1995; HAMMAMI et al., 1998; Mullins et al., 2007). So the quantity and 

type of solvent added to the crude oil is also critical to the asphaltene precipitation. The 

effect of carbon number of the titrant on asphaltene precipitation was tested 

experimentally using dead oil sample at a 40:1 n-alkane to oil ration by Hammami, et 

al, 1995  as shown in figure 2.7 (Hammami et al., 1995). 
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Figure 2.7 Effect of titrant carbon numbers on asphaltene precipitation (Hammami et 

al., 1995). 

The standard method to test the total asphaltene contents in petroleum, namely 

the IP143 method is based on the theory discussed above. Basically, n-heptane is used 

as titrant to make the asphaltene contents in the petroleum to precipitate under reflux. 

And the asphaltene precipitation is collected using filtration technique and separated 

from wax content using toluene. Kim et al, 1996 tested the effect of different titrant and 

titrant quantity on the asphaltene precipitation using Brookhaven heavy crude oil and 

DK-107 light crude oil. The author used both n-pentane and n-heptane as titrant to make 

the asphaltene content precipitate and measure the asphaltene precipitation using 

filtration technique. The results showed that n-Pentane generated more asphaltene 

precipitation in both of the crude oil samples than the n-Heptane. In Brookhaven heavy 

crude oil, the n-Pentane tested asphaltene precipitation is 10.67 wt%, while the n-

Heptane tested asphaltene precipitation is 6.50 wt%. In DK-107 light crude oil the n-

Pentane tested asphaltene precipitation is 1.31 wt%, while the n-Heptane tested 

asphaltene precipitation is 0.62 wt% (Kim et al., 1996). 
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2.2.2 Effect of Pressure Change 

The asphaltene deposition problem was firstly detected in the surface facilities, 

especially in separators during the oil depressurization process (Garland, 1989; 

Leontaritis et al., 1994). It was also observed along the production within tubbing, the 

asphaltene deposition forms at depth corresponding to the bubble point pressure of the 

produced oil (Minssieux, 1997). One example is the Hassi-Messahoud reservoir which 

is well-known for its asphaltene associated problems. At Hassi-Messahoud, large 

amount of asphaltene precipitation deposit at 450m region in the tubing which is just 

below the level at which the bubblepoint was reached. In the Ventura field, when the 

reservoir pressure had reached the bubblepoint pressure, severe asphaltene plugging 

problem was experienced in the field development (Hirschberg et al., 1984). Such 

observation made people to suspect the asphaltene precipitation might be related to the 

pressure in the system. Burke et al. did experiment to measure the asphaltene 

precipitation amount when adding different kind of solvent into the crude oil at varies 

pressures. They found out that the maximum amount of asphaltene precipitation occurs 

when the pressure is near the saturation pressure (Burke et al., 1990). Takahashi et al 

did experiment to test the asphaltene precipitation amount during CO2 injection into a 

crude oil sample from Middle East carbonate reservoir which contains 3.9 wt% 

asphaltene content. They observed that when the pressure decrease from the reservoir 

pressure to the saturation pressure, the amount of asphaltene precipitation is increasing 

until the pressure is reached the saturation pressure at which point the maximum 

asphaltene precipitation was measured. After the saturation pressure, by decreasing the 

pressure, the asphaltene precipitation was decreased (Takahashi et al., 2003).  

When the pressure is above the bubble point, the reservoir is undersaturated. By 

decreasing the pressure above the bubble point pressure, there will be no component 

change in the liquid phase because the light end hydrocarbon won’t transform into gas 

phase until the pressure reaches bubble point pressure. During this process, there is no 

components change or phase change in crude oil system. So it is questionable why the 

asphaltene will precipitate under such scenario.  One explanation is the different extents 
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of compressibility of the light end hydrocarbons and heavy hydrocarbons in the crude 

oil. The molar volume is defined as the volume occupied by one mole of a substance at 

a given temperature and pressure. It is equal to the molar mass divided by the mass 

density. Hydrocarbon components with different length of the carbon chains have 

different molar volume at different given temperature and pressure due to the difference 

in their molecular weight and structure. The effect of pressure change on the molar 

volume of different carbon number hydrocarbons are also different. Figure 2.8 shows 

the partial molar volume of different petroleum components under different pressures. 

As can be seen from figure 2.7, lighter hydrocarbons changes more significantly than 

heavier hydrocarbons when the pressure is changing. When decreasing the pressure 

above the bubble point pressure, the molar volume of lighter ends hydrocarbons is 

increasing much faster than the heavy ends hydrocarbons. This is equal to the effect of 

increasing the concentration of lighter ends hydrocarbons. As discussed in previous 

section, adding light end hydrocarbon such as light alkane into crude oil will decrease 

the solubility parameters of the crude oil system so that the asphaltene will precipitate 

when enough light alkane is add into the crude oil. Thus, decreasing the pressure above 

the bubble point pressure will disturb the asphaltene colloidal suspension in the crude 

oil. This process will continue until the bubble point pressure is reached. 
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Figure 2.8 Effect of pressure on molar volume of petroleum compounds (Mullins et 

al., 2007; Ratulowski et al., 1999). 

Below the bubble point pressure, when the pressure is decreased, the volatile 

hydrocarbon will leave the liquid phase and evaporate into the gas phase. This process 

will cause an increase in the density of the remaining liquid phase. The loss of light end 

hydrocarbon is a good thing for asphaltene, because light components are compete of 

asphaltenes for solvency in the crude oil. In other word, losing light components in the 

crude oil will result in relatively higher solubility parameters of the crude oil which will 

allow more asphaltene to be colloidal suspended in the crude oil. It is believed that the 

phenomenon mentioned above is closely related to the different extents of 

compressibility of the light components and heavy components in the undersaturated 

crude. Although below the bubble point pressure, the increase in molar volume of light 

ends hydrocarbons is still much faster than the heavy end hydrocarbons, the dominant 

effect becomes the escape of the light hydrocarbon from the crude oil which makes a 

fast decrease in the concentration of the light end hydrocarbons in the crude oil system. 

That’s why a maximum asphaltene precipitation is observed approximately at the 

bubble point pressure of crude oils. Two different dominating effects are controlling the 

asphaltene precipitation on the two sides of bubble point pressure.   

Another important term in the effect of pressure change on asphaltene 

precipitation is the asphaltene onset pressure. It is defined as the pressure at which the 

asphaltene start to precipitate in the depressurization process. The asphaltene onset 

pressure can be determined using NIP spectroscopy which is short for near infrared 

spectroscopy. Over the last decades, it has been used as an analytical tool by food and 

agricultural industries. The principle of NIR spectroscopy is that the light will travel 

through fluid with minimum scattering which could be caused by suspended formation 

fines or some water droplets. When asphaltene precipitation was formed in the liquid, 

the solid particles will cause a partial light scattering. With more solid particles formed, 

The NIR light can have a total scattering which causes a drastic drop in the light 

transmittance. Not only the solid particles can cause light scattering, but also the gas 



Texas Tech University, Ziqi Shen, August 2017 

23 

bubbles. So, when the pressure drops below the bubble point pressure of the tested crude 

oil, the light transmittance will also have a drastic drop. So the NIR spectroscopy can 

used to measure both the asphaltene onset pressure and the bubble point pressure in 

crude oil samples. The principle of such measurement in asphaltene onset pressure test 

is shown in figure 2.9. 

 

Figure 2.9 Principle of light transmittance measurement in asphaltene onset pressure 

test. 

During the test on asphaltene onset pressure using NIR spectroscopy, the live 

crude oil is typically deposited in a PVT cell which should be equipped with fiber-optic 

light-transmittance probes and floating piston which can be hydraulic controlled to 

maintain or change the pressure in the PVT cell. The live crude oil sample is deposited 

in the PVT cell the compressed to the reservoir pressure. The content in the PVT cell is 

homogenized with mixer and the light-transmittance scan is measured as the reference 

baseline. The pressure in the PVT cell is depleted slowly controlled by the floating 

piston inside. At each pressure step, the light-transmittance power and pressure is 

measured and recorded. Figure 2.10 shows a typical light transmittance curve along with 

the high pressure microscope photomicrographs during an asphaltene onset pressure 

test.  
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Figure 2.10 Typical light transmittance curve in asphaltene onset pressure test along 

with the high pressure microscope photomicrographs for a South American reservoir 

fluids (Mullins et al., 2007; Ratulowski et al., 2004). 

The asphaltene onset pressure in figure 2.10 is around 8000 psi at which the 

microscope photos showed very small particles that occurs in the crude oil. As the 

pressure is further depleted, the particles become larger as the asphaltene particles will 

stick to each other and forming larger flocs. The light transmittance power also showed 

drastic drop when such larger flocs were formed.  

2.2.3 Effect of Temperature Change 

There is no doubt that the temperature effect will influence the asphaltene 

precipitation behavior because the asphaltene colloidal suspension itself is a 

thermodynamic equilibrium in the crude oil. However, it is generally agreed that the 

effect of composition and pressure on asphaltene precipitation is stronger that the effect 

of temperature. It should be noted that there are still disagreements in the literature on 

the temperature effect on asphaltene precipitation (Subirana and Sheu, 2013). 
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Kim et al did experiments on the effect of solution temperature on asphaltene 

precipitation amount. They used two different crude oil to perform the experiment, 

namely the Brookhaven heavy oil which has approximately 10.67 wt% total asphaltene 

content tested with n-pentane and DK-107 light oil which has approximately 1.31 wt% 

total asphaltene content tested with n-pentane (Kim et al., 1996). The tested temperature 

range in their experiment was set to from 5ºC to 60°C. At each temperature step, the 

method to measure asphaltene precipitation were kept the same to keep consistency after 

at least 14 hours waiting and using 0.1 μm pore size filter. The results are shown in 

figure 2.11. Figure 2.11 (a) illustrates the asphaltene precipitation measured at different 

temperature in Brookhaven heavy oil using n-pentane as the solvent. Figure 2.12 (b) 

illustrates the asphaltene precipitation measured at different temperature in DK-107 

light oil using n-pentane as the solvent. It can been seen from the results in both of the 

oil that the total amount of asphaltene precipitation at a lower temperature is more (Kim 

et al., 1996).  
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Figure 2.11 Temperature effect on apshaltene precipitation: (a) measurement in 

Brookhaven heavy oil; (b) measurement in DK-107 light oil (Kim et al., 1996). 

Wang et al observed similar effect of temperature on asphaltene precipitation in 

their experiment. After the asphaltene is onset, they increased the temperature slowly 

which made the asphaltene aggregates disappeared in the visual cell. After that, they 

decreased the temperature and the asphaltenes reappeared in the visual cell. Aderson 

and Stenby, 1996 tried to dissolve asphaltene precipitation in n-heptane-toluene solution 

to study thermodynamics of asphaltene precipitation in 24-80ºC temperature range. 

They found that asphaltene solubility increased as the temperature is increased in that 

range (Andersen and Stenby, 1996). Maqbool et al, 2011 also did experiment on the 

effect of temperature on asphaltene precipitation. They observed that the asphaltene 
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precipitation amount at 50°C is less than at 20°C when other conditions are kept the 

same which indicates that asphaltene are more soluble in the crude oil at a higher 

temperature (Maqbool et al., 2011). A more systematic study on the temperature effect 

on asphaltene solubility was carried out by Chandio et al, 2015. In their study, the 

solubility of five crude oil samples from all over the world and the asphaltenes from the 

oil samples were measured at different temperature ranging from 20°C to 95°C. 

According to their experimental results, increase in temperature resulted the increase in 

solubility parameters of both asphaltenes and crude oils. Although temperature increase 

will increase the solubility parameters, the increase rate is different in asphaltenes and 

crude oils. At lower temperature the difference between solubility parameter of oils and 

asphaltenes is smaller than at higher temperature. Based on the Hildebrand’s regular 

solution theory, the solubility of one component in a mixture will influence the one of 

other components (Chandio et al., 2015). So the author concluded that at lower 

temperature, most asphaltenes are in colloidal suspension form in oil, while at higher 

temperature, asphaltenes tend to dissolve in oil due to the fact that the increased 

temperature will increase the solubility parameter of both asphaltenes and crude oils 

(Chandio et al., 2015). 

Reversed effect of temperature on asphaltene precipitation was also reported in 

the literature. Hu and Gao, 2001 performed experimental study on the effect of 

temperature on molecular weight of n-alkanes and asphaltene precipitation using 

flocculation onset titration method and light scattering technique. It was observed that 

the asphaltene precipitation amount at 20°C is high than at 65°C in the tested crude oil 

sample from Shengli oil field (Hu and Guo, 2001). Another example is an experimental 

work done by Zendehboudi et al, 2014. In their experiment, the asphaltene precipitation 

amount at different pressure and different temperatures in two kind of crude oil samples. 

It was observed that in the light oil sample, when the temperature is increased, the 

amount of asphaltene deposition become higher at the same investigation pressure as 

shown in figure 2.12 (a). However, in the heavy oil sample , when the temperature is 

increased, the amount of asphaltene deposition become lower at the same investigation 

pressure as shown in figure 2.12 (b).   
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Figure 2.12  Temperature effect on asphaltene precipitation: (a) measurement in 

Brookhaven heavy oil; (b) measurement in DK-107 light oil (Zendehboudi et al., 

2014). 

Based on the observation of the complexity of the phase behavior of asphaltenes 

during the temperature change, different theories were developed. People started to 

believe that part of asphaltene is in colloidal suspension in crude oils and the other part 

of asphaltene is dissolved in oil. Mansoori, 1997 pointed out that asphaltenes appears in 

crude oil not only as soluble phase but also as colloidal one and asphaltene precipitation 

from crude oil is partially caused by solubility change and partially caused by colloidal 

phenomenon. The asphaltene colloids are reported to be thermodynamically a liquid 

phase at high temperature which is considered to be in liquid-liquid equilibrium with oil 
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phase (Akbarzadeh et al., 2005; Ganeeva et al., 2014; Mansoori, 1997; Pan and 

Firoozabadi, 1997). 

2.2.4 Other Effects on Asphaltene Precipitation 

Kim et al, 1996 observed that the IP 143 method measured total asphaltene 

precipitation is time dependent in both of the tested oil samples.  In the case of 

Brookhaven heavy oil, the asphaltene precipitation was measured to be approximately 

5 wt% two hours after adding the n-pentane into the oil sample, while the asphaltene 

precipitation measured following the same procedure but after 14 hours waiting time 

was approximately 10.3 wt%. When the waiting time is longer than 14 hours after 

adding the n-pentane into the crude oil sample, the measured asphaltene precipitation 

stayed constant. Same trend was also found in the test of the DK-107 light crude oil 

(Kim et al., 1996). Similar phenomenon regarding time dependence was also observed 

by Maqbool et al, 2009. In their experimental work using K-1 crude oil with 46.5 vol% 

heptane, the amount of precipitated asphaltenes gradually increased over a few hundred 

hours and reached a plateau value of 3.5 wt% at approximately 400h. However, in the 

case of increased heptane concentration in the mixture, the plateau value of asphaltene 

precipitation amount was reached after much shorter time period, approximately less 

than 20 hours after adding heptane into the crude oil sample.  

Sim et al. (2005) observed that in CO2/oil mixture with a 70% concentration of 

injected CO2 gas, the size of asphaltene precipitation particles had a relatively larger 

size which can be retained in sandpack. In the case of 60% CO2 concentration mixture, 

the asphaltene precipitation amount and particle size were both smaller which cannot be 

retained in the sandpack due to the fact that the sandpack have very large pore and throat 

size. This experiment was done under a dynamic condition, namely the injection fluid 

rate of CO2 and oil were controlled to achieve the designed CO2 concentration in the 

mixture. So the time effect on the asphaltene precipitation as reported by Maqbool et al. 

(2009) was not taken into consideration. That is to say, if given enough time for the 

CO2 and oil to interact for enough time, the asphaltene particles could grow into a larger 

size and amount of asphaltene precipitation would be more than observed in the 
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dynamic experiment condition even at a relatively lower CO2 concentration. This might 

not be the case under experimental condition, but in the real life gas injection project, 

the interaction time between injected gas and reservoir flood should be much longer 

than the experimental scenario.  

2.3 Asphaltene Deposition in Porous Media 

Theoretically, asphaltene deposition and asphaltene precipitation are two 

different process, although the asphaltene deposition term has usually been used to 

describe the precipitation process. The asphaltene precipitation is defined as the 

formation of solid phase asphaltene in a liquid crude oil phase, while the asphaltene 

deposition is the precipitated asphaltenes get settled onto the surface of solid. So 

asphaltene precipitation is a necessary process for the occurrence of asphaltene 

deposition, but the asphaltene precipitation will not ensure the asphaltene deposition to 

happen. Thus, the observed reservoir impairment, plugging of wellbores, flowlines 

plugging, separation difficulties and fouling in facilities are the direct consequence of 

asphaltene deposition instead of the asphaltene precipitation. It is believed that 

asphaltene deposition process is related to variety of factors including not only the 

function of thermodynamics, the chemical and physical properties of the fluid, but also 

the hydrodynamics, geometry, and surface characteristics of the system (Karan et al., 

2002). People are paying for attention to the flow assurance problems caused by 

asphaltene deposition more than the problems caused in reservoirs, because the 

problems in flow assurance are more obvious to be detected and the influence of 

asphaltene deposition on flow assurance is more closely related to the production. But 

in this study, the focus is mainly on the problems associated with asphaltene deposition 

in reservoirs. Because in shale play, the flow assurance part of the production process 

may share many similarities with the conventional play, however, the formation 

characteristic of the reservoir is very different from the conventional play.  The 

asphaltene associated formation damage problems were observed from both the field 

investigation and laboratory experiments in conventional reservoirs.  
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2.3.1 Mechanisms of Asphaltene Deposition in Porous Media 

Behbahani et al, 2012 confirmed coexist of adsorption mechanism and plugging 

mechanism for asphaltene deposition in a CO2 flooding through conventional rock 

sample experiment. Although, previous works in the literature have been studying the 

adsorption of asphaltenes and pore and throat plugging caused by asphaltene deposition 

in porous media individually, Behbahani et al firstly quantitively measured the amount 

of asphaltene deposition due to both of the mechanisms during a CO2 flooding 

experiment in conventional rock samples and confirmed that the damage caused by 

asphaltene deposition is caused by asphaltene adsorption and asphaltene plugging inside 

the rock samples (Jafari Behbahani et al., 2012). The authors used a bottomhole live oil 

sample from an Iranian reservoir which has the density and viscosity measured to be 

0.767g/cm3 and 4.35 cP at reservoir condition. The amount of total asphaltene content 

in the live oil sample was measured to be 16.3 wt%. They performed CO2 flooding to 

make asphaltene deposited in the rock sample and then did a reverse flooding with 

cyclohexane to measure and restore the damage caused by mechanical plugging 

mechanism. Then oil flooding was conducted to measure the oil effective permeability 

reduction caused by mechanical plugging mechanism. Similar CO2 flooding 

experiments were done with same scenarios to remove and measure the mechanical 

plugging damage and then reverse flooding with toluene was conducted to remove the 

damage caused by adsorption mechanism, because toluene can dissolve asphaltene 

deposition that cannot be removed by cyclohexane reverse flooding. Then oil flooding 

was conducted to measure the oil effective permeability reduction caused by adsorption 

mechanism. It was found that 60%-80% of the total damage is caused by mechanical 

plugging which can be recovered by cyclohexane revers flow and 20%-40% of the 

damage is caused by adsorption mechanism which cannot be recovered by cyclohexane 

reverse flooding but can be recovered by toluene reverse flooding (Jafari Behbahani et 

al., 2012).  

Asphaltene adsorption mechanism caused deposition and mechanical plugging 

deposition occurs at different point. Firstly, the asphaltene adsorption happens during 
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which the asphaltene precipitation particles are adhere onto the surface of the rock. The 

consequence of asphaltene adsorption onto the surface of rock is a reduction of the pore 

and throat size radius. At the meantime, the asphaltene particles in the crude oil will 

aggregate into larger size particles. When the aggregates get large enough and the pore 

size is decreased to a small enough size, the asphaltene plugging will happen and the 

large aggregates will be retained at pore and throats. A well-known 1/3 and 1/7 rule-of-

thumb has been used to evaluate plugging damage caused by solid particles in porous 

medias. 1/3 rule-of-thumb states that if the radius size of the solid particle size is larger 

than 1/3 of the radius of the flowing channel or the pore and throat, the particles would 

block the pores. If the particle size is smaller than 1/3 of channel size, the particles 

would gradually constrict flow in the channel (Pautz et al., 1989). Thus, the asphaltene 

deposition in porous media is a very complex process in which several factors are 

influencing the amount of asphaltene deposition and rate of asphaltene deposition. 

Despite of the two mechanisms that causes the asphaltene deposition in porous media, 

another important factor also influence the asphaltene deposition process significantly 

which is the asphaltene deposition entrainment. It is observed when the flow velocity or 

flow rate is high than critical velocity or flow rate respectively, the deposited solids in 

the porous media could be carried away by the fluid flow from its current depiction 

location (Gruesbeck and Collins, 1982). This process is known as the entrainment. 

Gruesbeck et al performed systematic experimental study on the entrainment 

phenomenon in porous media for both surface deposited solids and plugging solids as 

shown in figure 2.13. For the surface deposit entrainment investigation, they prepared a 

“dirty column” which was filled with 840 to 2000μm grain diameter sands pre-deposited 

with CaCO3 fines. Then they flow clean fluid through the dirty column at different rate. 

It was observed that the entrainment happened at relatively higher flow rate and no fines 

were entrained and carried out of the column at lower flow rate. For the plugging 

deposition, a “clean column” with 250 to 297μm sand packed inside was prepared and 

fluid with suspensions of 5 to 10 μm glass beads was made flow through the clean 

column at two different flow rate. They surprisingly observed a limiting condition of 
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zero deposition rate which indicated some equilibrium value of fines deposit and the 

equilibrium value is fluid velocity dependent (Gruesbeck and Collins, 1982).  

 

Figure 2.13 Surface deposit and plugging deposit in flow channel (Gruesbeck and 

Collins, 1982). 

Due to the fact that the asphaltene deposition process is related to variety of 

factors including not only the function of thermodynamics, the chemical and physical 

properties of the fluid, but also the hydrodynamics, geometry, and surface 

characteristics of the system, it is difficulty conduct experiment to figure the whole story 

about asphaltene deposition very clearly. In the following section, the effects of several 

factors on asphaltene deposition in porous media are discussed. 

2.3.2 Effect of Asphaltene Precipitation Amount 

As mentioned in previous section, it was observed along the production within 

tubing, the asphaltene deposition forms at depth corresponding to the bubble point 

pressure of the produced oil (Minssieux, 1997). At Hassi-Messahoud reservoir, large 

amount of asphaltene precipitation deposit at 450m region in the tubing which is just 

below the level at which the bubblepoint was reached. In the Ventura field, when the 

reservoir pressure had reached the bubblepoint pressure, severe asphaltene plugging 

problem was experienced in the field development (Hirschberg et al., 1984). One 
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conclusion the researchers draw in the studies of asphaltene precipitation is the 

asphaltene precipitation will reach the maximum amount when pressure is reached 

bubble point pressure. So it is very susceptive that asphaltene deposition is relative to 

asphaltene precipitation amount due to the fact that the most asphaltene deposition was 

observed around bubble point pressure and meanwhile the maximum asphaltene 

precipitation amount will occur at bubble point pressure too. Not only from the scientific 

inference, but also from the common scenes, it should be that more asphaltene 

precipitation could make more asphaltene deposition.   

Thawer et al, 1990 published an article talking about asphaltene deposition in 

the tubing and production facilities in the Ula reservoir which is in the Norwegian sector 

of the North Sea operated by BP petroleum development (Norway). The produced oil 

has a gravity of 0.83 g/cm3 and contains 0.57 wt% asphaltene contents. The asphaltene 

deposition was found to form in the wellbore at a depth corresponding to a pressure 

about 440 psi above the bubble point pressure. The asphaltene deposition occurred over 

the tubing length until to the depth corresponding to a pressure past the bubble point 

pressure. The asphaltene deposition was also found in the separators after the wellbore 

flow which is believed to be caused by some asphaltene precipitation in the wellbore. 

However, there is no asphaltene deposition found in the pipelines in Ula. One of the 

reason the author suggested was the low asphaltene solids content of the crude oil from 

the wellhead is not enough to build-up asphaltene deposition in the pipelines (Thawer 

et al., 1990). 

Behbahani et al, 2012 conducted experimental study on effect of CO2 flow rate 

on asphaltene deposition. The experiment was performed using bottomhole live oil with 

16.3 wt% total asphaltene content from Iranian oil reservoir in several sandstone core 

plugs. The highest permeability reduction caused by asphaltene deposition was found 

in the highest CO2 injection flow rate case. With the increase of CO2 injection flow 

rate, the permeability reduction caused by asphaltene deposition was increased. Also, 

the total asphaltene of produced oil was measured which indicates that with higher CO2 

injection rate, the asphaltene content in the produced oil decreased. It means that high 
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CO2 injection rate resulted in a higher asphaltene deposition inside the core plug so that 

the asphaltene content in the produced oil is less according to basic material balance 

principle. The author believed that a higher injection rate of CO2 gas lead to a higher 

CO2 concentration in the fluid mixture. By adding more CO2 which has a relatively 

lower solubility parameter into the crude oil, the solubility parameter of the oil was 

decreased more. So in the highest CO2 injection rate case, the oil mixture had the lowest 

solubility parameter which resulted in the maximum precipitation of asphaltene. Higher 

asphaltene precipitation lead to higher asphaltene deposition and larger oil effective 

permeability reduction as consequence (Jafari Behbahani et al., 2012). 

2.3.3 Effect of Rock Type 

It was observed that chemical substances have different adsorption rate onto 

different kind of rock minerals in the formation. The adsorption of asphaltic materials 

on pure quartz sand is observed to be rather low, however significant quantities of 

asphaltic materials are adsorbed onto natural sandstones, carbonates and clay minerals. 

Collins and Melrose, 1983 conducted experimental study on the adsorption of 

asphaltenes on reservoir rock minerals. They tested the asphaltene adsorption isotherms 

on kaolinite, illite, chlorite, Berea sandstone. The maximum amount of asphaltene 

deposition was found in Fisher Kaolinite which is about 30 mg/g. The lowest amount 

of asphaltene deposition was found to be 20mg/g in Georgia kaolinite. The maximum 

adsorption of asphaltenes on the surfaces of clays showed full asphaltene monolayer 

adsorption. The asphaltene adsorption in Berea rock is similar to the clays due to the 

fact that the Berea sandstone is rich in kaolinite and illite (Collins and Melrose, 1983).  

The asphaltene deposition behavior in different minerals were also studied in 

Gonzalez and Travalloni-Louvisse, 1993. In their experiment, quartz, feldspar, and 

calcite mineral powders were prepared with a specific surface area about 1m2/g used to 

perform the test on asphaltene deposition. The asphaltene fractions was extracted from 

crude oil following the ASTM RP 2007 standard procedure and dissolved in toluene at 

different concentration. The adsorbed asphaltene amount in different minerals was 

determined by measuring the reduction in concentration of asphaltene fractions in the 
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prepared toluene solution after 4 hours contacting with the solid powders by a Shimadzu 

double-beam spectrophotometer. Results showed that higher concentration of 

asphaltenes in toluene solution lead to a higher adsorption amount of asphaltene. The 

calcite has the highest adsorption amount, followed by quartz. The feldspar has the 

lowest asphaltene adsorption amount. But the asphaltene adsorbed on the minerals did 

not exceed 4.5 mg/m2 (Gonzalez and Travalloni-Louvisse, 1993). 

Behbahani et al, 2015 compared the asphaltene deposition in carbonate and 

sandstone experimentally. They measured the permeability reduction due to asphaltene 

deposition at different pore volume of injected crude oil as shown in figure 2.14. It can 

be seen that the carbonate rock suffered a steeper permeability reduction than sandstone 

and the asphaltene deposition caused permeability happened at very low injected pore 

volume of oil in carbonate which indicated that the asphaltene deposition rate is higher 

and permeability reduction in carbonate is higher than in sandstone (Behbahani et al., 

2015).  

 

Figure 2.14 Permeability vs. injected oil pore volume in sandstone core and carbonate 

core (Behbahani et al., 2015). 

The author also compared the SEM images of the tested carbonate core and 

sandstone core which showed that the carbonate core have more particle plugging and 
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was more severely plugged by asphaltene deposition than the sandstone core. The author 

stated that the carbonate core contains polar groups which can exert polar interactions 

with asphaltene surface groups which made it easier for asphaltene particles to be 

adhered onto the carbonate rock surface with the polar groups.  

2.3.4 Other Effects on Asphaltene Deposition 

The pore and throat size of the rock can influence the asphaltene deposition for 

sure. According to the 1/3 and 1/7 rule-of-thumb regarding solid plugging in porous 

media, the ratio of the radius size of the particle to the radius size of the pore and throat 

plays an important role in the plugging process.  

Another factor worth to mention is the size of asphaltene particles. For the 

mechanical plugging mechanism, it is easy to understand why the asphaltene particle 

size could influence the asphaltene deposition process. Because it is easier for larger 

size particle to block the flow channel according to the 1/3 and 1/7 rule-of-thumb. 

Asphaltene size can also influence the adsorption process. It is believed that bigger size 

aggregates have a lower rate of diffusion in the solution which will make the adsorption 

a more time dependent process (Adams, 2014; Dudášová et al., 2008; Syunyaev et al., 

2009). But in the case of bigger size aggregates situation, the total amount of asphaltene 

adsorption was observed to be higher due to the larger size asphaltene adhered on the 

surface. 

Temperature could also influence the process of asphaltene deposition due to the 

fact that the temperature affects the asphaltene aggregates size. However, there are some 

disagreement in the literature regarding the effect of temperature on asphaltene 

aggregates size, and therefore the asphaltene adsorption. Some researchers observed 

that increasing the temperature decreased asphaltene adsorption (Adams, 2014; Cortés 

et al., 2012; Faus et al., 1984), while some others reported that increasing temperature 

decreased asphaltene adsorption (Faus et al., 1984; Franco et al., 2013).  
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2.3.5 Asphaltene Deposition Associated Formation Damage 

Asphaltene deposition can cause not only flow assurance problems, but also 

formation damage round the near wellbore region in the reservoir. The asphaltene 

deposition deep in reservoir can occur where asphaltene precipitation is possible by 

depressurizing the oil. When solvents including natural gas liquids, liquefied petroleum 

gas, natural gas, CO2 and so on was used during the EOR process to enhance the oil 

recovery in the reservoir, asphaltene precipitation will happen which can lead to 

asphaltene deposition in the reservoir. According to the mechanisms of asphaltene 

deposition discussed in previous sections, the asphaltene particles will either be 

adsorbed onto the surface of the rock or mechanically block the flow channel. As a 

consequence, extra flow resistance for the fluid inside the rock will occur. The direct 

results of such asphaltene deposition is the permeability reduction. As the asphaltene 

deposition get adhered onto the surface of the rock, the flowing channel is becoming 

smaller which leads to an increased resistance for the fluid flow. Both monolayer 

asphaltene and multilayer asphaltene adsorption were observed in experimental works. 

If sufficient asphaltene precipitation and time is given for the asphaltene deposition, the 

asphaltene adsorption can grow into a multilayer adsorption onto the rock surface. It 

was found that at early times monolayer behavior can be observed while after longer 

time of flowing multilayer behavior start to show up due to the slow aggregation of 

asphaltenes (Acevedo et al., 2000; González and Moreira, 1991). The growth in the 

thickness of asphaltene adsorption at the surface will further inhibits flow inside rock, 

thus decrease the permeability. The pore and throat plugging caused by asphaltene 

deposition can also result in permeability reduction of the porous media. Once the flow 

channel is blocked, fluid cannot flow through the blocked channel again.  

Another effect of asphaltene deposition on formation damage is the wettability 

alternation. It is believed that the polar asphaltene aggregates are positively charged and 

will be attached to negatively charged water-wet sand, and thus alter the wettability to 

a more oil-wet tendency which is not favorable in the oil production due to the relative 

permeability to the hydrocarbon fluid. Some believed that this wettability alternation 
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caused by asphaltene deposition is not reversible (Clementz; Danesh et al., 1988). 

Collins and Melrose 1983 tested the contact angle for quartz and limestone with and 

without clay/asphaltene layer. The water contact angle on pure quartz and limestone 

was tested to be 35° and 80° respectively. After making the clay/asphaltene layer onto 

the quartz and limestone, the contact angle of water was tested to be 155° and 130° 

respectively. Thus, the wettability of tested quartz and limestone was altered from 

water-wet to more oil-wet (Collins and Melrose, 1983). Huang et al, 1992 tested the 

asphaltene deposition effect on wettability alternation in Berea core plugs using several 

different crude oils. The core plugs were saturated with 2% NaCl brine and flood with 

crude oil samples. The plugs then were immediately subjected to Amott test. The core 

plug flooded with Oil A which has 4.6 wt% asphaltene content showed a mild oil-wet 

behavior. The core plug flooded with Oil DA which has been deasphalted show mild 

water-wet behavior. The core plug flooded with Oil B which has 0.5 wt% asphaltene 

content showed weak water-wet behavior. The results showed the wettability alternation 

is related to the total asphaltene content in the crude oil samples (Huang, 1992). 

Gonzalez and Travalloni-Louvisse, 1993 also tested the effect of asphaltene deposition 

on the wettability alternation. Results showed that the wettability of the quartz and 

calcite mineral were severely affected by the asphaltene deposition (Gonzalez and 

Travalloni-Louvisse, 1993).  

2.4 Gas Injection EOR and Asphaltene Problems  

Gas injection is usually considered as a tertiary recovery enhancement 

technique. It is a widely used and promising method to enhance oil recovery in different 

types of oil reservoirs. Nearly 60% of EOR projects in the United States use gas 

injection method to enhance oil recovery (DOE, 2016). Different kind of gas such as 

nitrogen, methane, and carbon dioxide or even flue gas could be injected into the 

reservoir to either increase the reservoir energy or lower the viscosity of oil, and thus 

resulted in a higher oil recovery factor. Despite of the different gas type used in the gas 

injection EOR process, different modes of gas injection are also developed to meet the 

challenges in different types of oil reservoirs. 
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2.5.1 Overview of Gas Injection EOR 

In the last decades, the gas injection projects in the U.S. increased continuously 

as shown in figure 2.15. The gas injection projects have outnumbered other EOR 

methods and become the most widely used EOR methods in the U.S. 

 

Figure 2.15 EOR projects in the United State (Ahmadi et al., 2015). 

The gas injection EOR methods are generally classified as air injection, light 

hydrocarbons injection, carbon dioxide injection, and nitrogen, flue and other gases 

injection from the type of injection gas point of view. Different type of gases have 

different mechanisms of enhancing the oil recovery.  For example, the air injection 

process can have a low temperature oxidizing process which can produce high 

performance gas displacement agents, such as nitrogen, carbon dioxide and light 

hydrocarbons. Carbon dioxide injection will lower the crude oil viscosity significantly 

by the dissolve of CO2 gas in the crude oil and increase the viscosity of contacted 

reservoir water also by the dissolve of CO2 gas in the water content which is an 

improvement from the aspect of mobility control regarding the purpose of enhancing 

oil recovery.  

During the gas injection process, the gas can be injected under immiscible or 

miscible condition which depends on the injection pressure and minimum miscibility 
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pressure of the gas/oil mixture. When the injection pressure is below the minimum 

miscibility pressure, the process is considered as immiscible injection. When the 

injection pressure is above the minimum miscibility pressure, the process is considered 

as miscible injection. The major mechanisms in immiscible injections are restoring the 

reservoir pressure, displacement of oil by injected gas, vaporization of light liquid 

hydrocarbon components from the oil or the gas cap if retrograde condensation has 

occurred or if the original gas cap contains a relict oil saturation, and swelling the 

undersaturated oil (Yu, 2016). In general, miscible injection will have a better 

performance in the enhanced oil recovery factor due to the extremely low interfacial 

tension in the gas/oil mixture which leads to a better displacement efficiency and sweep 

efficiency than the immiscible gas injection. However, gas injection pressure should be 

higher than the minimum miscibility pressure to obtain such benefits which is a 

disadvantage of the miscible injection process due to the increased costs an d 

other concerns on compressing the gas to a higher pressure.  

Despite of the different type of gases used in gas injection EOR methods, 

different modes of gas injection are also developed to meet the challenges in different 

types of oil reservoirs. The most commonly used injection mode is flooding mode 

during which the gas is injected in an injection well into the reservoir to displace the oil 

inside the reservoir and the oil is produced at the producing well along with the injected 

gas if the breakthrough has occurred. Another gas injection mode is the cyclic gas 

injection. Cyclic gas injection is usually used as secondary recovery process or tertiary 

recovery process after water flooding, and primarily used for recovery medium-light oil 

(Yu, 2016). It is also known as the huff and puff injection mode during which only one 

well is required for completing the injection and producing procedures. During the huff 

process, the gas is injected into the reservoir through the well for a designed injection 

time followed by the soaking period. During the soaking period, the well is kept shut in 

for a designed time which is called the soaking time for the gas to travel through the 

reservoir and interact with the reservoir fluids. After the soaking period, the production 

is carried out during which the well is open again to allow oil production along with 

injected gas. The combination of the three periods is called one huff and puff cycle. 
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Several huff and puff cycles can be performed until the production reaches an 

economically determined level. 

2.5.2 Asphaltene associated formation damage during Gas Injection 

Asphaltene precipitation and deposition process during gas injection EOR 

process is more difficult to study and quantify, because during the gas injection EOR 

process there is pressure changing, composition changing and sometimes temperature 

changing which all affects the asphaltene precipitation behavior. This makes the 

asphaltene deposition in the reservoir more difficult to be evaluated. Because the 

asphaltene deposition amount in each location inside the reservoir depends on the local 

asphaltene precipitation amount and the fluid velocity. And differently from pressure 

depletion process in which the asphaltene deposition intend to occur near the wellbore 

region formation, the asphaltene precipitation and deposition can happen anywhere 

inside the reservoir where there are interactions between the injected gas and the 

reservoir fluid during the gas injection EOR process. Asphaltene related problems were 

reported in a CO2 flooding pilot performed in Permian Age carbonate rock formation 

of the Maljamar Cooperative Agreement Unit. It was observed that shortly after CO2 

started being produced from the production well in the Sixth zone wells, the total fluid 

productivity decreased significantly. Before the CO2 being produced from those wells, 

the wells were being producing at designed rates, while after the CO2 production was 

detected, the wells soon pumped off and would no longer produce at the design rate. 

The author indicated that this phenomenon maybe caused by the plugging of asphaltene 

precipitation in the near wellbore regime (Pittaway et al., 1987). Another field 

observation of asphaltene deposition problem in reservoir is the Rainbow Keg River 

“B” pool EOR project. Before there miscible flooding application, no asphaltene 

deposition associated plugging problems were observed in the wells or the production 

facilities. After the solvent was injected into the wells, severe plugging problem started 

to show up in the wells which was tested to be 97.8 wt% of asphaltene in the deposition 

(Nagel et al., 1990).  
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Many laboratory works have also been done to investigate the asphaltene 

deposition associated formation damage in conventional reservoirs. Turta et al. 1997 

investigated the permeability impairment caused by asphaltenes in gas miscible 

flooding process. Two crude oil samples from Canadian oil field with about 2 wt% 

asphaltene content was used in the experiment. Propane and oil mixture with different 

propane concentration was flooded through Berea core plugs. The effective 

permeability of oil was measured to evaluate the damage. It was observed the oil 

effective permeability reduction started right after the propane was injected which is at 

15% concentration. The reduction continued until the concentration of propane reached 

100%. When concentration of propane was less than 51%, the reduction of oil effective 

permeability is very steep, while when concentration of propane was higher than 51%, 

the reduction rate decreased. It was concluded that the permeability reduction due to 

asphaltene deposition is a continuous process. The permeability was reduce at the 

beginning of injection when the asphaltenes were even not forming large aggregates. 

The quantity of retained asphaltene increases with flowing time (Turta et al., 1997). 

Sim et al, 2005 tested effects of several factors on the asphaltene deposition 

caused permeability reduction during CO2 flooding. It was observed that the 

permeability reduction is related to the initial permeability of the tested core and the 

CO2 injection centration. They compared the CO2/oil mixture flow at 60% CO2 

concentration and 70% CO2 concentration in a sandpack which had 500 mD original 

permeability. Results showed no significant permeability reduction in the 60% CO2 

concentration injection after twenty pore volumes of injection and the asphaltene 

content in the produced oil was not decreased significantly. However in the 70% CO2 

concentration injection, a slight permeability reduction was detected after ten pore 

volumes of liquid injection and the asphaltene content in the produced oil decreased to 

1.63 wt% from the original value of 3.95 wt%. It is clear that large amount of asphaltene 

precipitation deposited in the sandpack in the 70% CO2 concentration case. The author 

observed through the high pressure visual cell that the asphaltene particle amount and 

size were relatively small in the 60% CO2 concentration mixture, while in the 70% CO2 

mixture large asphaltene particles were observed. So the asphaltene particles size 
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observed in 70% CO2 mixture were large enough to be retained in the sandpack which 

has large pore and throat. Similar trend was found in another two tests in limestone core 

sample and carbonate core sample. The higher CO2 concentration caused a higher 

permeability reduction in those two core tests. Also, it was observed that in the 

limestone and carbonate core, the deposition mechanisms were different. The deposition 

in the limestone is along the whole core equally, however the deposition in the carbonate 

in mainly near the injection inlet half part of the whole core. So it seemed most of the 

deposition of asphaltene happened in the first half of the carbonate core and little of the 

asphaltene particles could travel to the second half of the core. The carbonate core plug 

has much lower initial permeability than the limestone core, so one explanation is that 

the pore and throat size of the carbonate is much smaller. Plugging of the asphaltene 

particles near the injection inlet half of the core is very severe which made most of the 

asphaltene particles retained in the core immedicably after they entered the core from 

the injection inlet (Sim et al., 2005).  

Hamadou et al. (2008) investigated the permeability reduction by asphaltene 

deposition in porous media experimentally. Crude oil samples, Berea sandstone cores 

and various core samples were obtained from Rhourd-Nouss (RN) reservoir and. The 

crude oil sample was flooding through the core plugs at a certain pore volume numbers 

and the permeability of the tested core plugs were tested using Soltrol before and after 

the crude oil flooding. The Berea sandstone cores have relatively higher permeability 

than the RN core plugs. The permeability of Berea sandstone cores ranged from 53.7 

mD to 120.8 mD, while the RN core plugs range from 6.7 mD to 16.2 mD. It was 

observed that the RN core plugs suffered permeability damage ranged from 82.6% to 

98.3%, which is relatively higher than the permeability damage in Berea sandstone cores 

which is from 72.4% and 94.1%. The author confirmed the residual plugged in the core 

samples were heavy asphaltene and resins by SARA analysis and Rock-Eval analyses. 

The authors also used solvent flooding to treat the permeability damage, but only partial 

recovery of the permeability was achieved which indicated that non-negligible amount 

of asphaltene and resins are irreversibly retained inside the cores (Hamadou et al., 2008).  
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In another experimental study conducted by Bolouri et al. 2012, asphaltene 

deposition associated permeability reduction was investigated. The experimental 

procedures and principle was similar to Sim et al. (2005). The asphaltene deposition 

caused permeability damage was measured under dynamic condition during which the 

flow rate of injected CO2 gas and live crude oil sample was controlled to achieve desired 

injection CO2 concentration. The experiment was done on both sandstone cores and 

carbonated cores at different CO2 concentration. It was observed that the permeability 

damage at the beginning of injection in carbonate with 0.261 mD initial permeability is 

much more severe than sandstone with 28.9 mD initial permeability. The permeability 

reduction curve of carbonate was very steep at the beginning of injection which 

indicated a fast asphaltene deposition. However, entrainment of the asphaltene 

deposition happened in both the sandstone and carbonate case. On the permeability 

reduction curve, the permeability started to increase at around 4 injected PV in 

sandstone case and permeability started to increase at around 3 injected PV in carbonate 

case. The author pointed out that as the interstitial velocity in porous media increases 

due to asphaltene deposition which reduces the space available for oil flow, the shear 

stress is increase until the shear stress triggers the separating of the deposited particles 

from pore surface. The author concluded that after the deposition and entrainment 

mechanisms reaches equilibrium condition, permeability reduction will remain constant 

(Bolouri et al., 2013).  

2.5.3 Potential Gas Injection EOR and Asphaltene Problems in Shale 

Enhanced oil recovery in shale reservoirs is a relatively new topic. The advances 

of gas injection EOR methods in shale oil reservoir were discussed in a review paper 

published by Sheng (2015). The author reviewed and compared existing EOR methods 

and their potential to be applied in shale oil reservoirs. The author suggested that the 

gas flooding in shale reservoir may not be feasible because the pressure drop from 

injectors to producers is large due to the extremely low permeability which makes the 

injected fluid and the pressure difficult to transport in between the injectors and 

producers. Thus, to solve this problem, huff and puff gas injection mode is suggested in 
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shale oil reservoirs (Sheng, 2015). The author also investigated the mechanisms of 

flooding injection mode and huff and puff injection mode in shale reservoir numerically. 

The drive mechanism in gas flooding is pressure maintenance while the miscibility is 

not the dominant mechanism. The flooding mechanisms in shale or tight reservoirs are 

very different from those in conventional reservoirs due to the fact that the shale rocks 

are usually heavily fractured which could result in a poor sweep effect of the gas 

flooding on oil recovery. In huff and puff injection mode, the pressure maintenance is 

found to be an important mechanism, because the pressure change during both huff and 

puff period were significant. The viscosity does not change significantly during the two 

period. The relative permeability hysteresis was also found to be an important factor 

that would improve the oil recovery factor. The author concluded the huff and puff gas 

injection is more effective than gas flooding which means that the huff and puff injection 

may have the highest liquid oil production potential (Sheng, 2015).  

Several experimental researches were done to investigate the gas injection EOR 

in shale using different gases and injection modes. Kovscket et al (2008) compared the 

performance of CO2 injection in siliceous shale (with 0.02-1.3mD permeability and 30-

40% porosity) under immiscible and near miscible conditions. It was found the oil 

recovery under near miscible conditions is just slightly higher than that under 

immiscible condition. Gamadi et al. (2013) was the first one that studied the IOR 

potential of cyclic N2 injection in shale reservoirs. Shale outcrops from Barnett, 

Mancos, and Eagle ford were used in the experiment and saturated with Soltrol 130 

mineral oil. Results showed N2 cyclic injection improved oil recovery factor from 10% 

to 50% in different cases with different operating condition and core types. Gamadi et 

al. (2014) continued to investigate CO2 cyclic injection in shale cores following the 

same experimental principle and methodology. In their experiment, when huff pressure 

was lower than 1500 psi, the oil recovery factor increased significantly as the pressure 

was increased. When huff pressure is higher than 1500 psi, the recovery factor is not 

very sensitive to huff pressure any more. A longer soaking time lead to a higher recovery 

factor due to the ultra-low matrix permeability (Gamadi et al., 2014). Yu and Sheng 

(2015) studied N2 huff and puff injection EOR experimentally in Eagle Ford shale cores 
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saturated with Wolfcamp crude oil. The effects of soaking time and production time on 

oil recovery factor were investigated. It was found that longer soaking time and longer 

production time resulted in higher oil recovery factor. The highest recovery factor was 

fond to be 50.5% in the case of 24 hours soaking time (Yu and Sheng, 2015).  Lei et al. 

(2015) first time investigated CH4 huff and puff injection in shale cores saturated with 

Wolfcamp crude oil. Their results showed the oil recovery reached 39% after 5 injection 

cycles with the injection pressure of 2000 psi (Li et al., 2015). Lei et al. (2017) compared 

CO2, N2 and CH4 huff and puff injection EOR in shale outcrops core plugs. From both 

the experimental results and simulation results, CO2 had the highest oil recovery factor 

followed by N2 and CH4. In the case of CO2 huff and puff injection, the oil recovery 

reached approximately 65% after 6 cycles of huff and puff injection with 2000 psi 

injection. The recovery factor in the N2 and CH4 case with the same scenarios was 

measured to be about 43% and 37%, respectively (Li et al., 2017a).  

In the flooding injection mode, the gas is injected at a constant designed pressure 

and injection rate for a long time. Thus, during the injection process, the pressure profile 

and gas concentration profile along the injected gas flow path from the injection well to 

the production well is nearly constant for a long time. As discussed in previous section, 

the asphaltene precipitation depends on the pressure change and injected gas 

concentration. So a constant pressure profile and injected gas concentration profile make 

it possible to predict the asphaltene precipitation along the injected gas flowing path 

from the injection well to the production well. In contrast, the huff and puff injection 

mode includes both injection and producing process in the same area into the formation 

as shown in figure 2.16. During the huff process, gas will be injected into the formation 

through the well. Although the injection pressure and rate is kept constant, the injected 

gas flow is flowing into the formation randomly without a certain path which made the 

pressure profile and injected gas concentration profile hard to predict. Meanwhile, they 

are also time dependent due to the fact that the huff injection process is relatively much 

shorter than the flooding process. The maximum distance that the injected gas can travel 

into the formation depends significantly on the injection pressure, injection rate and 

injection time.  
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Figure 2.16 Diagram of huff and puff injection mode (Al-jeni, 2010).  

After the huff period, the well is shut down for the injected gas to travel further 

into the formation and interact with reservoir fluids which is known as the soaking 

period. In the soaking period, the injected gas and reservoir fluid will interact with each 

other and try to get into a new equilibrium which is a dynamic process and hard to 

predict the asphaltene precipitation. The soaking period is usually not too long due to 

the economic concerns. So the fluid system cannot reach absolute equilibrium during 

such short period which add more difficulties on asphaltene precipitation study. After 

the soaking period, the well is open again for production which is known as the puff 

period. In the puff period, the injected gas along with formation fluids are produced at 

a fixed flow rate or bottomhole pressure. This is also a pressure changing and 

component changing process which is favorable for asphaltene precipitation to occur.  

The deposition process during flooding mode and huff and puff mode are also 

different. In the gas flooding injection mode, the injected gas along with the reservoir 

fluid are always flowing from the injection well to the production well. So the deposition 

of asphaltene precipitation is expected to show up near the point where the asphaltene 
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precipitation start to occur. The asphaltene deposition is mostly observed in the near 

wellbore reservoir or in the wellbore which depends on the pressure profile. Generally, 

the maximum deposition position is correlated to the bubble point pressure where the 

asphaltene precipitation reaches its maximum value. If the position where the pressure 

drops to the bubble point pressure in the near wellbore area, the asphaltene deposition 

will be expected to be mostly in the near wellbore formation. Otherwise, if the position 

corresponding with the bubble point pressure is in the wellbore, the asphaltene 

deposition will be expected to be mostly in the wellbore. However in the huff and puff 

gas injection, the fluid direction during the huff period and puff period are opposite 

which made the maximum asphaltene deposition possible to happen at multi-positions 

into the reservoir depending on the pressure profile. Such process can also influence the 

entrainment mechanisms of the asphaltene deposition. Because the flow rates at 

different time points in both the huff and puff period are also different due to the fact 

that the pressure drop is not constant in such kind of gas injection mode.  In sum, the 

asphaltene precipitation and deposition is sensitive to pressure and composition change. 

Thus, the dramatic change of pressure and composition of the near wellbore fluid make 

it very favorable for asphaltene precipitation and deposition to occur.  

Despite of the huff and puff injection mode discussed above, the shale formation 

itself has some characteristics that could make the condition more favorable for 

asphaltene problems to occur. The shale formation is famous for its extremely low 

permeability which is from several nD to several thousands of nD. The matrix 

permeability without the contribution from natural fracture is usually on the low side in 

range. The reason for this extremely permeability is the pore and throat size inside the 

shale rock are ultra-small. Development in imaging techniques contributed a lot to the 

discovery of nanometer-sized pores associated with inorganic and organic components 

in the shale rocks. Kuila (2013) did systematic experimental study on pore structure of 

shale rocks. According to the experimental results, of pore size in shale rocks are mostly 

in range from 1nm to 2000nm, the peak of pore size distribution is usually in range from 

10nm to 100nm which is the major part of the pore and throats inside the shale rocks 

(Kuila, 2007). As the asphaltene precipitation can flocculate into larger particles with 
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several hundred nanometer radius size, the pore and throat in shale rock could be 

plugged by those large particles according to the 1/3 and 1/7 rule of thumb. Some people 

prefer to define shale according to its particle size. Javapour (2009) defined shale as 

rocks with more than50% of the grains smaller than 62.5 μm in diameter. The other way 

of defining shale is by mineralogical description which defines the common clay 

minerals as montmorillonite, illite, kaolinite and chlorite. Most of the clays have polar 

groups which makes the clay component able to absorb polar chemicals such as water 

and asphaltenes as discussed in previous sections. Such nature of shale makes the 

asphaltene adsorption caused deposition easy to happen in shale formation as observed 

and conclude in literatures (Behbahani et al., 2015; Hamadou et al., 2008).  Shale 

reservoir is usually source rocks that trapped the cooked hydrocarbons inside without 

migration, so the shale reservoirs are usually rich in organics. Organic matters in shale 

came from decay of plants. Depending on time and temperature at which those materials 

were cooked, greater or less quantities of liquid or gaseous hydrocarbon generated, and 

what remained coals (Bateman, 1986). The term kerogen is used to refer to the organic 

matters in shale, which is not strictly following the definition of kerogen that is based 

upon the insolubility to organic solvents. The organic matters or kerogen in shale could 

be polar or nonpolar depends on how well the kerogen is cooked during which the 

diagenesis and catagenesis due to removal of the polar functioning group makes the 

kerogen surface more nonpolar. Adsorption reflects the affinity of small molecules to 

solid surfaces, which is usually a weak physisorption (<50kJ/mol) in petroleum 

reservoirs where chemical bonds do not dissociate. Adsorption largely depends on the 

polarity and polarizability of surfaces and molecules (Ma and Holditch, 2015). Thus, in 

shale reservoirs, the existence of kerogen and clay minerals are very favorable for the 

asphaltene adsorption to occur. Yet, the studies of asphaltene problems in shale 

reservoirs are very limited.  
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CHAPTER III  

EXPERIMENTAL METHODOLOGY 
In this chapter, the experimental methodology used in this study is introduced. 

The experimental setups and detailed procedures are introduced. The biggest challenge 

of the experiments in this study is that the core plugs used are mostly shale samples. 

The conventional experimental setups and methodologies used in conventional 

reservoirs may not be able to be applied or get good results in the studies of shales.  As 

the shale oil and gas is a relatively new topic, the research methods regarding shale 

reservoirs are not very systematically studied. Thanks to our colleagues’ pioneer works 

in the area of gas injection EOR in shale reservoirs, some experimental and numerical 

methodologies have been developed to study the EOR topic in shale. Some of the 

experimental methodologies used in this study are modified based our colleagues’ 

previous research on shale EOR techniques. Some of the experimental methodologies 

used in this study are modified and improved based on similar studies in conventional 

reservoirs. For studies of asphaltene associated formation damages, shale reservoirs are 

even more unfriendly due to the fact that the pore-throat size and permeability reduction 

are usually the parameters to quantify the asphaltene caused formation damage which 

are difficult to be measured in shale. Thus, some of the most advanced techniques in 

shale core analysis are used in this study to meet challenge.  

3.1 Asphaltene component measurement  

Asphaltene is defined based on the solubility of petroleum in different solvents. 

Mostly used definition of asphaltene is n-pentane-insoluble and benzene-soluble 

fraction, whether it is from coal or from petroleum. In this study, the main focus is on 

the asphaltenes in crude oils. It is generally agreed that asphaltenes are heavy and polar 

hydrocarbon molecules that are in colloidal suspension in the crude oil which are 

stabilized by resins absorbed on their surface (Mullins et al., 2007). The methods of 

measuring asphaltene content in crude oils are closely related to the solution properties 

in various solvents. The most commonly used solvent to measure asphaltene content in 

crude oil are n-Pentane and n-Heptane. It was reported by several researchers that the 
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n-Pentane measured asphaltene content was more than n-Heptane measured asphaltene 

content (Ashoori and Balavi, 2014; Kim et al., 1996). Recently, more researchers tend 

to use n-Heptane to measure the asphaltene content in crude oils. So in this study, HPLC 

grade n-Heptane manufacture by J.T.Baker Company was used to measure the 

asphaltene content in crude oil samples.  In this part, the methods to measure asphaltene 

content in crude oil samples used in this study are introduced. 

3.1.1 IP 143 Method to Determine Asphaltene Content in Crude Petroleum 

and Petroleum Products 

 

IP 143 method is an American national standard test method for determination 

of asphaltenes (heptane insoluble) in crude petroleum and petroleum products. This 

standard is issued under the fixed designation D6560. This test method is for 

determination of the heptane insoluble asphaltene content in gas oil, diesel fuel, residual 

fuel oils, lubricating oil, bitumen and crude petroleum that has been topped to an oil 

temperature of 260°C (ASTM, 2000). Basically, the sample is mixed with heptane and 

heated under reflux. After that, the precipitated asphaltenes, waxy substances, and 

inorganic material are collected on filter paper. Hot heptane was then flushed in an 

extractor to remove waxy substances. Finally, the asphaltenes are dissolved in hot 

toluene to remove inorganic materials, the extraction solvent is evaporated, and the 

asphaltenes are weighed. The detailed procedures are listed in the following part.  

1. Weigh 10 gram of the crude oil sample and pour into a flask.  

2. Add heptane into the flask at a recommended ratio of 30ml to each 1 gram of 

crude oil sample. 

3. Boil the mixture under reflux for 60 minutes. Remove flask and contents and 

store in a dark flammable cabinet for 120 minutes. 

4. Put the filter paper in a filter funnel. Let the liquid flow into the filter paper. If 

any residue left in the flask, use hot heptane to wash the residue and flow into 

the filter paper. 
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5. Remove the filter paper from the filter funnel and place in the reflux extractor. 

Reflux with heptane for 120 minutes. 

6. Transfer the contents of the flask to a clean and dry evaporating vessel. After the 

content is dried in a fume hood. Wash the residual into a dish which was weighed 

using small amount of toluene. Put the dish into a vacuum oven and dry at 110°C 

for 30 minutes. Cool the dish and reweigh the dish.  

7. Calculate the asphaltene content, A, in %m/m, of the petroleum products as 

follow: 

 

𝐴𝐴 = 100(𝑀𝑀 𝐺𝐺⁄ )                                                       3.1 

 

In which, M is the mass of asphaltenes in grams and G is the mass of test 

portion in grams. 

3.1.2 Modified IP143 Method to Determine Asphaltene Content in Crude Oil 

Samples 

The modified IP 143 method was proposed by Muhammad et al. 2003. The basic 

principle of this method is similar to the original IP143 method. Hot heptane was also 

used in this method to make the asphaltene content precipitation. Filtration technique is 

used to separate the asphaltene deposition from the oil mixture.  Thereafter, the filtrated 

asphaltene deposition along with the filter paper was small amount of toluene. Finally, 

the toluene is removed by evaporation and the residue toluene was vacuumed in oven 

at 150°F for 120 minutes (Muhammad et al., 2003). The detailed procedures are listed 

in the following. 

1. Weigh 10 gram of the crude oil sample and pour into a flask.  

2. Add 400ml of heptane in the flask. 

3. The mixture is then stored in an oven at 120°F for two hours for the asphaltene 

contents to precipitate. 

4. The content in the flask is filtered by a filtration apparatus using 400 nm dimeter 

filter paper. 
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5. Hot heptane was flushed through the filtration apparatus to make any residuals 

in the apparatus go to the filter paper. 

6. The filter paper along with the precipitate is then washed with 30ml of toluene. 

7. Toluene mixed with asphaltenes is collected in a clean and dry evaporating 

vessel which was weighed. 

8. Put the evaporating vessel into a vacuum oven and dry at 150°F for 30 minutes. 

Cool the vessel and reweigh the vessel.  

9. Calculate the asphaltene content using equation 3.1.  

3.2 Nano filtration technique  

Particle size of asphaltene aggregate plays an important role in rock pore and 

throat plugging process. Sim et al. 2005 performed core flooding tests using curd oil to 

investigate the asphaltene deposition associated permeability reduction in conventional 

core plugs. Their results showed a strong relationship between the asphaltene particle 

size and permeability reduction. Such plugging phenomenon in porous media is usually 

assessed using a rule of thumb called the 1/3 to 1/7 rule of thumb which states that 

particles with a size greater than 1/3 of size of pores and throats would block the pores 

and throats and particles with a size greater than 1/7 of size of pores and throats would 

restrict the flow gradually (Maroudas, 1966). So it’s vital to investigate the asphaltene 

particle size to fully understand the damaging process in formation. This made Nano 

filtration technique a useful method in asphaltene studies (Shahriar, 2014; Sim et al., 

2005). Basically, filter papers with certain pore size diameter are used to filtrate the 

asphaltene aggregates in the crude oil. The pore size of the filter papers can vary from 

30nm to several hundreds of nanometers. In this study, Nano membranes with pore 

diameter size of 30nm, 100nm and 200nm are used to investigate the asphaltene particle 

size during CO2 and CH4 injection process. In the following part, the Nano filtration 

technique in this study is introduced. 
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3.2.1 Experimental apparatus 

The experimental apparatus mainly consists of a reservoir cylinder, a filter 

cylinder, a filtrate cylinder, a back pressure regulator and a syringe pump as shown in 

figure 3.1. The reservoir cylinder is a stainless steel vessel with a 400ml inner volume 

and a maximum 3000 psi pressure at 70°F. The reservoir cylinder is for depositing crude 

oil samples and providing a space for the injected gas to interact with deposited oil 

samples at a designed pressure. The filter cylinder has the same specification as the 

reservoir cylinder. It is used for depositing the Nano membranes used in the experiment. 

Three piece of Nano membranes which are already cut into suitable shape for the 

cylinder are stacked in the filter cylinder. The membranes are supported by stainless 

steel frame and O-ring gasket. The filtrate cylinder also has the same specification as 

the other two cylinders. It is for depositing the fluid which has pass through the 

membranes in the filter cylinder. The three cylinders are connected to each other 

vertically to achieve the purpose of making the crude oil sample filtrated by the Nano 

membranes.  
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Figure 3.1 Schematic of asphaltene particle size measurement apparatus (Shen and 

Sheng, 2016) 

The back pressure regulator in this apparatus is used to control the pressure in 

the filtrate cylinder. This is achieved by pump mineral oil into the dome port on the back 

pressure regulator at a constant pressure using the syringe pump. By doing this, only a 

fluid with pressure higher than the pressure in the dome port will pass through the back 

pressure regulator. Thus, the maximum pressure in filtrate cylinder can be controlled. 
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The pressure in the reservoir cylinder and filter cylinder is controlled by the gas injection 

pressure from the gas cylinder as shown in figure 3.1. In order to let the oil gas mixture 

go through the membranes, a pressure difference between the upstream and downstream 

of the membranes are required. This is achieved by controlling the pressure in filtrate 

cylinder using the back pressure regulator to make it 50 psi less the pressure in the filter 

cylinder which is controlled by the injection gas pressure from the gas cylinder. In this 

apparatus, the tubing, fittings, adapters and valves are all Swagelok products. The 

pressure gauge used in this apparatus is model PG2000 digital pressure gauge 

manufactured by PSI-TRONIX Company. The standard pressure range is from vacuum 

to 2000 psi. The repeatability of the digital pressure gauge is ± 0.25% of FS. Despite of 

the apparatus shown in figure 3.1, a digital balance manufactured by Sartorious 

Company .The digital balance is model PRACTUM224i-1S with a weighing capacity 

equal to 220g. The reproducibility (standard deviation) is within ± 0.0001g.  

3.2.2 Experimental procedures 

The test is conducted by isobarically and isothermally (at 69°F) filtering about 

200 ml of dead shale oil sample using 30nm, 100nm, and 200nm membranes in the set-

up shown in figure 3.1. The detailed experimental procedures to measure the asphaltene 

particle size are list in the following part. 

1. Prior to the experiment, the crude oil sample is pre-filtrated using 0.4µm filter 

to remove solid impurities. 

2. The gas cylinder is connected to the reservoir cylinder, and the oil sample is 

saturated at a constant designed pressure. 

3. This pressure is maintained for 8 hours to let the system equilibrate and stabilize. 

4. The dissolved gas mole fraction at each pressure is obtained from the gas 

solubility curve obtained prior to the experiment. 

5. Nanomembranes are cut into suitable shape and size for the filter cylinder. 

6. Nanomembranes are loaded into the filter cylinder at 200nm, 100nm, and 30nm 

from the top to the bottom, supported by a stainless steel frame. 
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7. The filter cylinder and filtrate cylinder were pre-charged with the same gas 

saturated in the oil sample at a pressure of 50 psi lower than the reservoir 

cylinder. The valve between filter cylinder and filtrate cylinder is closed so that 

the pressure in each cylinder can be isolated to each other. 

8. The difference between the reservoir cylinder pressure and downstream pressure 

was maintained at less than 50 psi using a back pressure device to let the crude 

oil sample go through the membranes. 

9. The filtration was stopped when nearly 200ml of oil sample was collected from 

the outlet of filtrate cylinder. 

10. Hot heptane was injected into the reservoir cylinder and forced through the 

membranes to wash away oil samples left on the membrane and in the system. 

11. This washing process was stopped when heptane collected from the outlet of 

filtrate cylinder was clean. 

12. The amount of asphaltene precipitated on each membrane was measured using 

a modified IP143 standard test method (Muhammad et al., 2003).  

3.3 Pore Size Distribution Measurement  

Variety of methods are used to quantify pore structure. Porosity is one of the 

most commonly used one in petroleum industry. Porosity is a single-value 

quantification which cannot indicate the heterogeneity of the pore-structure in rocks. In 

order to characterize pore-structure, the pore size distribution (PSD) is usually used. The 

PSD quantifies the relative volumes associated with different sized pores. In 

conventional plays, mercury intrusion porosimeter (MIP) is a widely used technique to 

measure both porosity and pore size distribution. The current measurement limitation 

for a MIP device is 3.6nm which is detected at a maximum pressure equal to 414 MPa 

(60000psi). However, in shale rocks there is big amount of pores have a size smaller 

than 3.6 nm. The MIP technique cannot access these part of pore volumes in shale. Thus, 

in studies of shale pore size distribution, gas adsorption method is also a common 

method to access the pore size distribution in shale. The gas adsorption method can 

detected pores with a size smaller than 3.6 nm. So some researchers recommended the 
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combination of MIP and gas adsorption technique to access the pore size distribution in 

shale. However, in this study, we only used the MIP technique to access the pore size 

distribution in the shale core experiment. In the following part, the MIP technique used 

in this study is introduced. 

3.3.1 Mercury Intrusion Porosimeter PoreMaster 60 

The PSD of the shale core samples studied in this research was measured using 

a PoreMaster 60 as shown in figure 3.2, which is a mercury intrusion porosimeter 

manufactured by Quantachrome Instruments. The PoreMaster 60 can generate pressure 

up to 414 MPa for pore size analyses from > 950 micron to 0.0036 micron pore in 

diameter. The resolution of the Poremaser60 is 0.916 psia. The reproducibility (Non-

linearity) is within ± 0.005%fs. The reproducibility (Hysteresis) is within ± 0.1%fs.  

 

 

Figure 3.2 Poremaster 60 mercury intrusion porosimeter. 

During the test, mercury, which is a non-reactive and non-wetting liquid, would 

penetrate the fine pores when sufficient pressure is applied to force its entry 

(Qunantachrome® Instruments, 2009). The relationship between the applied pressure 
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and the pore diameter that mercury will penetrate into is given by the Washburn 

equation: 

𝐷𝐷 = (−4𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾)/𝑃𝑃          3.2 

Where D is the pore diameter, γ is the surface tension of mercury, θ is the contact 

angle between mercury and the pore surface, and P is the applied pressure. The 

PoreMaster monitors mercury volume intruded as a function of pressure and generates 

pore size/volume distributions from the Washburn equation. The Washburn equation 

relates the pressure (P) required to penetrate a pore capillary with the contact angle of 

mercury (θ) against the pore surface, the gas/liquid surface tension (γ) and the pore 

radius (r). It suggests that with the increased pressure, the mercury will penetrate pores 

with smaller diameters. The commonly used cylindrical capillary bundle approximation 

in this equation does not account for the interconnectedness of real pore structure. PSD 

inverted from such theory provide only equivalent ‘characteristics’ values, and the 

results should be treated as a one-dimensional approximation of the real pore structure. 

The MIP intrusion in this study gives the pore-throat size distribution.  

3.3.2 Experimental procedures 

The test is conducted isobarically and isothermally (at 69°F). Basically, the rock 

sample is smashed into small pieces and loaded into a glass sample cell the PoreMaster 

60. A low pressure intrusion process is performed firstly to fill the sample cell with 

mercury. After that, the sample cell is moved to a high pressure vessel and the high 

pressure intrusion begins. In the high pressure intrusion process, hydraulic oil is injected 

into the pressure vessel to increase the pressure in the vessel so that the mercury can be 

pushed further into the rock sample. The intruded volume of mercury is recorded during 

the process. The pore size distribution then can be determined and reported by the 

software automatically. The detailed experimental procedures are list in the following 

part. 

1. The core plug is pre-vacuumed to remove any potential residual fluid. 

2. A small piece is cut from the rock sample and smashed into small pieces. 
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3. 0.5 grams of smashed rock sample is collected by using analytical balances. 

4. The weighed 0.5 grams is deposited into the glass sample cell. The glass sample 

cell then is properly sealed and put into the low pressure channel in the machine. 

5. A 20 minutes fine vacuum is applied to the glass sample cell in the low pressure 

channel. After that, the glass sample cell is filled with liquid mercury.  

6. A low pressure up to 55 psi is applied to compress the liquid mercury into the 

glass sample cell and some bigger pores in the rock sample. 

7. The glass sample cell is disassembled from the low pressure channel and made 

ready for the high pressure measurement. 

8. The glass sample cell is assembled into the high pressure vessel. Pressure up to 

60000 psi is applied by pumping mineral oil into the glass sample cell step by 

step. During the pressurizing process, the injection volume is recorded. This is known 

as the intrusion process of the mercury. 

9. After the intrusion is finished, the pressure in the high pressure vessel is released 

slowly during which the extruded volume is also recorded. This is known as the 

extrusion process. 

10. The glass sample cell is disassembled from the high pressure vessel and washed 

properly. 

3.4 Permeability measurement in shale  

The most commonly used method to measure permeability of a conventional 

core plug is the steady state method in which a constant pressure difference was applied 

between the upstream and downstream of the core plug. The outlet flowrate then is 

measured when it is stabilize. The period to get the flowrate stabilize varies depending 

on the permeability of the core plug. With additional information of core dimensions, 

fluid properties, the permeability of the core plug can be calculated using Darcy’s 

equation. Although the steady state method can also be applied to a shale core sample, 

the time for flowrate to get stabilized in the core plug usually takes extremely long time 

due to the fact that the shale core plugs usually has a low permeability on the scale of 

nD. Another problem is that in such a low permeability core plug, it requires very high 
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pressure to make the flowrate high enough to be measured. Thus, researchers develop 

other methods to measure the permeability of such tight core plugs. In this study, 

transient method is used to measure the permeability of the shale core plugs using 

Autolab-1000 system manufactured by New England Research, Inc. 

3.4.1 Experimental apparatus 

Autolab-1000 system is a servo-hydraulic operated system for hydrostatic 

measurements of compressional and shear wave velocities, permeability, electrical 

resistivity, pore volume compressibility, acoustic emissions, and linear compressibility 

on rock specimens up to 50.8 mm in diameter at in situ overburden pressure, pore 

pressure and temperature. The system has a pressure vessel and servo-hydraulic 

intensifiers for confining and pore pressure which can be up to 15000 psi. The confining 

and pore pressure can be controlled automatically by the computer which controls the 

position of the pistons in intensifiers to change or maintain the pressures.  
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Figure 3.3 Autolab 1000 system (New England Research, Inc.). 

AutoLab is capable of performing several types of permeability experiments: 

steady-state as well as pulse-decay, sinusoidal, and complex transients. The complex 

transient method was developed by NER to expand the measurement range of the 

system (Boitnott, 1997). In the complex transient measurement system, the pore 

pressure at the top of the sample is controlled while the bottom of the sample is attached 

to a fixed volume filled with pore fluid. When the system is in equilibrium and perturb 

the pressure at the top of the sample, the response at the bottom pressure of the sample 

is measured. The transfer function describing the relationship between the perturbation 

in pressure at the top and bottom of the sample is a function of (1) the length (L), cross-

sectional area (A), permeability (k), and specific storage (S) of the sample, (2) the 

viscosity (η) and compressibility ( β ) of the fluid, and (3) the volume (V) in 

communication with the bottom of the sample as shown in figure 3.6.  

Analytical solutions to the re-equilibration process are available in a number of 

forms however, it is important to understand that the equilibration process is a strong 

function of the ratio k/S, and thus in many cases it is difficult to accurately determine k 

and S individually. The strong dependence on k/S creates a situation where an error in 

the determination of one parameter (i.e. specific storage) will lead to an error in the 

determination of the other (i.e. permeability). 

In the absence of specific storage of the sample, or equivalently if the storage 

capacity (S ⋅ L ⋅ A) of the sample is small compared to the storage capacity of the 

downstream reservoir ( ρ ⋅ g ⋅ V ⋅ β ) the solution simplifies considerably to that of the 

familiar RC low-pass filter (as an electrical analogy). Unfortunately, for low 

permeability rocks, this condition cannot be met for most practical applications because 

it is beneficial to minimize the downstream volume. AutoLab data reduction software 

performs sensitivity studies to provide a means of routinely computing errors associated 

with the insensitivity of the solution to separation of permeability and specific storage. 

Our reduction software allows for error estimation, so that poorly constrained data will 
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be documented appropriately. This is critical for routine use of systems which attempt 

to measure both specific storage and permeability. 

 

Figure 3.4 Schematic diagram of a typical AutoLab low-permeability system and 

measurement. 

3.4.2 Experimental procedures 

The test is conducted by isothermally (at 69°F). In order to keep consistency, the 

confining pressure for each test is set to 15 Mpa. The permeability can be tested with 

nitrogen, helium, methane, mineral, and crude oil which depends on the purpose of the 

experiment. Although different fluid can be used to do the measurement, the 

experimental procedures are similar. The detailed experimental procedures are listed in 

the following. 

1. The core sample is installed in a rubber tube which was cut into a suitable length 

for the core sample. 

2. The rubber tube which has the core plug inside is attached to the upper plug and 

lower plug of the core holder. 

3. Steel wire is rolled and tighten on the outside of the rubber tube at the connection 

part with the upper and lower plugs. 
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4. The core holder is installed to the confining vessel. The confining vessel is filled 

with confining hydraulic oil. 

5. 5 Mpa confining pressure is applied to the confining vessel for 10 minutes to 

check leakage. If no leaking is detected, go to the next step. Otherwise, check 

leakage and fix it. 

6. Increase the confining pressure to 15 Mpa which is the confining pressure used 

in the measurement.  

7. Keep the core plug confined at 15 Mpa for 24 hours before the permeability 

measurement so that the stress in the core plug can get stabilized. 

8. Inject pore fluid into the pore fluid input port and make the intensifier’s volume 

fully occupied with the pore fluid. 

9. Make the pore fluid pressure to the designed value for measuring the 

permeability of the core plug. 

10. Test the permeability using the complex transient option on the software at 

different frequency to find the optimum frequency value. 

11. Test the permeability of the core sample at the optimum frequency value for 

several times and take average. 

12. After the measurement is finished, release the pore fluid pressure to atmosphere 

pressure first. Wait until the pressure of the downstream of the core is close to 

atmosphere pressure. 

13. Deplete the confining very slowly to avoid damage to the core plug.  

14. Get the core out from the rubber tube on the core holder. Clean each part of the 

core holder using isopropyl alcohol. 

15. Clean the pore fluid intensifier using isopropyl alcohol and make the system 

ready for next measurement.  

16. Turn off the hydraulic pump and then turn off the Autolab 1000 control box.   

3.5 Huff and Puff Gas Injection   

Gas injection is usually considered as a tertiary recovery enhancement 

technique. It is a widely used and promising method to enhance oil recovery in different 
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types of oil reservoirs. Nearly 60% of EOR projects in the United States use gas 

injection method to enhance oil recovery (DOE, 2016). Different kind of gas such as 

nitrogen, methane, and carbon dioxide or even flue gas could be injected into the 

reservoir to either increase the reservoir energy or lower the viscosity of oil, and thus 

resulted in a higher oil recovery factor. Despite of the different gas type used in the gas 

injection EOR process, different modes of gas injection are also developed to meet the 

challenges in different types of oil reservoirs. The most commonly and widely used 

injection mode in conventional plays is gas flooding in which gas is injected into the 

reservoirs from one of the wells continuously and the oil is produced from other wells. 

In shale oil reservoir, natural fractures are well developed which makes it easy for the 

gas to break through from the injection well to the producer. So the efficiency of gas 

flooding in shale oil reservoir will be unfavorably low. Thus, researchers turned to 

another gas injection mode called huff and puff injection which has been studied by 

numerous researchers through laboratory studies (Sheng, 2015). Plenty of simulation 

and experimental research on huff and puff gas injection to enhance shale oil recovery 

have been done recently and showed promising results. Huff and puff gas injection 

seems to have the most potential to be applied in shale oil reservoirs. So this study 

mainly investigated the asphaltene associated problems during gas huff and puff 

injection process. In this part, the experimental apparatuses and procedures to perform 

gas huff and puff injection are introduced. 

3.5.1 Experimental apparatus 

In order to perform the huff and puff gas injection EOR in the shale core plug, 

the core plug should be saturated with crude oil sample first. The setup shown in figure 

3.5 is used to saturate the shale core plug with crude oil samples. This setup mainly 

consists of a pressure vessel, a vacuum pump, an accumulator and a Quizix QX series 

pump. The pressure vessel has a 600ml inner volume which provide an isolated space 

for the core plug to be vacuumed and saturated. The accumulator has a 1000ml inner 

volume which works together with the Quizix pump to injection crude oil into the 

pressure vessel and build up the pressure required to saturate the core plug.  
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Figure 3.5 Schematic of shale core saturating setup. 

After the shale core plug is fully saturated with crude oil, it is moved to the huff 

and puff vessel as shown in figure 3.6. The setup in figure 3.6 is used to do the gas huff 

and puff injection into the core plug. It consists of a huff and puff vessel, a syringe pump 

and gas source cylinder. The huff and puff vessel has a 450ml inner volume which 

provides an isolated place for the gas injection. The syringe pump is used to pump the 

gas from the gas source cylinder into the huff and puff vessel spontaneously to build up 

the pressure in the huff and puff vessel. After the pressure in the huff and puff vessel 

reached the designed huff pressure, the valves at inlet is closed. Then the soaking 

process starts until a designed period of soaking process has reached. After the soaking 

process, the pressure will be released through the outlet to perform the puff process. 
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Figure 3.6 Schematic of huff and puff gas injection setup. 

In the setups discussed above, the tubing, fittings, adapters and valves are all 

Swagelok products. Despite of the apparatus shown in figure 3.5 and figure 3.6, a digital 

balance manufactured by Sartorious Company .The digital balance is model 

PRACTUM224i-1S with a weighing capacity equal to 220g. The reproducibility 

(standard deviation) is within ± 0.0001g. 

3.5.2 Experimental procedures 

The core plug saturation process is conducted isothermally (at 69°F). During the 

saturation process, the crude oil is injected at designed saturation pressure slowly to 

avoid damage to the core plug. The detailed procedure are in the following part. 

1. Prior to the test, the core plug is vacuumed in oven at 120°F for 12 hours. 

2. The diameter and length of the core plug is measured using a digital caliper. 

3. The core plug is weighed on the digital balance. The dry weight of the core 

(Wdry) is recorded. 
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4. The core plug is deposited in the pressure vessel. The outlet is connected to the 

vacuum pump. The valve at inlet is closed. The vacuum pump is turned on for 

24 hours. 

5. During the vacuum process, 400ml volume of crude oil sample is poured into 

the upper side of the accumulator. Then the accumulator is connected to the inlet 

of the pressure vessel. 

6. After vacuuming the core plug for at least 12 hours, the valve at outlet is closed.  

7. The inlet valve of the pressure vessel is opened right after turning on the Quizix 

pump to constant injection rate model with injection rate of 50ml/cc and safety 

pressure of 200 psi.   

8. The Quizix pump will stop automatically when the pressure in the pressure 

vessel is pumped to 200 psi. The Quizix pump is then set to constant pressure 

mode with safety pressure of 5000 psi. 

9. The pressure in the pressure vessel is increased slowly to avoid any potential 

damage to the core plug until 4000 psi is reached. 

10. The total saturation time is at least 96 hours to make sure the shale core plug is 

fully saturated. 

11. The pressure in the pressure vessel is decreased to atmosphere pressure slowly 

to avoid any potential damage to the core plug. 

12. The remaining oil in pressure vessel is bleed and the core plug is weighed after 

getting out from the pressure vessel which is recorded as saturated weight 

(Wsat). 

13. The total saturated oil weight is calculated by the equation below. 

𝑊𝑊𝑜𝑜𝑜𝑜 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑜𝑜 −𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑                                                 3.3 

After the core plug is fully saturated with crude oil sample and weighed, the 

core plug is moved into the huff and puff vessel for the huff and puff gas injection. 

The detailed procedure of the huff and puff gas injection is as follow. 

1. The fully saturated core plug is moved into the huff and puff vessel. The vessel is then 

sealed properly. 
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2. The outlet and inlet valves of the huff and puff are opened. Injection gas is flow through 

the huff and puff vessel at low pressure to replace air in the vessel for 5 minutes. The 

outlet and inlet valves are then closed. 

3. If the pressure in gas cylinder is higher than the designed huff pressure, the gas is 

injected into the huff and puff vessel from gas cylinder controlled by the gas cylinder 

regulator. If the pressure in gas cylinder is lower than the designed huff pressure, the 

gas is compressed using the syringe pump to build up the pressure in huff and puff 

vessel to reach designed huff pressure. 

4. After the huff process, the inlet and outlet valves of the huff and puff vessel are kept 

closed to perform the soaking process. The soaking period will end after a designed 

soaking time is reached.  

5. After the soaking period, the outlet valve of the huff and puff vessel is opened to bleed 

the pressure inside the vessel. 

6. The core plug is removed from the huff and puff vessel and weighed using analytical 

balance and recorded as weight of the core after certain number of huff and puff (Wc) 

7. The combination of one huff period, soaking period and puff period is considered as 

one cycle of huff and puff injection. The weight of recovered oil and oil recovery factor 

in each cycle of huff and puff injection are calculated by equation 3.3 and 3.4, 

respectively. 

 

𝑊𝑊𝑜𝑜𝑜𝑜 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑜𝑜 −𝑊𝑊𝑐𝑐                                                               3.4 

 

In which, Wop is the oil produced during that huff and puff cycle. Wsat is the 

weight of the core fully saturated with crude oil sample. 

 

 

RF = 1 − 𝑊𝑊𝑐𝑐−𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑

𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠−𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
× 100%                                                   3.5 

 

In which, RF is the accumulative oil recovery factor after certain numbers of 

huff and puff injection. Wc is the weight of the core plug after certain numbers of huff 

and puff injection. Wdry is the dry weight of the core plug. Wsat is the weight of the 

fully saturated core plug. 
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8. Step #1 to step #6 are repeated until the designed numbers of huff and puff injection 

cycles are reached. The weight of the core plug after each cycle of huff and puff 

injection is recorded and the accumulative oil recovery factor after each cycle of huff 

and puff injection is calculated.  

3.6 Rock Wettability Measurement 

Understanding formation wettability is crucial for optimizing oil recovery. The 

oil-versus-water wetting preference influences many aspects of reservoir performance, 

particularly in enhanced oil recovery techniques (Yu, 2016). The wettability alternation 

caused by asphaltene deposition in porous medium has been widely reported in the 

literature as discussed in section 2.3.5. This part of experiment is designed to investigate 

the effect of asphaltene deposition on wettability alternation. In this study, the 

wettability of core samples are evaluated by measuring the contact angles, which 

describes the degree of wetting between solid and liquid. Smaller contact angle (<90°) 

corresponds to higher wettability, while larger contact angle (>90°) corresponds to 

lower wettability. The most widely used technique of contact angle measurement is a 

direct measurement of tangent angle at the three-phase contact point on a sessile drop 

profile (Yu, 2016). 

3.6.1 Experimental apparatus 

The setup used in this experiment is called Drop Shaper Analyzer (DSA), 

manufactured by KRUSS, Inc. It can measure the contact angle between a liquid phase 

and solid phase. The main components of this equipment is shown in figure 3.7. It 

mainly consists of sample stage, illumination/aperture, camera and dosing unit.  
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Figure 3.7 Drop shape analyzer, DSA 25 (Yu, 2016). 

During the test, small amount of liquid (a few microliters) is dropped on to the 

surface substrates. The camera is connected to computer and the real-time image of the 

liquid and solid contacting surface is captured for analyses.  

3.6.2 Experimental procedures 

The wettability tests are conducted isothermally (at 69°F). The detailed 

procedure are: 

1. Prior to the test, the core plug is vacuumed in oven at 120°F for 12 hours to 

remove any residual fluid. 

2. The instrument is leveled horizontally by turning the adjusting knobs. 

3. The core plug is placed on the sample stage. The height of the sample stage is 

adjusted so that the top surface of the core plug show up in the captured image. 

4. The syringe is filled with the testing liquid and attached to the dosing unit above 

the sample stage.  

5. Calibration of length scale is done by inputting the diameter of the syringe 

needle into the software. 
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6. A droplet of liquid is dropped onto the surface of the core plug by turning the 

knob of the dosing unit.  

7. After the contacting angle is stabilized, the image of the droplet is captured. The 

contacting angle is measured and analyzed by the software automatically.  
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CHAPTER IV  

EXPERIMENTAL RESULTS 

4.1 Investigation of Asphaltene Aggregation during CO2 and CH4 Injection 
in Shale 

This experimental study used a nanofiltration technique to investigate the size 

of asphaltene aggregates precipitated during CO2 and CH4 injection in a shale oil 

sample. Nano membranes of 200nm, 100nm and 30nm were used to filtrate oil samples 

injected with different mole fractions of CO2 and CH4 gas. The distribution of 

asphaltene aggregates’ size at different injected CO2 and CH4 concentrations were 

obtained and compared with the pore size distribution data of shale cores measured by 

mercury intrusion porosimeters. Results showed that a higher injected CO2 and CH4 

concentration caused more asphaltene precipitation and growth in asphaltene aggregates 

size. The precipitated asphaltene particle size was large enough to cause a pore-blocking 

problem in tested shale cores (Shen and Sheng, 2016).   

4.1.1Materials 

In this study, a dead oil sample from the Wolfcamp shale reservoir was 

investigated. The properties of the shale oil sample are listed in Table 4.1. The total 

asphaltene content was determined using heptane following the modified IP 143 

standard test method (Muhammad et al., 2003). Three core samples were used in this 

study to test the pore size distribution: the Wolfcamp shale reservoir core, the Eagle 

Ford shale reservoir core, and the Mancos outcrop shale core. A Whatman Nuclepore 

Track-Etch membrane with a pore size of 30nm, 100nm and 200nm was used to filtrate 

asphaltene aggregates formed in the gas injection process. The solvent used in this study 

is HPLC grade n-heptane manufactured by J.T. Baker and ACS grade toluene 

manufactured by Macron Fine Chemicals. 
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Table 4.1 Properties of shale oil sample. 

Density at 69oF Viscosity at 69oF API Gravity Asphaltene 
(heptane) 

0.794 g/ml 3.66 cp 46.7o API 0.03% 

 

4.1.2 Asphaltene particle size measurement 

Prior to the experiment, the crude oil sample was pre-filtrated using 0.4µm filter 

to remove solid impurities. The properties of the shale oil sample were determined as 

shown in Table 4.1 (Shahriar, 2014). The solubility of CO2 and CH4 gas at different 

pressures was measured and converted to mole fraction and dissolved in the crude oil 

sample at each pressure, respectively. The test was conducted by isobarically and 

isothermally (at 69oF) filtering about 200 ml of dead shale oil sample using 30nm, 

100nm, and 200nm membranes in the set-up shown in figure 4.1, which mainly consists 

of a reservoir cylinder, a filter cylinder, and a filtrate cylinder. The reservoir cylinder is 

a 400ml stainless steel core holder, which is for depositing dead crude oil samples and 

injected gas. Three stacks of nanomembranes were placed in the filter cylinder and 

supported by a stainless steel frame. The order is 200nm, 100nm, and 30nm from the 

top to the bottom, as shown in figure 4.1. The filtrated crude oil sample was finally 

deposited in the filtrate cylinder. 
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Figure 4.1 Schematic of asphaltene particle size measurement apparatus. 

The experiments were designed to study the asphaltene precipitation amount and 

size during CO2 and CH4 injection into shale oil samples as a function of injected gas 

concentration. For each gas concentration, 200ml of oil sample was poured into the 

reservoir cylinder. Then, the gas cylinder was connected to the reservoir cylinder, and 

the oil sample was saturated at a constant pressure. This pressure was maintained for 8 

hours to let the system equilibrate and stabilize. The dissolved gas mole fraction at each 
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pressure was obtained from the gas solubility curve obtained prior to the experiment. 

Nanomembranes were loaded into the filter cylinder at 200nm, 100nm, and 30nm from 

the top to the bottom, supported by a stainless steel frame. The filter cylinder and filtrate 

cylinder were pre-charged with the same gas saturated in the oil sample at a pressure of 

50 psi lower than the reservoir cylinder. The difference between the reservoir cylinder 

pressure and downstream pressure was maintained at less than 50 psi using a back 

pressure device to let the crude oil sample go through the membranes. The filtration was 

stopped when nearly 200ml of oil sample was collected from the outlet of filtrate 

cylinder. Then, hot heptane was injected into the reservoir cylinder and forced through 

the membranes to wash away oil samples left on the membrane and in the system. This 

washing process was stopped when heptane collected from the outlet of filtrate cylinder 

was clean. The amount of asphaltene precipitated on each membrane was measured 

using a modified IP143 standard test method (Muhammad et al., 2003).  

4.1.3 Results and Discussion 

 
The pore size distribution results of the Wolfcamp shale core, the Eagle Ford 

shale core, and the Mancos outcrop shale core are shown in figure 4.2, figure 4.3, and 

figure 4.4, respectively. In the Wolfcamp and Eagle Ford shale cores, most of the pore 

diameter lies in the range from 3nm~50nm, while only a few pore diameter lies in the 

range from 1μm~10μm, which may be the natural fracture. In the Mancos outcrop shale 

core, the pore diameter size is widely distributed from 3nm~10μm, which indicates that 

more natural fractures exist in the Mancos outcrop shale core. Due to the limitation of 

the PoreMaster 60 system, the smallest pore size that can be detected is 3nm. So there 

might be more pores with a diameter smaller than 3nm existing in the three core 

samples.  
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Figure 4.2 Pore size distribution results of Wolfcamp shale core. 
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Figure 4.3 Pore size distribution results of Eagle Ford shale core. 
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Figure 4.4 Pore size distribution results of Mancos outcrop shale core. 

Table 4.2 and figure 4.5 show the total amount of precipitated asphaltene content 

on membranes at different injected CO2 and CH4 concentrations. The total amount of 

precipitated asphaltene content is the sum of the amount of asphaltene precipitated on 

each membrane. The result shows that an increase in injected gas concentration leads to 

an increment of total precipitated asphaltene amount. The effect of CO2 and CH4 on 

making asphaltene precipitation were very close to each other. The CO2 generated 

asphaltene precipitation amount was a little bit higher than asphaltene precipitation 

generated by CH4 in the range from 30% mole to 75%. This may be due to the extremely 

low total asphaltene content in the shale oil sample.  
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Figure 4.5 Total amount of precipitated asphaltene content on membranes at different 

injected CO2 and CH4 concentration. 

Table 4.2 Precipitated asphaltene content at different injected CO2 and CH4 

concentration. 

CO2 Injection CH4 Injection 

Injected mole% Precipitated 
asphaltene wt% Injected mole% Precipitated 

asphaltene wt% 

—— —— 20.43% 0.01% 

32.90% 0.02% 45.16% 0.02% 

58.30% 0.03% 68.20% 0.03% 

74.10% 0.04% 75.00% 0.04% 

 

Table 4.3, figure 4.6, and figure 4.7 show the fraction of amount of precipitated 

asphaltene on each of the membranes; 30nm, 100nm, and 200nm; over the total amount 

of precipitated asphaltene. In the filtration process, the crude oil flows through the 
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200nm membrane firstly, then through 100nm of membrane, and finally through 30nm 

of membrane. Asphaltene particles with a size larger than 200nm couldn’t go through 

membrane with a 200nm pore size; thus, this part of asphaltene particles precipitated on 

the 200nm membranes. Asphaltene particles with a size smaller than 200nm but bigger 

than 100nm could pass through the 200nm membrane but would precipitate on the 

100nm membrane. Thus, the asphaltene that precipitated on 200nm, 100nm, and 30nm 

membranes have the size >200nm, 100nm~200nm and 30nm~100nm respectively. The 

amount of asphaltene precipitation on the 200nm membrane was increasing along with 

the increment of injected gas concentration, which indicates that the injected gas helped 

asphaltene form larger aggregates. CO2 had a stronger effect on increasing the 

asphaltene aggregation size than CH4. 

 

Figure 4.6 Fraction of asphaltene precipitation on each membranes during CO2 

injection. 
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Figure 4.7 Fraction of asphaltene precipitation on each membranes during CH4 

injection. 

Table 4.3 Asphaltene precipitation on each membrane at different injected CO2 and 

CH4 concentration. 

CO2 Injection CH4 Injection 

Injected 
mole% 30nm 100nm 200nm Injected 

mole% 30nm 100nm 200nm 

—— —— —— —— 20.43% 40.91% 45.96% 13.13% 

32.90% 44.50% 33.80% 21.70% 45.16% 49.67% 41.67% 8.67% 

58.30% 33.61% 45.08% 21.31% 68.20% 45.81% 37.44% 16.74% 

74.10% 48.90% 25.30% 25.80% 75.00% 43.90% 35.80% 20.40% 

 

As shown in table 4.3, most of the asphaltene particles in this shale oil sample 

during gas injection have a size in the range from 30nm~200nm, while the pore size in 
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the tested shale core samples mostly lies in the range from 3nm~50nm. According to an 

experiment done on sand particle blocking of pores, no blocking will exist when the 

particle diameter is smaller than 1/7 the pore diameter (Maroudas, 1966). However, in 

this case, the asphaltene particle size was even larger that pore diameter, which will 

result in pore blocking. The pore blocking would become more critical if more CO2 and 

CH4 gas was injected, because a higher injection gas concentration would lead to the 

growth of asphaltene aggregation size.  

4.2 Experimental Study of Permeability Reduction, Pore Size Distribution 
Change, and Wettability Alternation due to Asphaltene Deposition during 
CO2 Huff and Puff Injection in Eagle Ford Shale 

In this work, experimental studies were conducted to investigate the effect of 

asphaltene deposition on pore size reduction and permeability reduction in shale core 

samples during the CO2 huff and puff injection process using a dead oil sample from a 

Wolfcamp shale reservoir. A decrement of pores with a diameter size in the range from 

100 nm to 800 nm and an increment of pores with a diameter size smaller than 100 nm 

were observed after 6 cycles of CO2 huff and puff injection. The result indicates the 

existence of pore plugging and asphaltene adsorption during the gas injection process. 

The experimental results also showed a 47.5 nD permeability reduction after 6 cycles 

of CO2 huff and puff injection. Compared to the original permeability of the shale core, 

126 nD, the permeability reduction is more than 1/3 of the original permeability (Shen 

and Sheng, 2017). 

4.2.1 Materials 

A dead oil sample from the Wolfcamp shale oil reservoir was used in this study. 

The density and viscosity of the shale oil sample were measured to be ρoil = 0.794 kg/m3 

and μoil = 3.7 mPa·s at atmosphere and room temperature, respectively. The total 

asphaltene content of the shale oil sample was measured as 0.03% using N-heptane 

following the modified IP143 method (Muhammad et al., 2003; Shahriar, 2014). 99+% 

purity Decane manufactured by ALDRICH was also used in the comparative 
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experiment. Five Eagle Ford shale outcrops purchased from Corelab Company were 

used in this study. The properties of core samples are listed in Table 4.4. Eagle Ford 

outcrop #1, #2 and #5 were used to do the PSD investigation. Eagle Ford outcrop #3 

and #4 were used to do the permeability reduction investigation. The permeability 

shown in Table 4.4 was measured with nitrogen at 15MPa confining pressure and 8MPa 

pore pressure using Autolab-1000 system. Gas sources used in this study were ultra-

high purity-grade nitrogen manufactured by Airgas Company, and industrial-grade 

carbon dioxide manufactured by Praxair Company.  

Table 4.4 Properties of tested core samples. 

Core No. Diameter, 
cm 

Length, 
cm 

Nitrogen tested 
permeability, 

nD 
Conducted tests Oil used in tests 

#1 3.84 5.03 72 PSD Wolfcamp shale 
oil 

#2 3.81 7.59 3040 PSD Wolfcamp shale 
oil 

#3 3.84 7.59 516 Permeability Wolfcamp shale 
oil 

#4 3.84 7.59 406 Permeability Decane 

#5 3.76 7.59 105 PSD Decane 

 

4.2.2 Experimental Apparatus 

Figure 4.8 shows the schematic of the saturating setup used in this work to 

saturate the shale core samples with shale crude oil. This setup consists mainly of a 

pressure vessel, accumulator, vacuum pump, pressure gauges, and a Quizix QX6000 

pump. Prior to the saturating process, the core samples were deposited in the saturating 

vessel and vacuumed for 48 hours at 21ºC. Right after the vacuum was finished, the 

shale oil sample was injected into the saturating vessel using the Quizix pump and the 

accumulator. The entire saturating process lasted for 120 hours, as the saturating 

pressure was built up slowly to 27.6Mpa. At the end of the saturating process, the 
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pressure in the saturating vessel was slowly decreased to atmosphere pressure to avoid 

damage to the core plug. 

Figure 4.9 shows the schematic of the huff and puff setup which was used to do 

the CO2 huff and puff injection. This setup mainly consists of a syringe pump, a pressure 

vessel, and pressure gauges. Prior to the CO2 huff and puff injection, the core plug was 

put into the huff and puff vessel. Then CO2 gas was made to flow through the huff and 

puff at low pressure to displace air in the vessel. After that, CO2 gas was compressed 

into the huff and puff vessel using the syringe pump until the pressure in the huff and 

puff vessel reached the designed huff pressure. After the huff process was finished, all 

valves were closed and the soaking process began. The puff process was achieved by 

opening the vent valve and bleeding the pressure inside the huff and puff vessel.  

  

Figure 4.8 Schematic of saturating setup. 
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Figure 4.9 Schematic of huff and puff setup. 

The PSD of the shale core samples was measured using a PoreMaster 60, which 

is a mercury intrusion porosimeter manufactured by Quantachrome Instruments. The 

PoreMaster 60 can generate pressure up to 414 MPa for pore size analyses from > 950 

micron to 0.0036 micron pore in diameter. The resolution of the Poremaser60 is 0.916 

psia. The reproducibility (Non-linearity) is within ± 0.005%fs. The reproducibility 

(Hysteresis) is within ± 0.1%fs. During the test, mercury, which is a non-reactive and 

non-wetting liquid, would penetrate the fine pores when sufficient pressure is applied 

to force its entry. The relationship between the applied pressure and the pore diameter 

that mercury will penetrate into is given by the Washburn equation: 

 

𝐷𝐷 = (−4𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾)/𝑃𝑃          4.1 

 
Where D is the pore diameter, γ is the surface tension of mercury, θ is the contact 

angle between mercury and the pore surface, and P is the applied pressure. The 

PoreMaster monitors mercury volume intruded as a function of pressure and generates 
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pore size/volume distributions from the Washburn equation. The Washburn equation 

relates the pressure (P) required to penetrate a pore capillary with the contact angle of 

mercury (θ) against the pore surface, the gas/liquid surface tension (γ) and the pore 

radius (r). It suggests that with the increased pressure, the mercury will penetrate pores 

with smaller diameters. The commonly used cylindrical capillary bundle approximation 

in this equation does not account for the interconnectedness of real pore structure. PSD 

inverted from such theory provide only equivalent ‘characteristics’ values, and the 

results should be treated as a one-dimensional approximation of the real pore structure. 

The MIP intrusion in this study gives the pore-throat size distribution.  

 
The shale core plug permeability tests were conducted using an Autolab-1000 

servo-hydraulic operated system manufactured by the New England Research 

Company. This system uses a pore pressure transmission test, which is a typical 

assessment for pore fluid flowing in shale to determine the permeability of core plugs. 

The Low Permeability assembly enables the measurement of low permeability materials 

of 5 nD to 50 μD (Zhang et al., 2013). The pressure transducer reproducibility is within 

± 0.5%fs. 

 

4.2.3 Experimental procedures 

Two sets of experiments were conducted to investigate pore and throat plugging 

and permeability damage caused by asphaltene deposition during CO2 huff and puff 

injection in shale core plugs. The experiments were conducted isothermally at 21ºC. In 

order to confirm that the measured permeability reduction and pore-and-throat size 

change was caused by asphaltene deposition only, two sets of comparative experiments 

were also conducted. In the comparative experiments, Decane oil was used instead of 

Wolfcamp crude oil and all experimental procedures, apparatuses, and conditions were 

kept the same as those with Wolfcamp shale oil sample.  
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4.3.3.1 Pore size distribution (PSD) investigation 

The purpose of this experiment is to investigate the PSD change caused by 

asphaltene deposition after CO2 huff and puff injection. Two Eagle ford outcrops were 

used in this part of experiment. For Eagle Ford outcrop #1, 6 cycles of CO2 huff and 

puff injection were applied. The huff pressure was designed to be 4.83MPa. For Eagle 

Ford outcrop #2, the huff pressure was set to 8.27MPa. After the huff process, 24 hours 

of soaking time and 5 minutes of producing time were applied for both cores. Thus, one 

cycle of CO2 huff and puff injection includes the huff process, 24hours of the soaking 

process, and 5 minutes of the puff process. The purpose of the long soaking time and 

the short producing time was to ensure that enough oil remained in the core plug after 

each cycle to interact with the injection gas to generate asphaltene precipitation and 

deposition in the next cycle. After each cycle of CO2 huff and puff injection the core 

plug was weighed to determine the amount of crude oil produced, which was then used 

to calculate the oil recovery factor.  

Prior to the CO2 huff and puff injection a 0.5mm thick piece was cut from the 

core plug, which was used to measure the PSD before CO2 huff and puff. The rest of 

the core was weighed to get the dry weight (Wdry).The core plug and cut piece were 

deposited in the saturating vessel as shown in Figure 1, and pre-vacuumed for 48 hours 

at 21ºC. In order to ensure consistency, before CO2 huff and puff, the cut piece was 

made to go through the similar procedures as the rest of the core, including vacuuming 

and oil saturation so that if the pore size distribution difference between the cut piece 

and core plug caused pressure change, the residual oil could be eliminated. The 

Wolfcamp shale oil sample was pumped into the saturating vessel from an oil 

accumulator using a Quizix pump. The saturating pressure was slowly increased to 

27.6Mpa. The whole saturating process lasted for 120 hours to ensure the core plug was 

fully saturated with the shale oil sample. At the end of the saturating process, the 

pressure in the saturating vessel was slowly bled to atmosphere pressure to avoid 

damages to the core plug. After the saturating process was finished, the core plug was 

moved out from the saturating vessel and weighed to get the Wsat, and then moved to 

the huff and puff vessel as shown in Figure 2. During the huff process, CO2 gas was 
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compressed into the huff and puff vessel to obtain the designed huff pressure. After 24 

hours of soaking time, the pressure inside the huff and puff vessel was bled to 

atmosphere pressure and the core plug was moved out of the vessel and kept producing 

at atmosphere pressure for 5 minutes. After that the core plug was weighed to get Wc. 

Thus, the amount of produced oil in this cycle was obtained by subtracting Wc from 

Wsat. After 6 cycles of huff and puff, another 0.5mm thick piece was cut from the core 

sample to be used to measure the PSD after CO2 huff and puff. 

The next step was to measure the PSD profile of the two pieces cut from the 

shale core plug, one of which was cut before the CO2 huff and puff injection while the 

other was cut after the CO2 huff and puff injection. The PSD measurement was achieved 

by using a Poremaster 60 mercury porosimeter. For each test, a sample of only 0.5 grams 

was needed. Thus, prior to the PSD measurement, the cut piece of the core plug was 

smashed into smaller pieces and a 0.5 grams sample was collected and vacuumed again 

for 48 hours. In order to assess the smallest pore and throat inside the shale sample, a 

maximum 414MPa intrusion pressure was applied during the test. After the shale sample 

was put into the Poremaster 60, intrusion pressures from 0.14MPa to 414MPa were 

applied onto the sample. At each intrusion pressure, the volume of intruded mercury 

was monitored and recorded automatically by the machine. The pore and throat size 

corresponding to each intrusion pressure was calculated using Washburn equation, 

given that the surface tension of mercury was 480 dyne/cm and the contact angle 

between mercury and pore wall was 140° (Kuila, 2007). Thus, the PSD of core samples 

were obtained.  

4.3.3.2 Permeability reduction investigation 

The purpose of this experiment is to investigate the permeability change of the 

shale core plug due to asphaltene deposition during the CO2 huff and puff process. The 

CO2 huff and puff injection process was different from the one in the PSD investigation 

discussed previously. Eagle Ford outcrop #3 was used in this part of the experiment. 

Similar to the CO2 huff and puff injection in the PSD experiment, 6 cycles of CO2 huff 

and puff were applied on Eagle Ford outcrop #3. However, in order to make the injection 
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process closer to a real operating situation, the soaking time was set to 6 hours and the 

producing time was set to 18 hours.  

Prior to the CO2 huff and puff injection, the permeability of Eagle Ford outcrop 

#3 was tested using nitrogen. The shale core plug was attached in between the upstream 

assembly and the downstream assembly through a sleeve tube. During the test, a 15MPa 

confining pressure was applied upon the sleeve tube. The Autolab-1000 system used a 

hydraulic perturbation to control the pore pressure at the upstream, which is connected 

to one end of the core plug while the other end of the core plug was attached to a fixed 

volume closed reservoir. The pressure was monitored at both the upstream and 

downstream end of the core plug. The response at the downstream end of the sample 

was measured starting with the upstream and downstream in equilibrium at the designed 

testing pore pressure and then perturbing the pressure at the upstream end of the sample. 

The permeability was calculated using the complex transient method (Boitnott, 

1997).The next step was to saturate the shale core plug with the Wolfcamp shale oil 

sample and measure the oil permeability, which would be the oil permeability of the 

tested shale core plug before CO2 huff and puff injection, koi. The same saturating 

procedures as discussed in the previous PSD experiment were applied to the shale core 

plug. The core plug was weighed to get Wsat. Then the oil permeability before CO2 huff 

and puff injection, koi, was tested using the Wolfcamp shale oil sample in the Autolab-

1000 system at 15MPa confining pressure and 10MPa pore pressure.  

After the koi was obtained, the core plug was moved into the huff and puff vessel 

as shown in Figure 4.9. During the huff process, CO2 gas was compressed into the huff 

and puff vessel to obtain the designed huff pressure. After 6 hours of soaking time, the 

pressure inside the huff and puff vessel was bled to atmosphere pressure, the core plug 

was moved out of the vessel, and was kept producing at atmosphere pressure for 18 

hours. After that, the core plug was weighed to get Wc. Thus, the amount of produced 

oil in this cycle was obtained by subtracting Wc from Wsat. After 6 cycles of CO2 huff 

and puff, the core plug was vacuumed and saturated again following the same procedure 

as previously discussed. The last step was to measure the oil permeability after CO2 
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huff and puff injection, kof, using the Wolfcamp shale oil sample in the Autolab-1000 

system at 15MPa confining pressure and 10MPa pore pressure. 

4.3.4 Results and Discussion 

4.3.4.1 Oil recovery data in CO2 huff and puff injection 

The CO2 huff and puff schedule and oil recovery factor after each cycle are listed 

in Table 4.5. The oil recovery factor was calculated using formula: 

𝑅𝑅𝑅𝑅 =
𝑊𝑊𝑠𝑠𝑠𝑠𝑜𝑜 −𝑊𝑊𝑐𝑐

𝑊𝑊𝑠𝑠𝑠𝑠𝑜𝑜 −𝑊𝑊𝑑𝑑𝑑𝑑𝑑𝑑
× 100%                                                       4.2 

Where RF is oil recovery factor after each huff and puff cycle, Wsat is weight of 

the shale core plug fully saturated with Wolfcamp shale oil, Wc is weight of the shale 

core plug after each huff and puff cycle and Wdry is weight of the dry shale core plug. 

The digital balance used in the experiment is model PRACTUM224i-1S, manufactured 

by Sartorious Company. The weighing capacity is 220g. The reproducibility (standard 

deviation) is within ± 0.0001g. 

Table 4.5 Oil recovery data in CO2 injection cycles with tested cores. 

Core 
No. 

huff 
pressure, 

MPa 

soaking 
time, 
hours 

producing 
time, 
hours 

Cumulative oil recovery 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 

#1  4.83  24  0.083 2.52% 3.19% 3.68% 4.66% 5.71% 6.32% 

#2  8.27  24  0.083 21.18% 35.81% 42.83% 47.26% 51.51% 55.89% 

#3  8.27  6  18 15.74% 18.52% 20.84% 23.08% 25.16% 26.86% 

#4  8.27  6  18 20.33% 30.72% 36.91% 42.46% 49.33% 52.82% 

#5  8.27 24  0.083 38.93% 47.00% 55.83% 63.73% 68.39% 72.88% 

 

For the CO2 huff and puff injection in Eagle Ford outcrop #1, the huff pressure 

was set to 4.83MPa, the soaking time was set to 24 hours, and the producing time was 

set to 5 minutes. The total oil recovery after 6th cycle of CO2 huff and puff was measured 
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to be 6.32%. For the CO2 huff and puff injection in Eagle Ford outcrop #2, the huff 

pressure was set to 8.27MPa, the soaking time was set to 24 hours, and the producing 

time was set to 5 minutes. The whole injection process is performed isothermally at 

21ºC. The total oil recovery after the 6th cycle of CO2 huff and puff injection was 

measured to be 55.89%. It is worthwhile to mention that the permeability of Eagle Ford 

outcrop #1 was measured to be 72 nD and the permeability of Eagle Ford outcrop #2 

was measured to be 3040 nD both at 15MPa confining pressure and 8Mpa pore pressure 

with nitrogen using the Autolab-1000 system. Although no Klinkenberg correction was 

made, it was obvious that Eagle Ford #1 was much tighter than Eagle Ford #2 

(Klinkenberg, 1941), which could be another reason for the huge difference between the 

total oil recovery factors of the two core plugs. The same phenomenon was found in an 

experiment similar to huff and puff injection conducted by Hawthorne et al. (Hawthorne 

et al., 2013). In their experiment, small pieces of shale rock were exposed to high 

pressure CO2 for 50 minutes followed by 10 minutes flow. Results showed that the oil 

recovery from a tighter Lower Bakken sample was much lower than the Middle Bakken 

samples with a higher permeability. Other effects such as soaking time, huff pressure, 

and the viscosity of the saturated fluid can also influence the recovery factor in the huff 

and puff process as reported in Gamadi et al. (2014), Yu and Sheng (2015), and Li et al. 

(2016), but that is not the main focus of this study. 

4.3.4.2 Pore size distribution (PSD) change due to asphaltene deposition during CO2 

huff and puff injection 

Due to the limitation of the mercury intrusion porosimeter, the smallest pore size 

that can be detected is 3.6 nm, which means the PSD obtained in this work did not take 

any pores with a diameter smaller than 3.6 nm into consideration. The PSD of three 

Eagle Ford outcrops before and after 6 cycles of CO2 huff and puff were measured. The 

comparisons of PSD of Eagle Ford outcrop #1, Eagle Ford outcrop #2 and Eagle Ford 

outcrop#5 before and after 6 cycles of CO2 huff and puff injection are shown in Figure 

4.10. Figure 4.10 shows the log differential pore volume (dv/dlogD) versus pore 

diameter size. It gives the distribution of pores with different sizes in the tested samples. 

The peak of such plot indicates the dominant pore size range. Figure 4.10 shows that 
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the PSDs of the three core samples lay in different ranges, which indicates the three 

cores have different ranges of dominant pores. The nitrogen permeabilities of outcrop 

#1, #2, and #5 tested at 15 MPa confining pressure and 8 MPa pore pressure were 72 

nD, 3040 nD, and 105 nD, respectively. This agrees with the PSDs of the three core 

samples before the CO2 huff and puff process.  The peak of outcrop #1 lies in the range 

from 3.6 nm to 20 nm, the peak of outcrop #2 lies in range from 20nm to 100nm, and 

the peak of outcrop #3 lies in range from 100nm to 1000nm. Eagle Ford outcrop #1 and 

#2 were tested with Wolfcamp shale oil, while in the comparative experiment group, 

Eagle Ford outcrop #5 was tested with Decane. In outcrop #1 and #2 similar PSD 

changes were found, where the amount of large pores decreased and the amount of 

smaller pores increased. This trend is more obvious in outcrop #2. Before the CO2 huff 

and puff injection, the peak of PSD in outcrop #2 is from 100nm to 1000nm, while after 

the huff and puff injection, the peak shifted to the left and resulted in range from 50nm 

to700nm. However, in the comparative group with Decane, no such PSD change was 

found.  
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Figure 4.10 PSD of tested core samples before and after CO2 huff and puff injection 

mercury intrusion process. 

During the CO2 injection the composition of the oil sample is changed, which 

lead to the precipitation of asphaltene (Mullins et al., 2007). When precipitation occurs, 

asphaltene particles are aggregated which lead to the generation of a new solid phase in 

the oil flow. After the solid phase is generated, deposition starts to take place on the 

rock surface (Behbahani et al., 2015). There are two major mechanisms governing 

asphaltene deposition: plugging and adsorption. The asphaltene deposition on the rock 

surface would occupy the volume of the pore and throat which results in a reduced 

flowing channel for the reservoir fluid. By comparing the PSD of outcrop #1 and 

outcrop #2 shown in Figure 4.10, a decrease of larger pores can be seen, and the increase 

in smaller pores can also be seen as well. This indicates a decrease in pore size caused 

by asphaltene deposition during the CO2 injection. In the comparative experiment on 

outcrop #5 using Decane, no such change was observed. Instead, a reversed change was 

observed in outcrop #5. This could be caused by experimental error or CO2 corrosion.  
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Figure 4.11 Comparison of PSD in Eagle Ford outcrop #1 before and after 6 cycles of 

CO2 huff and puff injection. 

The interpolated PSD histogram of outcrop #1, #2, and #5 are shown in Figure 

4.11, Figure 4.12 and Figure 4.13, respectively. In Figure 4.11, 4.12, and 4.13, both the 

accumulative volume percentage curve and PSD histogram were shown. The PSD 

histogram shows the volume percentage of pores within intervals of diameter sizes. It 

gives a better visualized impression of the distribution of pore sizes in the tested sample. 

By doing comparison between the accumulative volume percentage curve before and 

after the CO2 huff and puff injection, the changing trend in the number of larger pores 

and smaller pores can be visualized. 

In Eagle Ford outcrop #1, there was an obvious decrease of pores and throats 

with diameter sizes larger than 100nm. The most reduction happened in the pore size 

range from 100nm to 800nm. Similar reduction was also found in Eagle Ford outcrop 

#2. The most reduction happened in the pore size range from 200nm to 800nm. In the 

comparative experiment using Decane, no such obvious decrease in larger pores was 

found in Eagle Ford outcrop #5.  
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Figure 4.12 Comparison of PSD in Eagle Ford outcrop #2 before and after 6 cycles of 

CO2 huff and puff injection. 
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Figure 4.13 Comparison of PSD in Eagle Ford outcrop #5 before and after 6 cycles of 

CO2 huff and puff injection. 

4.3.4.3 Permeability reduction due to asphaltene deposition during CO2 huff and puff 

injection 

Before the CO2 huff and puff injection, Eagle Ford outcrop#3 and Eagle Ford 

outcrop#4 were saturated with Wolfcamp shale oil sample and Decane, respectively. 

The permeability of Eagle Ford outcrop#3 was measured to be 126 nD using the 

Autolab-1000 system with Wolfcamp crude oil as the pore fluid. The permeability of 

Eagle Ford outcrop#4 was measured to be 86.7 nD with Decane as the pore fluid. After 

the permeability measurement, the two cores were moved to the huff and puff vessel to 

do the CO2 huff and puff injection. For the CO2 huff and puff injection, the huff pressure 

was set to 8.27MPa, the soaking time was set to 6 hours and the producing time was set 

to 18 hours. The whole injection process is performed isothermally at 21ºC.  



Texas Tech University, Ziqi Shen, August 2017 

99 

After the CO2 huff and puff injection, the two cores were vacuumed for 24 hours 

and re-saturated with Wolfcamp shale oil and Decane, respectively. Then the 

permeability of the two cores after CO2 huff and puff injection were measured again. 

The permeability of Eagle Ford outcrop #3 after CO2 huff and puff injection was 

measured to be 78.5 nD. The permeability of Eagle Ford outcrop #4 after CO2 huff and 

puff injection was measured to be 81.7 nD. Note that in order to keep consistency with 

the measurement before CO2 huff and puff injection, all conditions and parameters in 

the measurement were kept the same as in the measurements before CO2 huff and puff. 

The comparison of permeability in Eagle Ford outcrop #3 and #4 before and after 6 

cycles of CO2 huff and puff injection is shown in Figure 4.14.   

 

Figure 4.14 Comparison of permeability in Eagle Ford outcrop #3 and #4 before and 

after 6 cycles of CO2 huff and puff injection. 

For the experiment using WolfCamp shale oil in Eagle Ford outcrop #3, a 

permeability reduction of 47.5 nD after the CO2 huff and puff injection was observed. 

This observation is consistent with the PSD measurement results. After the asphaltene 
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was deposited onto the surface of rock, the flow channel for oil became smaller or even 

fully blocked, which would result in a decrease in the oil permeability. The amount of 

asphaltene deposition caused by adsorption and plugging was first measured by 

Behbahani et al. (2013) in sandstone by flooding cyclohexane reverse flooding and 

toluene reverse flooding to the core plug (Behbahani et al., 2013). It was found that 

60%-80% of the total damage is caused by mechanical plugging which was recovered 

by cyclohexane reverse flooding rapidly. The contribution of the adsorption mechanism 

to the damage is about 20%-40%, which was recovered by toluene reverse flooding but 

the recovery process took a long time. So the dominant asphaltene deposition in 

sandstone was found to be the plugging mechanism. In another experiment conducted 

by Behabehani et al. (2015), asphaltene deposition rate was compared between 

sandstone cores and carbonate cores (Behbahani et al., 2015). It was concluded that the 

carbonate core samples experienced more particle plugging compared to the sandstone 

core samples. There were two factors which led to this fact; 1. In carbonate, the inner 

surface of the cores contain more polar groups that can exert polar interactions with 

asphaltene surface group (Hamadou et al., 2008), which resulted in a high adsorption 

rate onto the rock surface, and 2. In low permeability cores such as carbonate, the 

plugging mechanism acts like a snowball growth. The complete plugging would occur 

after a continuous deposition of asphaltene caused by adsorption. In shale, clay is the 

dominant mineral which is found to be a polar component. Thus, a higher adsorption 

rate would be expected in shale. The extremely low permeability of shale is a result of 

the nano-scale pore size, which makes the snowball growth of asphaltene deposition go 

to complete plugging more quickly. Such plugging was revealed by the PSD change of 

outcrop #1 and #2, in which the amount of larger pores decreased. This decrease in 

amount of larger pores would also lead to a permeability reduction as found in outcrop 

#3. It is worth to mention that the Wolfcamp shale oil sample used in this study was 

dead oil. There would be a difference in the precipitation behavior between a live oil 

sample and dead oil sample. Such difference was investigated and concluded by 

Behbahani et al. (2015). According to their study, permeability reduction and formation 
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damage by asphaltene deposition during live reservoir fluid flooding were higher than 

for the dead oil flooding (Behbahani et al., 2015). 

4.3.4.4 Permeability reduction at different cycles during the CO2 huff and puff 

injection 

Due to the fact that after each cycle of CO2 huff and puff injection, the oil 

saturation inside the core has been reduced and some injection CO2 stayed inside the 

core, the permeability cannot be measured at the same fluid saturation condition after 

each cycle of CO2 huff and puff injection. One solution is to saturate the core again to 

100% oil saturation after each huff and puff cycle and measure the permeability so that 

the permeability measured after each cycle are at the same condition and thus are 

comparable to see permeability reduction. But saturating the core after each cycle will 

bring to many uncertainties into the measurement, so this method is not a good choice. 

In order to avoid this kind of problem and measure the permeability reduction after 

different cycles, two core plugs with the similar permeability were chosen to do such 

comparison. Several Eagle Ford shale outcrop core plugs were chosen to test the oil 

permeability using Autolab-1000 system as discussed previously. Two core plugs were 

chosen to do the CO2 huff and puff injection to compare the permeability reduction 

after the first cycle and the last cycle. The characteristics of the two chosen cores are 

shown in table 4.6. The porosity of the core is measure using helium porosimeter and 

compare with the porosity calculated with the weight of total saturated oil (Yu, 2016). 

The two measured porosity showed good match.  

Table 4.6 characteristics of Eagle Ford outcrop #6 and #7 

Core No. Diameter, mm Length, mm Permeability, nD 

#6 38 50.8 38 

#7 38.1 50.6 39 
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The core saturation, permeability measurement and CO2 huff and puff injection 

processes follow the same procedures discussed previously. Core #6 was designed for 

1 cycle of huff and puff injection and core #7 was designed for 6 cycles of huff and puff 

injection. The two cores were conducted saturation and huff and puff injection at the 

same time to keep every condition consistent to do a valid comparison. The difference 

is after the first cycle of huff and puff injection, core #6 was re-saturated and measured 

permeability using Autolab-1000 system. Core #7 continued to finish the rest five cycles 

of huff and puff, after which core #7 was re-saturated and measured permeability using 

Autolab-1000 system. The schedule and results of CO2 huff and puff injection in Eagle 

Ford outcrop #6 and #7 are listed in table 4.7 and table 4.8, respectively. Due to the fact 

that the properties of the two cores were very close and the huff and puff injection 

scenarios were kept the same, the oil recovery factor after the first cycle of CO2 huff 

and puff injection in the two cores were identical.  

Table 4.7 Schedule and resutls of CO2 huff and puff injection in Eagle Ford core #6. 

Eagle Ford #6 core (k=38.0 nD) 

Dry weight (g) 127.4998 Saturated weight (g) 131.9167 

Cycles Producing time Weight of core (g) Oil recovered (g) Oil recovery  
(-) 

1st Cycle 18 hrs 131.6266 0.2901 6.57% 
 

Table 4.8 Schedule and resutls of CO2 huff and puff injection in Eagle Ford core #7. 

Eagle Ford #7 core (k=39.0 nD) 

Dry weight (g) 127.7477 Saturated weight (g) 132.0861 

Cycles Producing time Weight of core (g) Oil recovered (g) Oil recovery  
(-) 

1st Cycle 18 hrs 131.7951 0.291 6.71% 
2nd Cycle 18 hrs 131.677 0.4091 9.43% 
3rd Cycle 18 hrs 131.5915 0.4946 11.40% 
4th Cycle 18 hrs 131.5239 0.5622 12.96% 
5th Cycle 18 hrs 131.4464 0.6397 14.75% 
6th Cycle 18 hrs 131.3792 0.7069 16.29% 
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The permeability of core #6 before the CO2 huff and puff injection was 

measured to be 38.0nD, while after the one cycle of CO2 huff and puff injection, the 

permeability of core #6 reduced to 27.8nD. The permeability reduction is about 26.8% 

of the original permeability of the core plug after one cycle of CO2 huff and puff 

injection. The permeability of core #7 before CO2 huff and puff injection was measured 

to be 39.0nD, while after the six cycles of CO2 huff and puff injection, the permeability 

of core #7 reduced to 20.1nD. The permeability reduction is about 48.5% of the original 

permeability of the core plug after six cycles of CO2 huff and puff injection. This result 

indicates that the asphaltene deposition happened rapidly and lead to a high permeability 

reduction during the first cycle of the CO2 huff and puff injection.  

4.3.4.5 Wettability alternation due to asphaltene deposition during CO2 huff and puff 

injection 

The wettability alternation caused by asphaltene deposition in porous medium 

has been widely reported in the literature as discussed in section 2.3.5. This part of 

experiment is designed to investigate the effect of asphaltene deposition on wettability 

alternation. In this part of the study, the wettability of core samples are evaluated by 

measuring the contact angles before and after the CO2 huff and puff injection following 

the procedures discussed in section 3.6. Core # 3 and #7 were used to do the wettability 

alternation tests. In the contact angle measurement, only the water contact angle is 

shown here. Because the Eagle Ford shale core plugs used in this study is very oil-wet, 

the oil droplet on the surface of the rock was absorbed by the rock very quickly so that 

no contact angle can be measured by the equipment.  

Three position on the surface of the core plug were tested. Figure 4.15 illustrates 

the water contact angle measurement results of core plug #3 before the CO2 huff and 

puff injection. The measured water contact angle was in range from 80º to 90º which 

indicated core plug #3 is neutral-wet to water. The oil droplet on the core plug was 

absorbed fast which indicated core plug #3 is oil-wet.  
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Figure 4.15 Water contact angle test results of core #3 before CO2 huff and puff 

injection. 

Figure 4.16 illustrates the water contact angle measurement results of core plug 

#3 after the CO2 huff and puff injection. It can be seen the water contact angle was 

increased to around 110º.  The increase of water contact angle indicated the core plug 

#3 became less water-wet after the CO2 huff and puff injection. Although the oil contact 

angle is not available, it is generally agreed that wettability alternation to less water-wet 

is usually accompanied by increasing of oil-wet as discussed previously in section 2.3.5. 

Thus, the asphaltene deposition during caused by the CO2 huff and puff injection made 

the surface of core plug #3 more oil-wet. 

 



Texas Tech University, Ziqi Shen, August 2017 

105 

Figure 4.16 Water contact angle test results of core #3 after CO2 huff and puff 

injection. 

In order to investigate the wettability alternation inside the core plug. A layer of 

rock with 0.8mm thickness was cut off the whole core plug. The water contact angle 

was measured at the cut surface as shown in figure 4.17. The water contact angle 

measurement results on the cut surface of core #3 are shown in figure 4.18. At the edge 

of the cut surface, the measured water contact angle was similar to the ones tested at the 

surface of the core plug which indicated a wettability alternation to more oil-wet at these 

locations. However, at the center of the cut surface, no such wettability alternation was 

observed because the water contact angle didn’t increase.  

 

Figure 4.17 Illustration of tested cut surface. 

The hypothesis to explain this phenomeneon is that there was no asphaltene 

depoistion in the middle of the core plug, because the limited amount of injected CO2 

gas could penetrate into the middle area of the core plug due to extremly low 

permeability of the core plug and the CO2 concentration in this area could not cause 

asphaltene to precipitate so that no deposition was formed during the CO2 huff and puff 

injection process. This hypothesis is proved by the core scale simulation work in section 

5.3. The simulation results showed that the asphaltene deposition was mainly formed at 

the near-surface area of the core plug.  
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Figure 4.18 Water contact angle test results of core #3 at the cut surface after CO2 

huff and puff injection. 

Similar water contact angle testes were also performed on core plug #7. The 

water contact angle measurement results of core plug #7 before the CO2 huff and puff 

injection are shown in figure 4.19. The water contact angle is in range from 65º to 75º 

which indicated an intermediate-wet to water. The oil droplet on the surface was 

absorbed quickly which indicated the core plug surface was strong oil-wet.  

 

Figure 4.19 Water contact angle test results of core #7 before CO2 huff and puff 

injection. 
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Figure 4.20 illustrates the water contact angle measurement results of core plug 

#7 after the CO2 huff and puff injection. It can be seen the water contact angle was 

increased to around 90º.  The increase of water contact angle indicated the core plug 73 

became less water-wet, and thus more oil-wet after the CO2 huff and puff injection. 

Thus, the asphaltene deposition during caused by the CO2 huff and puff injection made 

the surface of core plug #7 more oil-wet. 

 

Figure 4.20 Water contact angle test results of core #7 after CO2 huff and puff 

injection. 

Similarly to core plug #3, a layer of rock with 0.8mm thickness was cut off the 

whole core plug #7. The water contact angle measurement results on the cut surface of 

core #3 are shown in figure 4.21. At the edge of the cut surface, the measured water 

contact angle was similar to the ones tested at the surface of the core plug which 

indicated a wettability alternation to more oil-wet at these locations. However, at the 

center of the cut surface, no such wettability alternation was observed because the water 

contact angle didn’t increase.  
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Figure 4.21 Water contact angle test results of core #7 at the cut surface after CO2 

huff and puff injection. 

The rock layer cut off from core plug #7 was then treated with toluene reverse 

flooding to remove asphaltene deposition inside it. This method was widely used for 

recover permeability reduction caused by asphaltene deposition (Jafari Behbahani et 

al., 2012). About 200 PV toluene was flooded through the rock layer at 0.05 cc/min 

flow rate to remove the asphaltene deposition. The rock layer was then vacuuming 

dried. The water contact angle was measured again on the surface of the treated rock 

layer. The water contact angle measurement results are shown in figure 4.22. It can be 

seen that the water contact angle is in range from 60º to 80º which is similar to the 

ones tested before the CO2 huff and puff injection. By removing the asphaltene 

deposition in the rock layer, the water contact angle was recovered. This confirmed 

that the wettability alternation was caused by the asphaltene deposition formed during 

the CO2 huff and puff injection.  
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Figure 4.22 Water contact angle test results of core #7 at the cut surface after toluene 

reverse flooding treatment.  
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CHAPTER V  

SIMULATION MODELING 
In this chapter, the simulation work done in this study is introduced.  A 

commercial simulation software is mainly used in this part of the study. The software is 

called CMG which is a commercial reservoir simulation software developed by 

Computer Modelling Group LTD. In CMG software, there are several simulators 

developed to meet different tasks and challenges in reservoir simulations. The simulator 

used in this study is mostly GEM simulator which is a general equation-of-state 

compositional simulator. It was developed to simulate compositional effects of reservoir 

fluids during primary or enhanced oil recovery processes, including the options of 

equation-of-state, dual porosity, CO2 miscible gases, complex phase behavior, 

asphaltene precipitation, solid deposition and more. The purpose of simulation study is 

to build up experimental simulation models to evaluate the asphaltene precipitation and 

deposition according to the experimental data and study some of the key parameters that 

dominating the asphaltene precipitation and deposition processes. Generally, the 

asphaltene precipitation and deposition follows several important steps. The first step is 

precipitation process, during which the solid particles form a distinct phase and come 

out of the solution. The second step is the flocculation, during which the solid particles 

get together and form larger particles. The third step is deposition process, during which 

the solid particles settle out on the solid surface either by adsorption mechanism or 

plugging mechanism (Fisher et al., 2003; Mullins et al., 2007; Sim et al., 2005).  In the 

GEM simulator, the asphaltene precipitation and deposition follows the three steps 

above, namely the precipitation, flocculation and deposition. For each processes, GEM 

includes simulation models to mimic the process numerically. The models used in GEM 

simulator and Winprop simulator are talked about in this section. We used the GEM and 

Winprop simulators to generate the experimental model to mimic the asphaltene 

precipitation and deposition data obtained in our experiments to get relative parameters 

for asphaltene precipitation and deposition process in shale. By generating shale 

reservoir asphaltene precipitation and deposition models using the obtained parameters, 
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we studied the mechanism of apshaltene associate formation damage in shale reservoir 

with hydraulic fractures. 

5.1 Asphaltene Precipitation Modeling in CMG 

5.1.1 Introduction to asphaltene precipitation model in CMG 

The asphaltene precipitation model used in GEM simulator is proposed by 

Nghiem et al. (1993). One of the most important contribution of this model is the 

approach for characterizing the asphaltene component. In previous models, the 

asphaltenes were assumed to be the heaviest component in oil which is a flawed 

assumption, because other components such as resins cannot precipitate. In the Nghiem 

et al model, the heaviest component is split into two components, namely the non-

precipitating components and precipitating components. The two components have the 

same critical properties and acentric factors but different interaction coefficients with 

the light components (Nghiem et al., 1993). The precipitating components have 

relatively larger interaction coefficients with light components which lead to greater 

incompatibility between the light components. As a result, the precipitating components 

will transfer to solid phase and thus precipitate. The non-precipitating component 

includes the resins, heavy paraffin. The precipitating component is the asphaltenes and 

asphaltene/resin micelles that could precipitate.  The precipitated asphaltene 

components in crude oil is considered as a pure dense phase which can either be a liquid 

or solid.  This phase is referred to as the asphalt phase which has the asphaltene fugacity 

as follow. 

ln 𝑓𝑓𝑠𝑠 = ln 𝑓𝑓𝑠𝑠∗ + 𝑉𝑉𝑠𝑠(𝑃𝑃−𝑃𝑃∗)
𝑅𝑅𝑅𝑅

                                            5.1 

In which, P* and fa* are the reference pressure and the fugacity of pure asphaltene 

at reference pressure. The term fa is the fugacity of pure asphaltene at pressure P. Va is 

the molar volume of pure asphaltene, R is the universal gas constant and T is the 

temperature. The above equation is valid for both liquid and solid asphaltene so that the 

asphalt phase can be either considered as liquid or solid. As can be seen from equation 
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5.1, the value of fa* and Va at reference pressure and temperature are required which 

can be estimated from experimental solubility data. 

In a crude oil system with n components, the thermodynamic equilibrium must 

be achieved if the vapor, liquid and asphalt phase coexist given that (Nghiem et al., 

1993), 

ln 𝑓𝑓𝑖𝑖𝑣𝑣 = ln 𝑓𝑓𝑖𝑖𝑖𝑖         𝑖𝑖 = 1, … ,𝑛𝑛                                            5.2 

ln 𝑓𝑓𝑠𝑠𝑖𝑖 = ln 𝑓𝑓𝑠𝑠𝑠𝑠                                                                        5.3 

Where the fugacities fiv and fil can be calculated from Peng-Robinson equation 

of state. The term fal is the fugacity of liquid phase asphaltenes and fas is the fugacity of 

solid phase asphaltenes. The equilibrium equation 5.2 and 5.3 can be transformed in 

terms of equilibrium ratio (K-values) as follow (Nghiem et al., 1993): 

𝑔𝑔𝑖𝑖 = ln𝐾𝐾𝑖𝑖𝑣𝑣 + ln∅𝑖𝑖𝑣𝑣 − ln∅𝑖𝑖𝑖𝑖 = 0       𝑖𝑖 = 1, … ,𝑛𝑛                                      5.4 

𝑔𝑔𝑛𝑛+1 = ln𝐾𝐾𝑛𝑛𝑠𝑠 + ln∅𝑛𝑛𝑠𝑠 − ln∅𝑛𝑛𝑖𝑖 = 0                                              5.5 

In which ∅𝑖𝑖𝑣𝑣, ∅𝑖𝑖𝑖𝑖 are the fugacity coefficient of component i in vapor and liquid 

phase, respectively. Kiv is the vapor-liquid K-values. Kna is the asphalt-liquid K-value 

for asphaltene component. Thus, the asphaltene precipitation calculation is made 

compatible with calculations with equation of state. When ln 𝑓𝑓𝑠𝑠𝑖𝑖 ≥ ln 𝑓𝑓𝑠𝑠𝑠𝑠 , the solid 

phase asphaltene exists which is the asphaltene precipitation in the crude oil system. 

When ln 𝑓𝑓𝑠𝑠𝑖𝑖 < ln 𝑓𝑓𝑠𝑠𝑠𝑠 , the solid phase asphaltene doesn’t exist and no asphaltene 

precipitation in the crude oil system (Nghiem et al., 1993).  

5.1.2 Modelling procedures in Winprop simulator 

In this section, the procedures in modelling asphaltene precipitation process in 

Winprop simulator is introduced. The experimental data of Oil 1 from Burke et al. (1990) 

is used as an example. A plus fraction splitting calculation is performed first on the C7+ 

components and lumped into 4 pseudo-components as shown in table 5.1.  
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Table 5.1 Components of Oil 1 after Lumping. 

Components Mole 
fraction Pc (atm) Tc (K) Acentric 

factor Mol. Weight 

N2 0.0057 33.5 126.2 0.04 28.013 
CO2 0.0246 72.8 304.2 0.225 44.01 
CH4 0.3637 45.4 190.6 0.008 16.043 

C2H6 0.0347 48.2 305.4 0.098 30.07 
C3H8 0.0405 41.9 369.8 0.152 44.097 
IC4 0.0059 36 408.1 0.176 58.124 
NC4 0.0134 37.5 425.2 0.193 58.124 
IC5 0.0074 33.4 460.4 0.227 72.151 
NC5 0.0083 33.3 469.6 0.251 72.151 
FC6 0.0162 32.46 507.5 0.27504 86 

C07-C15 0.19658887 25.901775 652.57651 0.4516639 147.27238 
C16-C25 0.12551314 16.005089 809.88039 0.78904509 279.23117 
C26-C30 0.040005323 12.078015 899.70837 1.0147422 389.52739 

C31+ 0.11749267 6.8085525 1075.7373 1.4232582 665.624 
 

After doing the regression using saturation pressure by tuning the interaction 

coefficients, the heaviest components C31+ are split into precipitating and non-

precipitation components, namely the C31+a and C31+b components. The critical 

properties and acentric factors of C31+b component are kept the same as C31+a and the 

HC flag for C31+b is set to 0. The binary interaction coefficients of C31+b should be 

higher than C31+a according to Nghiem et al. (1993). At this step the interaction 

coefficients of C31+b between CO2 and N2 are set to 0.12 and 0.15 respectively, which 

are kept the same as C31+a. The interaction coefficients of C31+b between C1 to C5 

components are set to 0.2 and the ones between C31+b and C6+ components are set to 

zero as suggested by the Winprop simulator manual at this step. The interaction 

confidents will be tuned to match the experimental data in later steps. The mole fraction 

of the C31+b component is determined by: 

𝑋𝑋𝐴𝐴𝑠𝑠𝑜𝑜ℎ𝑀𝑀𝑊𝑊𝐴𝐴𝑠𝑠𝑜𝑜ℎ = 𝑊𝑊𝐴𝐴𝑠𝑠𝑜𝑜ℎ𝑀𝑀𝑊𝑊𝑂𝑂𝑖𝑖𝑖𝑖                                                 5.6 
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Where XAsph is the mole fraction of the precipitating asphaltene component, 

MWAspha is the molecular weight of the precipitating asphaltene component, WAsph is 

the weight percentage of total asphaltene component in the crude oil which is from the 

experimental data, and MWOil is the molecular weight of the crude oil. In this example 

case, the molecular weight of crude oil (MWOil) is 171.4, the total asphaltene content 

(WAsph) is 16.8 wt% as reported by Burke et al. (1990), and the molecular weight of 

C31+b component (MWAsph) is 665.624. Thus, the mole fraction of C31+b (XAsph) is 

calculated by 16.8%*171.4/665.6 and equal to 0.04324607. So the mole fraction of 

C31+b is set to 0.0432 and the mole fraction of C31+a is set to 0.0724660 (which is 

0.11749267-0.04324607). Next step is to input the reference pressure, temperature and 

fugacity of asphaltenes according to the experimental data. In Burke et al. (1990), the 

asphaltene precipitation amount at 4014.7 psia and 212°F is 0.402 wt%. A composition 

node in the software is copied and pasted to be the reference point for the asphaltene 

precipitation modelling. This node is considered as the reference precipitation node. The 

mole fraction of precipitated asphaltene component is calculated to be 0.001034817 

using equation 5.6 and experimental data mentioned above. The remaining C31+b 

component in the reference precipitation node is adjusted to 0.42211253 (which is 

0.04324607-0.001034817) and the reference pressure and temperature is input into the 

calculations tab under the reference precipitation node. The reference fugacity will be 

calculated and reported by setting the reference fugacity specification to calculate. In 

this example case, the fugacity is calculated to be 0.65883 L/mol automatically by the 

software. The Winprop user manual suggested the molar volume value to be little higher 

than the calculated one, so 0.67 L/mol is used. After inputting the reference point for 

the asphaltene precipitation calculation, the asphaltene precipitation prediction 

calculation node is created by copying and pasting the original composition node. The 

pressure range is set to 14.7 to 6214.7 psi and temperature is set to 212°F. The fugacity 

of asphaltene phase is set to 0.67 L/mol. The interaction coefficients between C31+b 

and C1 to C5 are tuned to be 0.17, 0.2, 0.2, 0.2, 0.3, 0.5, 0.5, respectively and the molar 

volume is tuned to be 0.674 L/mol to match the experimental data in Burke et al. (1990). 
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The results and comparison between the predicted asphaltene precipitation and 

experimental data are shown in figure 5.1.  

 

 

Figure 5.1 Comparison between Winprop predicted asphaltene precipitation and 

experimental data (Burke et al., 1990). 

5.1.3 Model Validation  

Ashoori and Balavi (2014) investigated the asphaltene precipitation during CO2 

injection into a live oil sample. The characteristic of live oil sample and reservoir are 

shown in table 5.2. The authors charged the live oil sample into PVT cell at increased 

the pressure to the reservoir pressure which is 10000 psi at 143 °C.  Certain amount of 

CO2 gas was injected into the cell to achieve the investigating CO2 concentration. The 

cell then was agitated for 4 hours and kept still for 72 hours to let asphaltene precipitate. 

Small amount of oil sample was then taken from the top valve of the PVT cell and the 

asphaltene content in the flashed oil sample with titrations. The amount of precipitated 

asphaltene is then calculated by the difference between the asphaltene content in original 

oil sample and the flashed oil sample assuming that all the asphaltene precipitation 

settled down to the bottom of the PVT cell. 
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Table 5.2 Characterizes and components of live oil sample (Ashoori and Balavi, 

2014). 

Components Values 
H2S 0.65 
N2 0.11 

CO2 2.3 
C1 53.13 
C2 6.58 
C3 3.9 

i-C4 0.66 
n-C4 1.59 
i-C5 0.73 
n-C5 1.06 
C6 2.94 
C7 3.3 
C8 2.85 
C9 2.02 

C10 2.52 
C11 1.97 

C12+ 13.36 
Total 100 

Reservoir temperature 143°C 
Initial reservoir pressure 10000 psi 
Bubble point pressure 4700 psi 

Gas oil ratio 1650 
Molecular weight live-oil 69.82 
Molecular weight dead oil 197.46 
Molecular weight of C12+ 310.2 

Density dead oil, g/cc 0.827 
Density of C12+, g/cc 0.877 

 

The authors investigated the asphaltene precipitation from 3000 to 7000 psi at 

0%, 25%, 50% and 75% CO2. An asphaltene precipitation model is built up based on 

the properties and components of the live oil sample using Winprop simulator to 

validate the software, because very few asphaltene precipitation modelling works using 

Winprop simulator were reported in the literature. The C12+ component is lumped into 



Texas Tech University, Ziqi Shen, August 2017 

117 

6 pseudo-components, namely C12-C17, C18-C22, C23-C27, C28-C33, C34-C35, and 

C36+. The heaviest C36+ component is split into two components, one is precipitating 

asphaltenes and the other is non-precipitating heavy components.  The modelling 

process follows the procedures discussed in section 5.1.1. The comparison of the 

Winprop solid model predicted asphaltene precipitation and experimental asphaltene 

precipitation data in the case of primary depletion, 25%, 50%, and 75% CO2 mole 

fraction are shown in figure 5.2, figure 5.3, figure 5.4 and figure 5.5, respectively. 

 

Figure 5.2 Comparison between Winprop solid model predicted asphaltene 

precipitation and experimental asphaltene precipitation data in the case of primary 

depletion. 
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Figure 5.3 Comparison between Winprop solid model predicted asphaltene 

precipitation and experimental asphaltene precipitation data in the case of 25% mol 

CO2. 

 

Figure 5.4 Comparison between Winprop solid model predicted asphaltene 

precipitation and experimental asphaltene precipitation data in the case of 50% mol 

CO2. 
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Figure 5.5 Comparison between Winprop predicted asphaltene precipitation and 

experimental asphaltene precipitation data in the case of 75% mol CO2. 

The comparison shows a good match between the Winprop simulator predicted 

asphaltene precipitation curve and the experimental measured asphaltene precipitation 

curve in the pressure range at different CO2 concentration. The results showed a 

generally similar trend of asphaltene precipitation in primary depletion and CO2 

injection process. The authors stated that the increase in CO2 concentration caused 

increase in bubble point pressure in the system. Similar effect of CO2 injection on the 

bubble point pressure shift was also found in Takahashi et al. (2003) in which the 

authors also used the solid precipitation model developed by Nghiem et al. (1993) and 

successfully matched their experimental measured asphaltene precipitation curve at 

different CO2 injection concentration (Takahashi et al., 2003). 

 5.2 Asphaltene Deposition Modeling in CMG 

5.2.1 Introduction to asphaltene deposition model in CMG 

Several models have been developed and used in the asphaltene deposition 

evaluation and prediction including the near-wellbore formation damage model 

developed by Leontaritis et al. (2005), Civan et al. (1996) model which is modified 
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based on the plugging and nonplugging parallel pathway approach of Gruesbeck and 

Collins (1982), three empirical formula developed by Wojtanowicz et al (1998) to 

represent the relationship between permeability reduction and injection volume of the 

core flow test of heavy oil (Civan, 1995; Collins and Melrose, 1983; Leontaritis, 2005; 

Wojtanowicz et al., 1988). The model used in GEM simulator is developed by Wang 

and Civan (1999). The deposition rate for asphaltene is given by (Wang et al., 1999):  

𝜕𝜕𝐸𝐸𝐴𝐴
𝜕𝜕𝜕𝜕

= 𝛼𝛼𝐶𝐶𝐴𝐴∅ − 𝛽𝛽𝐸𝐸𝐴𝐴�𝑣𝑣𝐿𝐿 − 𝑣𝑣𝑐𝑐𝑑𝑑,𝐿𝐿� + 𝛾𝛾𝑢𝑢𝐿𝐿𝐶𝐶𝐴𝐴                                   5.7 

Where the first term on the right side of the equation is the surface deposition in 

which α is the surface deposition rate coefficient that should be a positive constant and 

is dependent on the rock type, CA is the asphaltene precipitation concentration in the 

liquid phase, ∅ is the local porosity. The second term represents the entrainment of 

asphaltene deposition in which β is entrainment rate coefficient, EA is the fractional 

pore volume occupied by the asphaltene deposition, vL is the interstitial velocity, and 

vcr,L is the critical interstitial velocity. The third term represents the pore throat plugging 

rate in which γ is the plugging deposition, uL is the superficial velocity, and CA is the 

asphaltene precipitation concentration in the liquid phase. The entrainment of 

asphaltene will happen when vL is higher than vcr,L, otherwise the entrainment rate will 

be set to zero so that no entrainment of asphaltene deposition will be enabled in the 

calculation. The term γ is defined as (Wang and Civan, 2001; Wang et al., 1999): 

𝛾𝛾 = 𝛾𝛾𝑖𝑖(1 + 𝜎𝜎𝐸𝐸𝐴𝐴),𝑊𝑊ℎ𝑒𝑒𝑛𝑛 𝐷𝐷𝑜𝑜𝑜𝑜 ≤ 𝐷𝐷𝑜𝑜𝑜𝑜𝑐𝑐𝑑𝑑                                    5.8   

𝛾𝛾 = 0,𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐷𝐷𝑜𝑜𝑜𝑜 ≥ 𝐷𝐷𝑜𝑜𝑜𝑜𝑐𝑐𝑑𝑑                                               5.9 

Where γi is the instantaneous plugging deposition rate coefficient, σ is the 

snowball-effect deposition constant. Dpt is average pore throat diameter, Dptcr is the 

critical pore throat diameter. If Dpt is smaller than Dptcr, the pore throat plugging caused 

deposition will occur. The local porosity after asphaltene deposition occurs is calculated 

by (Wang and Civan, 2001; Wang et al., 1999): 

∅ = ∅0 − 𝐸𝐸𝐴𝐴                                                         5.10 
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Where ∅0 the initial porosity and EA is the fractional pore volume occupied by 

the asphaltene deposition. Then the local permeability can be calculated by several 

options in the GEM software from the local porosity including Kozeny-Carman type 

formula and power law formula. 

5.2.2 Modeling procedures in GEM simulator 

The asphaltene precipitation model generated in the Winprop simulator is 

required for the asphaltene deposition modelling in GEM simulator. After tuning the 

asphaltene precipitation model to match the experimental data. The Peng-Robinson 

fluid properties in the Winprop simulator are input into the GEM simulator file in the 

fluid property section. Thus the tuned parameters in the asphaltene precipitation model 

are used in the GEM simulator for the deposition modelling. The keyword 

*SOLIDMODEL must be defined in the fluid property section in the GEM simulator 

file. There are four parameters that should be input after the keyword *SOLIDMODEL 

including the natural logarithm of the reference fugacity (ref_fugacity, dimensionless), 

the solid phase molar volume (volsmd, L/gmol), reference pressure corresponding to 

the reference fugacity (ref_pressure, Kpa/psia), and the molar volume of solid phase 

used for calculating the pore volume occupied by deposited/adsorbed solid (volsad, 

L/gmol) as shown in figure 5.6. Another keyword need to be defined is the *SOLID-

CONV-RATE which controls the amount of asphaltene precipitation turning into 

asphaltene flocculation which have big enough size to be entrapped inside the rock. The 

five parameters following the *SOLID-CONV-RATE are the parameters in the 

asphaltene deposition model discussed in section 5.2.1. *SOLID_ALPHA is the surface 

deposition rate coefficients that should be a positive constant and is dependent on the 

rock type. *SOLID_BETA is the entrainment rate coefficient. *SOLID_CRIVEL is the 

critical interstitial velocity. *SOLID_GAMMA is the instantaneous pore throat 

plugging deposition rate constant. *SOLID_SIGMA is the snowball effect deposition 

constant. 
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Figure 5.6 Parameters for *SOLIDMODEL and asphaltene deposition model 

The parameters discussed above controls the asphaltene deposition behavior in 

the model.  

 5.2.3 Model Validation 

In this section, the model validation work done using experimental data from 

Behbahani et al. (2015) is discussed. Behbahani et al. (2015) did systematic 

investigation on asphaltene deposition caused permeability damage in core samples. 

The crude oil used in their study is bottom hole live oil sample from Iran. The 

characteristics, components and asphaltene precipitation data were reported in 

Behbahani et al. (2013). The author injected the crude oil sample at variety fixed rate 

into several kinds of core plugs including sandstone, carbonate and dolomite which is 

pre-saturated with water at residual water saturation. The pressure drop on both side of 

the core plug was measured and recorded during the entire injection process. The 

permeability reduction was calculated according to the pressure difference between the 

two sides of the core plug. Their asphaltene precipitation data is regenerated in our work 

as shown in figure 5.7 for the asphaltene deposition modeling following the procedures 

discussed in section 5.1.2.  
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Figure 5.7 Comparison experimental asphaltene precipitation data in Behabehani et al. 

(2013) and predicted asphaltene precipitation data in Winprop simulator. 

A 20*1*1 one dimension model is built as shown in figure 5.8 to simulate the 

oil injection process in Behbahani et al. (2015). The properties of the one dimension 

model are shown in table 5.3 which are kept the same as the core plugs used in their 

experiments. One injection well is defined at the inlet end of the core and one production 

well is defined at the other side of the core to mimic the oil injection process. The tuning 

process follows the procedures discussed in section 5.2.2. 

 

Figure 5.8 20*1*1 one dimension core model to simulate asphaltene deposition caused 

permeability reduction. 
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The comparison of the experimental permeability reduction data and GEM 

simulator generated permeability reduction data in the sandstone case and carbonate 

case are shown in figure 5.9 and figure 5.10, respectively. The results show a good 

match between the permeability reduction from the experimental data and GEM 

simulator predicted one. The GEM simulator is able to predict the permeability 

reduction from asphaltene deposition properly.  

Table 5.3 Characteristics of the core plugs used in experiment (Behbahani et al., 2015; 

Jafari Behbahani et al., 2013). 

Parameters Sandstone Carbonate Unit 

Length 5.96 4.5 cm 

Diameter 3.7 3.7 cm 

Porosity 13.15 26 % 

Permeability 22.8 2.7 mD 

Grain density 2.65 -- g/cm3 

Weight 150.8 103.8 grams 

Pore volume 8.5 13.5 cm3 

Injection rate 10 10 cm3/hr 
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Figure 5.9 Comparison of permeability reduction data from experiment, author 

predicted from simulation, GEM predicted in this study in the case of sandstone 

flooding experiment.  
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Figure 5.10 Comparison of permeability reduction data from experiment, author 

predicted from simulation, GEM predicted in this study in the case of carbonate 

flooding experiment. 

The tuned parameters of asphaltene deposition model are shown in table 5.4. 

The parameters of asphaltene deposition model tuned by the author are also listed in 

table 5.4.  

Table 5.4 Parameters of asphaltene deposition model used in this study and Behbahani 

et al. (2015). 

Parameters 
Sandstone Carbonate 

This study Behbahani et al. 
(2015) This study Behbahani et al. 

(2015) 

α, 1/day 850.0 864.0 900.0 864.0 

β, 1/ft 2.1 2.1 15.0 14.6 

vc, ft/day 55.5 56.7 60.0 56.7 

c, 1/ft 0.9 0.9 23.0 22.9 

σ, [-] 34.0 34.0 43.0 43.0 

 

5.3 Core Experimental Modelling 

The purpose of building up experimental model is to mimic the Gas huff and 

puff injection process and the asphaltene precipitation and deposition associated 

permeability reduction. The asphaltene precipitation modeling is done using the 

Winprop simulator in CMG software. The asphaltene deposition and core experiment 

modeling are done in the GEM simulator in CMG software. 

5.3.1 Asphaltene precipitation in shale oil sample modeling 

The shale oil sample used in experiments is from Wolfcamp formation in 

Apache’s Lin field. The components of the shale crude oil sample were analyzed using 
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Thermo Scientific Trace Ultra Gas Chromatograph equipped with FID measurements 

and Weight/Quadruple ISQ Mass Spectrometer and Xcalibur software from Thermo 

Scientific. The analyzed components of the shale oil sample have been reported in our 

colleagues previous studies as shown in figure 5.11 and table 5.5 (Li and Sheng, 2017; 

Li et al., 2017b). 

 

Figure 5.11 GC results for Wolfcamp crude oil(Li and Sheng, 2017) . 

Table 5.5 Mole fraction data of Wolfcamp shale oil sample (Li and Sheng, 2017). 

Components Mol. 
Fraction Components Mol. 

Fraction Components Mol. 
Fraction 

C3H8 0.01% FC9 8.34% FC21-22 2.27% 
IC4 0.00% FC10 8.34% FC23-24 1.04% 
NC4 0.01% FC11-12 11.79% FC25-26 1.73% 
IC5 1.35% FC13-14 9.41% FC27-28 1.05% 
NC5 1.35% FC15-16 6.79% FC29-30 0.50% 
FC6 4.59% FC17-18 4.94% FC31-36 0.95% 
FC7 10.68% FC19 2.15% FC37-40 0.94% 
FC8 12.30% FC20 1.28% FC41+ 8.21% 
 

In order to increase the calculation efficiency and make the running time 

acceptably short, the 24 components were lumped into 5 pseudo components in 
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Winprop simulator. The lumped pseudo components were tuned to fit the experimental 

data to validate the lumping process is reasonable. The Peng-Robinson EOS fluid 

description of the Wolfcamp shale oil sample is shown in table 5.6.  

Table 5.6 Peng-Robinson EOS fluid description for Wolfcamp shale oil sample (Li 

and Sheng, 2017). 

Pseudo 
components 

Mol. 
Fraction Pc(atm) Tc(K) Acentric 

Factor MW Vc(l/mol) Vol.Shift 

C3-4 0.02% 39.27 394.72 0.1687 51.11 0.2302 0.0792 
C5-8 30.27% 29.85 556.46 0.3331 101.78 0.4023 0.0279 

C9-19 51.75% 19.94 692.58 0.5833 185.16 0.6983 0.1283 
C20-40 9.76% 11.45 844.25 0.9918 352.94 1.2691 0.2250 
C41+ 8.21% 7.87 950.87 1.2629 513.52 1.7972 0.2762 
 

The asphaltene precipitation modeling process follows the procedures discussed 

in section 5.1.1. The amount of asphaltene precipitation was measured at injection 

pressures of 2.76MPa (400 psi), 4.14 MPa (600 psi), 5.52 MPa (800 psi), and 6.89 MPa 

(1000 psi) following the experimental procedure discussed in section 3.2. The results of 

the asphaltene precipitation measurement is shown in table 5.7. As the CO2 injection 

pressure increased, the asphaltene precipitation amount was increased. Higher injection 

pressure lead to a higher amount of CO2 dissolved in the crude oil. The solubility 

parameter of CO2 is lower than the solubility of crude oil, thus a higher CO2 

concentration lowered the overall solubility parameter of the oil/gas mixture. As a result, 

the oil/gas mixture became less stable with a higher CO2 concentration and more 

asphaltene precipitated under such condition.(Jafari Behbahani et al., 2012) 

Table 5.7 Asphaltene precipitation at different CO2 injection pressure. 

Injection 
pressure, MPa 2.76 4.14 5.52 6.89 

asphaltene 
precipitation, % 0.028 0.039 0.048 0.074 
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The interaction coefficients between the asphaltene precipitation components 

and the molar volume of asphaltenes are tuned to match the experimental data as shown 

in figure 5.12. The results showed a good match. 

 

 

Figure 5.12 Comparison between experimental asphaltene precipitation data and 

predicted asphaltene precipitation in Winprop simulator. 

5.3.2 Huff and puff injection experiment modelling description 

A radial coordinate model with two-dimension radial cross section (r-z) in 

compositional reservoir simulator, GEM, was used to simulate the CO2 huff and puff 

injection experiment. The radial model has 18 grid blocks in r direction and 24 grid 

blocks in z direction. In the experiment, the core plugs were deposited in the center of 

a pressure vessel with diameter of 6.1 cm (2.4 inches) and height of 14.2 cm (5.6 inches). 

During the gas huff and puff injection process, injected gas firstly occupied the annular 

space between the core plugs and the wall of the pressure vessel. Then the injected gas 

built up pressure quickly in the annular space and started to flow into the core plugs. In 

order to mimic such physical process, the blocks in the model are divided into two 
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sections, namely the core plugs section and the annular space section as shown in figure 

5.13. 

 

 

Figure 5.13 Radial core experiment model buildup process (Li et al., 2017b; Wan et 

al., 2015). 

In the model, the annular space volume between the core plug and wall of the 

pressure vessel is considered as the fracture volume. All faces of the core plugs are open 

during the gas injection, soaking, and production stages. The rock matrix permeability 

was set to 39 nD which is equal to the permeability of the two cores used in the 

experiment. The permeability of the fracture space was set to 1000 mD. One injection 

well and one production well located at block (1,1,1) were used to mimic the CO2 huff 

and puff injection process in the pressure vessel as shown in figure 5(d). The injection 

well was constrained to 8.27 MPa (1200 psi) maximum injection pressure which was 

the injection pressure used in our experiment and maximum surface gas rate of 10 

MSCF/day. The production well was constrained to a minimum bottomhole flow 

pressure of 0.101 MPa (14.7 psi). This setting made it convenient to simulate the 

physical displacement process of the CO2 huff and puff injection process. The reservoir 

rock and fluid properties used in the simulation model are listed in table 5.8.  
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Table 5.8 Reservoir and fluid properties used in the core experiment simulation model. 

Parameter Value Unit 

Core diameter 38.1 cm 

Core length 50.8 cm 

Matrix permeability 39 nD 

Annular permeability 1000 mD 

Matrix Porosity 9 % 

Annular porosity 99.9 % 

Temperature 21 °C 

Injection time 0.01 Day 

Soaking time 0.24 Day 

Production time 0.75 Day 

 

The relative permeability curve of shale core plug is not able to be measured 

efficiently using current techniques. So in this study the relative permeability curve of 

the tested core plug is not measured. The relative permeability curve used in the core 

experiment mode is tuned to get reasonable results following the suggestion of several 

simulation works regarding shale reservoirs in the literature (Wan, 2013; Wan et al., 

2015; Yu et al., 2014a; Yu et al., 2014b; Yu et al., 2016).  

5.3.3 Permeability reduction tuning and evaluation 

Although the similar core experiment model has been used by our colleagues for 

many studies, the asphaltene deposition process is never enabled and thus not taken into 

consideration in the previous simulation work. Based on the previous model, the 

asphaltene precipitation and deposition function are added. The procedures to add 

asphaltene precipitation and deposition function into the GEM simulator file is 

following the methods discussed in section 5.2.2. The deposition parameters in Wang 
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model are tuned to match the permeability reduction. So the tuning work consist of two 

parts, one is the relative permeability tuning because this part of experimental data is 

not available due to the limitation of experimental techniques, the other one is the 

asphaltene deposition parameter tuning which controls the permeability reduction 

during the huff and puff injection process. Thus, there are two main purpose of the 

tuning work. One is to match the oil recovery data from the experiments with the oil 

recovery predicted from the GEM model. The other one is to match the permeability 

reduction data from the experiments with the permeability reduction predicted from the 

GEM model. The final product will be the parameters of the asphaltene deposition 

model which can be used in reservoir model to investigate the asphaltene deposition 

effect on the shale oil production and oil recovery behavior. The experimental data used 

in this part of the tuning work is discussed in section 4.3.4.4.  

The tuned relative permeability curve is shown in figure 5.15 and the tuned 

asphaltene deposition parameters are shown in table 5.9. The entrainment rate and 

interstitial velocity were set to 0, because it is difficult for the entrainment phenomenon 

to occur in shale reservoirs.  Previous experimental and simulation work showed that 

the critical interstitial velocity for entrainment of asphaltene deposition to occur was 

around 0.01 cm/sec to 0.04 cm/sec in sandstone and carbonate (Behbahani et al., 2015; 

Wang et al., 1999). In shale rocks, the critical interstitial velocity for entrainment of 

asphaltene deposition is expected to be high, because shale contains significant amount 

of clay minerals that are highly polar and strongly attracts polar functional groups on 

asphaltene molecules, thus makes it favorable for asphaltene adsorption to occur and 

requires higher energy to entrain absorbed asphaltenes from the clay mineral surface 

(Adams, 2014; Ma and Holditch, 2015). In our core scale simulation model, the 

interstitial velocity was found to be much lower than the critical interstitial velocity in 

sandstone and carbonate that was reported in the literature. Figure 5.14 shows the Darcy 

velocity in each blocks during the whole CO2 huff and puff injection process. The 

interstitial velocity was calculated by dividing the Darcy velocity by porosity. The 

maximum interstitial velocity during the CO2 huff and puff injection in the core scale 
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simulation model was on the scale of 10-5 cm/sec. So in the asphaltene deposition 

modeling, the entrainment of asphaltene deposition was not taken into consideration.  

 

Figure 5.14 Darcy velocity of each core blocks during the CO2 huff and puff injection. 

Table 5.9 Parameters of asphaltene deposition model used in the core experiment 

simulation. 

Parameters α, 1/day β, 1/ft vc, ft/day c, 1/ft σ, [-] 
Value 1728 0 0 33 50 
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Figure 5.15 Tuned relative permeability curve in the core experiment model. 

Figure 5.16 illustrates the comparison of simulated oil recovery results and the 

experimental oil recovery results. The oil recovery curve is predicted by the core scale 

model in GEM simulator with asphaltene deposition function enabled. As can be seen, 

there is a good agreement between the numerical simulation results and the actual 

experiment data. Slight mismatch is found in the late cycles. It is worth to mention that 

asphaltene deposition caused wettability alternation was reported in the literature. 

Experimental works showed asphaltene deposition could make water-wet to a more oil-

wet tendency (Clementz; Collins and Melrose, 1983; González and Moreira, 1991; 

Hamadou et al., 2008; Huang, 1992). The slight mismatch in the last cycles might be 

caused by such wettability alternation which made the shale core plug more oil wet that 

was not favorable for oil production. The wettability alternation effect was not taken 

into consideration in the core scale model. The green dashed curve in figure 8 illustrates 

the GEM simulator predicted oil recovery data without asphaltene deposition. By 

comparing the simulation results in the cases with/without asphaltene deposition, the 

difference of the oil recovery factor after 6 cycles of CO2 huff and puff injection is 
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found to be about 3.5%, which is caused by the asphaltene deposition associated 

permeability reduction. The difference in oil recovery starts from the first cycle of CO2 

huff and puff injection and get accumulated in the later cycles which leads to the total 

3.5% oil recovery difference after the last cycle.  

 

Figure 5.16 Comparison of GEM simulator predicted oil recovery data and 

experimental oil recovery data. 

The comparison of GEM simulator predicted permeability reduction and 

experimental permeability reduction data is shown in figure5.17. The permeability after 

each cycle of huff and puff injection was calculated by averaging flow resistance factors 

in every blocks of the core plug. More than half of the total permeability reduction 

happened in the first cycles of the CO2 huff and puff injection which indicated a very 

fast asphaltene deposition rate during the first cycle. Steep increase of permeability 

reduction can be seen in the beginning part in each cycles. The beginning period of each 

cycle corresponds to the huff period and soaking period. During the huff period, CO2 is 

injected into the pressure vessel continuously and pressure is built up to the designed 

huff pressure which is 8.27 MPa (1200 psi). The injected gas concentration in the rock 
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samples increased fast and caused asphaltene precipitation and deposition. During the 

soaking period, injected CO2 kept penetrating into the core sample and caused further 

increasing of asphaltene precipitation and deposition. The permeability reduction 

became less and less as the number of huff and puff injection cycles increased. Detailed 

investigation in blocks (12,1,12), (11,1,12), and (10,1,12) are shown in figure 5.19, 

figure 5.20, and figure 5.21, respectively. The position of the three investigated blocks 

are shown in figure 5.18. Block (12,1,12) is at the surface of the core plug, block 

(11,1,12) is at 0.16 cm radius distance from the core plug surface, and block (10,1,12) 

is at 0.32 cm radius distance from the core plug surface.  

 

Figure 5.17 Comparison of GEM simulator predicted permeability reduction data and 

experimental permeability reduction data. 
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Figure 5.18 Position of block (12,1,12), (11,1,12), and (10,1,12) in the core scale 

model. 

Figure 5.19 shows the injected CO2 mole fraction, asphaltene precipitation mass 

per bulk volume, and asphaltene deposition mass per bulk volume in block (12,1,12) 

during the 6 cycles of CO2 huff and puff injection. The blue curve is the injected CO2 

concentration in the block which indicates a rapidly increase in CO2 concentration to a 

high value about 0.7 during the huff period in each cycle. Because this block is at the 

surface of the rock, it is much easier for CO2 to penetrate into the block.  As a 

consequence of the high CO2 concentration, asphaltene precipitated fast and resulted in 

steep increase of asphaltene deposition during the huff period in the first cycle. During 

the puff period, as the pressure in the pressure vessel was released, injected CO2 gas in 

the core plug flowed back to the annular space and caused a steep decrease of the CO2 

concentration in block (12,1,12). Thus, in the puff period, very small amount of 

asphaltene precipitation was formed and resulted in no increase of the asphaltene 

deposition.  However, in the huff period during the later cycles, the asphaltene 
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precipitation became less. This was due to the fact that large amount of oil had been 

produced in this block during the earlier cycles, especially during the first cycle and 

large amount of asphaltene components in the oil had precipitated. So the amount of 

remaining oil and remaining asphaltene component in the block were both less than in 

previous cycles. As a result, the asphaltene precipitation amount in the later cycles 

became less and less. Although oil in the blocks inside the rock was continuously 

flowing into the surface blocks during the puff period. But due to the extremely low 

permeability of the core plug, the amount of oil flowed into the surface block was very 

limited and this part of oil had already experienced the asphaltene precipitation process 

during the previous huff period which made the remaining amount of asphaltene 

component at a low level. Thus, this part of refilling oil from the inner blocks didn’t 

increase the asphaltene precipitation amount in the surface blocks. 
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Figure 5.19 CO2 mole fraction, asphaltene precipitation and deposition profile in 

block (12,1,12).  
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Block (11,1,12) is located deeper inside the core plug. According to the CO2 

concentration profile shown in figure 5.20, the CO2 concentration in this block was 

relatively lower than in the surface block (12,1,12). This was caused by the extremely 

low permeability of core matrix which made it much harder for injected CO2 gas 

penetrate deeper into the core plug. This effect was more obvious in the deeper block 

(10,1,12) inside the core plug as shown in figure 5.21. During the huff period in the first 

cycle, block (10,1,12) had less asphaltene precipitation than in block (12,1,12) due to 

the relatively lower CO2, and thus resulted in a relatively lower asphaltene deposition 

amount. During gas injection process, the asphaltene precipitation was formed when the 

injected gas concentration was higher than the onset injection gas concentration.(Sim et 

al., 2005; Srivastava et al., 1999; Turta et al., 1997) It was also reported in the literature 

that higher injection gas concentration resulted in higher asphaltene precipitation, and 

thus higher deposition(Ashoori and Balavi, 2014; Jafari Behbahani et al., 2012; 

Srivastava et al., 1999; Srivastava and Huang, 1997; Takahashi et al., 2003). In block 

(10,1,12) (figure 13), no asphaltene precipitation was formed right after the beginning 

of the huff period in the first cycle, because the CO2 concentration was lower than the 

onset CO2 concentration which was found to be around 35 mol% in the Winprop 

simulator. During the first soaking period in block (10,1,12), as the CO2 concentration 

became higher than the asphaltene onset concentration, the precipitation started to form.  
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Figure 5.20 CO2 mole fraction, asphaltene precipitation and deposition profile in 

block (11,1,12). 
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One thing should be noted is that in block (11,1,12), the asphaltene precipitation 

amount in the later cycles didn’t decrease dramatically like the one in block (12,1,12). 

Instead, significant amount of asphaltene precipitation occurred in each cycle, and thus 

led to accumulation of asphaltene deposition in each cycle. As a result, the total 

asphaltene deposition amount after 6 cycles in block (11,1,12) was higher than the one 

in block (12,1,12). This was caused by the oil flowed into this block from inner blocks 

inside the core plug which carried extra asphaltene component into the block during the 

puff period in previous cycle. This effect is negligible in block (12,1,12) due to the fact 

that the oil flowed from block (11,1,12) and (10,1,12) have experienced asphaltene 

precipitation process which reduced the total amount of asphaltene component 

dissolved in the oil as discussed previously. However, this effect was more significant 

in block (11,1,12), because the oil flowed from (10,1,12) or even inner blocks in the 

core plug still have relatively larger amount of asphaltene components due to the small 

amount of precipitation formed in the previous cycle. Evidence of such effect in block 

(11,1,12) can be found in the last 5 cycles. In the last 5 cycles of CO2 huff and puff 

injection in block (11,1,12), asphaltene precipitation started to form during the puff 

period. Two peaks of asphaltene precipitation amount can be found in figure 5.20, one 

of them was in the huff period and the other one was in the puff period. During the huff 

and soaking period, the asphaltene component in block (11,1,12) started to precipitate 

to maximum amount and then started to decrease due to the limited amount of total 

asphaltenes in oil. In the puff period, oil from the inner blocks started flow into block 

(11,1,12) and brought extra asphaltene component which is ready to precipitate. As a 

result, asphaltene precipitation started to form again in the puff period.  
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Figure 5.21 CO2 mole fraction, asphaltene precipitation and deposition profile in 

block (10,1,12). 
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During the first cycle in block (12,1,12), the asphaltene precipitation process 

mostly happened in the huff period. During the puff period, the CO2 concentration 

decreased very fast as the injected CO2 gas flow back into the annular space. So the 

asphaltene precipitation in the puff period was much less compared with the one in huff 

period. However, in block (10,1,12) significant amount of asphaltene precipitation was 

formed in the puff period as shown in figure 5.21. This was caused by the slower 

decrease of CO2 concentration in block (10,1,12). It can be seen from figure 5.21 that 

the CO2 concentration decrease rate during puff period in block (10,1,12) was slower 

than in the blocks near the surface of the core.  

 

Figure 5.22 Asphaltene deposition mass per bulk volume after different cycles of CO2 

huff and puff injection. 

The complexity of asphaltene precipitation and deposition during CO2 huff and 

puff injection in shale can be seen by looking at the detailed asphaltene precipitation 

and deposition process in the three blocks discussed above. The asphaltene deposition 

process is not only a function of the thermodynamic and chemical properties of the fluid 

but also of the hydrodynamics, geometry, and surface characteristics of the flowing 

system.(Karan et al., 2002) Figure 5.22 illustrates the asphaltene deposition distribution 

in the core plug after each cycles of CO2 huff and puff injection. The asphaltene 

deposition was mainly formed near the surface of the core plug. The dominant factor in 
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this process are the injected CO2 penetration depth and amount into the core. As the 

core plug has an extremely low permeability which is 39 nD, the distance the injected 

CO2 gas could penetrate into the core was very limited. This made it very difficult for 

the blocks deep inside the core plug to have CO2 concentration higher than the 

asphaltene onset CO2 concentration to form asphaltene precipitation. Thus, most of the 

asphaltene precipitation was formed in near surface area of the core plug and got 

deposited there.  

 5.4 Reservoir Modelling 

5.4.1 Half-fracture shale reservoir modelling description 

The shale reservoir simulation modelling is based on the simulation work in 

Sheng et al. (2015). Current technology to develop shale oil and gas is by horizontal 

well drilling and multistage transverse fractures. Thus, one of the difficulties in shale 

reservoir modelling is to mimic such reservoir modifications. Another difficulty is 

modeling the flow behavior in such extremely tight rocks. Sheng et al. (2015) developed 

a half-fracture connected though a vertical well dual permeability model to represent  

one-thirtieth of the actual production in Middle Bakken case in which a horizontal well 

is fractured with 15 fracturing stages using GEM simulator. The reservoir model are 

divided into two regions, one is the stimulated reservoir volume and the other one is the 

un-stimulated reservoir volume. The model is 296.25 ft wide in I direction, 4724 ft in J 

direction, and 50 ft in K direction. The half-fracture spacing is 296.25 ft in I direction, 

the fracture length is 724 ft in J direction, and the fracture height is 50 ft in K direction. 

The hydraulic fracture is 0.5 ft in width. The schematic of the model is shown in figure 

5.23.  
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Figure 5.23 Schematic of the reservoir model used in this study  (Sheng, 2015). 

In this model, dual permeability model is used to mimic the naturally and 

hydraulically fractured shale reservoirs. The shale matrix permeability is set to 0.0003 

mD, the natural fracture effective permeability in the SRV is set to 0.0313 mD, and the 

natural fracture permeability in the un-stimulated reservoir region is set to 0.00216 mD. 

The characteristics of the reservoir model are shown in table 5.10. The model was 

validated by Sheng et al. (2015) to match the 1.2 years of production history.  

Table 5.10 Characteristics of the reservoir model. 

Property Non-
SRV SRV 

Thickness, ft 50 50 

Matrix permeability, mD 0.0003 0.0003 

Matrix porosity, fraction 0.056 0.056 

Fracture porosity, fraction 0.0022 0.0056 

Fracture permeability, mD 0.00216 0.0313 

Fracture spacing, ft 2.27 0.77 

Hydraulic fracture porosity, fraction -- 0.9 

Hydraulic fracture permeability, mD -- 100 
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Due to the fact that we don’t have live oil sample to test the asphaltene 

precipitation, the asphaltene precipitation data in Ashoori and Balavi (2014) was used 

in this part of the simulation work. The experimental asphaltene precipitation data at 

different pressure and CO2 concentration reported in the authors’ publication was 

simulated in Winprop simulator. The results and comparison of simulation results and 

experimental results are shown in section 5.1.3. There is a good match between 

experimental results and the Winprop simulator predicated one. The Peng-Robinson 

fluid properties of components and asphaltene precipitation model parameters are input 

into the reservoir model in GEM simulator. However, the asphaltene precipitation 

amount in Ashoori and Balavi (2014) is much higher than the dead shale oil sample we 

used in our study. So in order to adjust the precipitation amount found in literature close 

to the asphaltene precipitation amount in our dead shale oil sample, the keyword 

*SOLID-CONV-RATE is used. This keyword can control the rate for the conversion of 

precipitated asphaltene to flocculated asphaltene particles. In the deposition model, only 

the flocculated asphaltene particles can be entrapped inside the rock. Thus by lowering 

the conversion rate of precipitated asphaltene to flocculated asphaltene particles, the 

amount of asphaltenes that can form deposition is lowered.  

As for parameters in asphaltene deposition modelling, the parameters obtained 

from our experiment matched with core experiment model as shown in table 5.10 are 

used in this part of simulation study. The shale reservoir model is set to produce for 

totally 7400 days which is about 20 years. The first producing stage is set to primary 

depletion for 1800 days with a maximum oil production rate equal to 20 bbl/day for a 

half fracture which is equivalent to 600 bbl/day for the whole horizontal well. During 

the primary depletion period, the minimum bottomhole pressure is set to 1000 psi. After 

the primary depletion, the CO2 huff and puff injection begins. The maximum injection 

pressure is set to 8000 psi. The maximum CO2 injection rate for half-fracture model is 

900 MSCF/day that is equivalent to 18 MMSCF/day for the whole horizontal well with 

15 stages fractures. The maximum oil production rate is set to 20 bbl/day for the half-

fracture which is equivalent to 600 bbl/day for the whole horizontal well. The huff 

period and puff period are set to 100 days. No soaking time is added in the simulation.  
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5.4.2 Effects of asphaltene deposition on shale oil recovery factor 

In order to study the effects of asphaltene deposition on the production and oil 

recovery of the half-fracture model. One case with asphaltene deposition function 

enabled and the other case without asphaltene deposition function enabled are run using 

GEM simulator to do the comparison. All other parameters in the two cases are kept the 

same to keep consistency. The comparison of the oil recovery factor in the two cases 

are shown in figure 5.24. It can be seen that the oil recovery curves are close to each 

other in the primary depletion period which indicates the asphaltene deposition has 

small influences on the oil recovery during the primary depletion. Right after the 

beginning of CO2 huff and puff injection, the two oil recovery curves set apart which 

indicates the asphaltene deposition becomes more severe. As the huff and puff injection 

goes on, the difference between the oil recovery between the two cases becomes larger 

and larger. The oil recovery factor reduction caused by asphaltene deposition gets 

accumulated during the CO2 huff and puff injection, and resulted in a totally 3.5% oil 

recovery factor reduction after 5600 days of CO2 huff and puff injection. 
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Figure 5.24 Comparison of oil recovery factor in two cases with/without asphaltene 

deposition. 

5.4.3 Asphaltene precipitation and deposition process during the primary 

depletion and CO2 huff and puff injection 

The asphaltene deposition distribution after the CO2 huff and puff injection are 

shown in figure 5.25. The asphaltene deposition in the matrix and fracture system are 

mostly located in the near hydraulic fracture area and near wellbore area as shown in 

figure 5.25 (a) and figure 5.25 (b), respectively. Due to the fact that logarithmic 

refinement are used in the near hydraulic fracture area and near wellbore area blocks to 

get more accurate results at the matrix-fracture contact surface, it is hard to visualize the 

asphaltene distribution profile in the matrix-fracture contact surface blocks. In order to 

have a better visualization of the asphaltene deposition distribution profile of all blocks 

in the SRV area at the same time, the blocks are normalized to the same size. The 

normalized asphaltene deposition distribution profile is shown in figure 5.26. 
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Figure 5.25 Distribution of asphaltene deposition after the CO2 huff and puff injection 

process. 

Each block in figure 5.26 is coded in color based on the asphaltene deposition 

amount. The color scale regarding amount of asphaltene deposition is shown on the right 

side of the figure. The distance of blocks from layer i=1 are shown along the x-axis 

direction at the bottom of the figure. The distance of blocks from wellbore are shown 

along the y-axis direction on the left side of the figure. The SRV area is circled in dashed 

blue curve and the hydraulic fracture is marked using black dashed curve. It should be 

noted that the size of each blocks are normalized, while in the simulation model the size 

of each blocks are very different, especially those blocks far away from the wellbore 

and hydraulic fracture. Basically, the size of the blocks farther away from the wellbore 

and hydraulic fracture are larger than those closer to the wellbore and hydraulic fracture. 
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Figure 5.26 (a) illustrates the asphaltene deposition distribution in the matrix system in 

the half-fracture model. It can be seen that the layers next to the hydraulic fracture layers 

have the most severe asphaltene deposition problem, and thus higher permeability 

reduction. The non-SRV area have very small amount of asphaltene deposition because 

very limited amount of oil were produced from this area during both the primary 

depletion period and CO2 huff and puff injection period. The amount of asphaltene 

deposition in fracture system is less than the one in the matrix system. This difference 

in asphaltene deposition amount between the fracture system and matrix system starts 

from the primary depletion period. In the flowing part, the asphaltene precipitation and 

deposition process in the primary depletion period and CO2 huff and puff injection 

period are discussed in detail. 

 

Figure 5.26 Distribution of asphaltene deposition after CO2 huff and puff injection 

process in blocks with normalized size. 

Figure 5.27 (a) illustrates the asphaltene deposition distribution in the matrix 

system after the primary depletion period. As can be seen, the asphaltene deposition 

distribution after the primary depletion process is totally different from the one after the 
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CO2 huff and puff injection which indicates different asphaltene precipitation and 

deposition process in the primary depletion and CO2 huff and puff injection. Differently 

from the asphaltene deposition distribution in figure 5.26 (a), more asphaltene 

deposition are formed in the blocks farther away from the hydraulic fracture than in the 

ones closer to the hydraulic fracture in figure 5.27 (a). Three blocks (2,7,1), (11,7,1), 

and (2,12,1) are investigated in detail to reveal the asphaltene precipitation and 

deposition process. The locations of the three blocks are shown in figure 5.28.  

 

Figure 5.27 Distribution of asphaltene deposition after primary depletion process in 

blocks with normalized size. 
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Figure 5.28 Locations of the three investigated blocks in the model. 

The profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in block (2,7,1) is shown 

in figure 5.29. Block (2,7,1) locates at the edge of the SRV area and next to the hydraulic 

fracture. The size of block (2,7,1) is 0.257 feet in I direction, 90.395 feet in J direction, 

and 50.0 feet in K direction. During the primary depletion, the pressure in block (2,7,1) 

decreases very fast due to the fact that this block is next to the hydraulic fracture. When 

the pressure is reduced to the asphaltene onset pressure which is about 7200 psi from 

the Winprop predicted result, the asphaltene precipitation starts to form. The maximum 

amount of asphaltene precipitation is formed when the pressure reaches the bubble point 

pressure, after that the asphaltene precipitation amount starts to decrease. When the 

pressure is low enough, the asphaltene precipitation disappears. The mechanism of such 
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asphaltene precipitation behavior was discussed in detail in section 2.2.2. Thus, the 

dominant factor on asphaltene precipitation in the primary depletion process is the 

pressure change. It can be seen in figure 5.29, the pressure depletion rate in block (2,7,1) 

is very fast. This is caused by the fact that this block is next to the hydraulic fracture 

which makes it much easier for the pressure depletion to reach this block. Figure 5.30 

illustrates the profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in block (11,7,1). This 

block is at the edge of the SRV area and far away the hydraulic fracture. In block 

(11,7,1), the pressure depletion rate is much slower than the one in block (2,7,1), 

because block (11,7,1) is farther away from the hydraulic fracture. As the pressure 

stayed in the asphaltene precipitating pressure range for a longer time in block (11,7,1), 

the total asphaltene precipitated amount is relatively higher, and thus results in a larger 

amount of asphaltene deposition in block (11,7,1). This explained why the blocks farther 

away from the hydraulic fracture have relatively larger amount of asphaltene deposition 

in the matrix system as shown in figure 5.27 (a). During the CO2 huff and puff injection 

process in block (2,7,1), the asphaltene precipitation occurred again when the CO2 

concentration in block (2,7,1) is high enough as shown in figure 5.29. After that, the 

CO2 concentration remained at a high level which leads to continuously asphaltene 

precipitation in the subsequence cycles of huff and puff injection, and thus results in 

accumulation of asphaltene deposition.  
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Figure 5.29 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the matrix system of 

block (2,7,1). 

The asphaltene precipitation and deposition process in block (2,12,1) are similar 

to the ones in block (2,7,1). However, block (2,12,1) is closer to the perforation blocks 

of the horizontal well which makes the injected CO2 much easier to penetrate into this 

block. It can be seen in figure 5.31 that the CO2 concentration in block (2,12,1) 

increases to a high value during the first CO2 huff and puff injection cycle. Thus, the 

asphaltene precipitation starts to form right after the beginning of the CO2 huff and puff 

injection. Due to the high CO2 concentration in the subsequence cycles, significant 

amount of asphaltene precipitation is formed and deposited in block (2,12,1) and lead 

to a relatively large amount of total asphaltene deposition after the whole CO2 huff and 

puff injection process.  
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Figure 5.30 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the matrix system of 

block (11,7,1). 

The asphaltene precipitation and deposition process as shown in figure 5.30 is 

different from block (2,7,1) and block (2,12,1). Although, the asphaltene precipitation 

starts to form in the CO2 huff and puff injection period after the CO2 concentration is 

high enough, the asphaltene stops precipitating after several cycles of CO2 huff and 

puff injection. The reason is that as asphaltene precipitates from the oil and gets 

deposited, the total asphaltene content in the oil is decreased. The solubility parameter 

of the oil is high enough to dissolve the remaining asphaltene content even with high 

CO2 concentration. Because block (11,7,1) locates at the edge of the model, no oil 

from other blocks will flow into the matrix system of this block, thus there is no 

refilling of asphaltene content in the matrix system of this block.  Unlike block 

(11,7,1), block (2,7,1) and block (2,12,1) are located next to the hydraulic fracture. So 

numerous amount of oil is flowing through the two blocks and bring extra asphaltene 
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content from the blocks deeper inside the formation during the CO2 huff and puff 

injection process. This causes a continuous asphaltene precipitation and deposition in 

the blocks closer to the hydraulic fracture during the CO2 huff and puff injection 

period, and thus results in a higher asphaltene deposition amount in rock matrix of the 

blocks near hydraulic fracture than in the rock matrix of blocks far away from the 

hydraulic fracture as shown in figure 5.26 (a). This effect is more significant in block 

(2,7,1), because it locates at the edge of the SRV area and the oil in the blocks outside 

the SRV area also flows into this block when the pressure transient reaches them.  

 

Figure 5.31 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the matrix system of 

block (2,12,1). 

In the fracture system of the blocks in SRV area, the asphaltene precipitation 

and deposition process are different from the ones in the matrix system. The difference 

is caused by the relatively higher permeability of the fracture system and relatively 

smaller pore volume of the fracture system. The detailed asphaltene precipitation and 
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deposition process in fracture system are investigated in detail by looking at the profile 

of pressure, CO2 concentration, asphaltene precipitated mass per bulk volume, and 

asphaltene deposited mass per bulk volume in the fracture system of block (2,7,1), block 

(11,7,1) and block (2,12,1). Figure 5.32, figure 5.33, and figure 5.34 shows the profiles 

of the fracture system in block (2,7,1), block (11,7,1), and block (2,12,1), respectively. 

The asphaltene precipitation and deposition process during primary depletion period in 

the fracture system are similar to the ones in the matrix system, in which the dominant 

factor is the pressure change. But the fracture system has much smaller pore volume, 

and thus much lower porosity so that the asphaltene deposition amount is lower than the 

matrix system.  It is obvious that the CO2 concentration increases much faster in the 

fracture system than in the matrix system. This is caused by the relatively higher 

permeability in the fracture system. In this case, the permeability of the fracture system 

in SRV area is 3130 nD, while the permeability of the matrix system in SRV area is 

only 300 nD. The injected CO2 gas flow from the hydraulic fracture into the fracture 

network in the SRV area very fast due to the relatively higher permeability of the 

fracture network. As can be seen in figure 5.32 and figure 5.34, steep increase of CO2 

concentration in fracture system of block (2,7,1) and block (2,12,1) occurs in the huff 

period as CO2 gas is injected into the formation though hydraulic fracture. As a 

consequence, significant amount of asphaltene precipitation is formed during the huff 

period and gets deposited in the fracture system. The CO2 concentration increases to a 

very high level which is almost 100%. This indicates that the oil in the fracture system 

of those two blocks are pushed into the deeper formation. In block (2,12,1), this effects 

is more significant because this block is closer to the perforation block of the horizontal 

well and the hydraulic fracture. During the huff period in fracture system of block 

(2,12,1), the CO2 concentration increases to 100% quickly which indicates that all the 

oil in the fracture system is pushed into the deeper formation by the injected CO2 gas. 

As a result, the asphaltene precipitation process only lasts for a very short time before 

the injected CO2 concentration increases to 100%. In the fracture system of block 

(2,7,1), the CO2 concentration increases to a high value around 99% during the huff 

period, which indicates that remaining oil is still there. So the asphaltene precipitation 
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process lasts for a much longer time in block (2,12,1) than in block (2,7,1), and thus 

results in a much higher asphaltene precipitation and deposition amount. This explained 

the asphaltene deposition distribution in the fracture system shown in figure 5.26 (b).  

 

Figure 5.32 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the fracture system of 

block (2,7,1). 

In the fracture system of block (11,7,1), the CO2 concentration increases faster 

during the huff period compared with the matrix system. The fracture network with 

relatively high permeability in the SRV area behaves like a highway for the injected 

CO2 gas to travel inside it. Thus, for the blocks deeper inside the formation, the injected 

CO2 gas can easily flow there and accumulates to a high concentration in short period. 

But the CO2 concentration in the fracture system of blocks deeper inside the formation 

is still lower than the one in the fracture system of blocks near the hydraulic fracture, 

because after all, the permeability of the fracture network is still on scale of micro Darcy. 

The extremely low permeability of shale rock is still dominating the fluid flow. The 
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asphaltene precipitation only occurs in the first several cycles in the fracture system of 

block (11,7,1) which is different from the asphaltene precipitation behavior in block 

(2,7,1) and block (2,12,1) discussed previously. The reason is similar to the one 

discussed previously regarding the asphaltene precipitation behavior in the matrix 

system of block (11,7,1). As asphaltene precipitates and deposits, the remaining 

asphaltene content in the oil is reduced, and thus no more asphaltene precipitation will 

be formed in the later cycles. The refilling of oil and asphaltene content in fracture 

system of block (11,7,1) is not significant because this block locates at the edge of the 

model and the oil flowing to the fracture system is only from the matrix system of the 

same block in which the asphaltene content is also too low to form any precipitation. 

Thus, after the first several cycles, asphaltene precipitation and deposition stops in the 

fracture system of block (11,7,1), and thus results in a relatively lower total asphaltene 

deposition amount.  

 

Figure 5.33 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the fracture system of 

block (11,7,1). 
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In the fracture system of the blocks, most of the asphaltene precipitation is 

formed during the huff period in which the CO2 concentration and pressure stayed at a 

high level. During the puff period in the fracture system of the blocks, the CO2 

concentration and pressure decrease steeply due to the high permeability fracture 

network in the SRV area which lead to negligible amount of asphaltene precipitation. 

Although oil from the blocks deeper inside the formation flows into the block closer to 

the hydraulic fracture and bring extra oil and asphaltene content during the puff period, 

due to the steep decrease of CO2 concentration and pressure, asphaltene precipitation is 

not formed in the current puff period. Instead, this part of refilled oil and asphaltene 

content will precipitate in the next huff period.  

 

Figure 5.34 Profile of pressure, CO2 concentration, asphaltene precipitated mass per 

bulk volume, and asphaltene deposited mass per bulk volume in the fracture system of 

block (2,12,1). 

In conclusion, different factors dominates the asphaltene precipitation and 

deposition process in the primary depletion and CO2 huff and puff injection process. 
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The asphaltene precipitation and deposition process in the fracture network and rock 

matrix are also different. In the primary depletion process, pressure depletion is the 

dominant factor. While in the CO2 huff and puff injection process, the CO2 

concentration plays the most important role which highly depends on the permeability. 

In the SRV area, due to the high permeability fracture network, the injected CO2 gas 

flows through the fracture system fast and lead to a high CO2 concentration. Thus, most 

of the asphaltene deposition is formed in the SRV area. In the non-SRV area, limited 

CO2 penetrates into this zone, and thus results in low asphaltene deposition especially 

in the area farther away from the SRV area.  In the rock matrix, the dominant factor on 

asphaltene precipitation during the CO2 huff and puff injection is the CO2 

concentration.  Once the CO2 concentration is high enough, the asphaltene precipitation 

and deposition starts to occur. Due to the relatively lower permeability of the rock 

matrix, the increase rate and decrease rate of the CO2 concentration during the huff 

period and puff period respectively are lower compared with the ones in fracture 

network. Thus, the asphaltene precipitation and deposition are formed both in the huff 

period and puff period. In the fracture network, the CO2 increase rate and decrease rate 

of the CO2 concentration during the huff period and puff period respectively are very 

high due to the relatively high permeability. Most of asphaltene precipitation is formed 

during the huff period in the fracture network. During the puff period in the fracture 

network, the CO2 concentration quickly decreases so that negligible amount of 

asphaltene precipitation is formed in the puff period. Due to the fact that the fracture 

system in each block has smaller volume, and thus smaller amount of oil compared with 

matrix system, the asphaltene precipitation and deposition amount in the fracture system 

is relatively lower. So the oil flows from the matrix system to fracture system also plays 

an important role in the asphaltene precipitation and deposition process. It behaves like 

a resource of asphaltene content for the fracture system. This effect is more significant 

in the fracture network, area near the hydraulic fracture, and the boundary area between 

SRV and non-SRV area during the CO2 huff and puff injection process. From the 

detailed analysis discussed previously, it can be seen that the asphaltene precipitation is 
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very complex process influenced by several factors in the CO2 huff and puff injection 

process.  

5.4.4 Effect of huff injection pressure and injection rate  

Huff injection pressure and injection rate are two important operation 

parameters in the process of gas huff and puff injection process. Numerous of studies 

have been done on the effect of huff pressure and injection rate on huff and puff injection 

performance (Li et al., 2016; Li et al., 2017b; Wan and Sheng, 2015; Yu et al., 2015; 

Yu, 2016; Yu et al., 2016; Yu and Sheng, 2015). This part of the investigation in this 

dissertation is focusing on the effect of huff injection pressure and injection rate on the 

asphaltene precipitation and deposition process and how they will influence the 

performance of enhancing oil recovery. The base case used in this part of the 

investigation is the one discussed in section 5.4.1, in which the maximum injection 

pressure was set to 8000 psi and the injection rate was set to 900 MSCF/day.  

Several simulation runs with different injection pressure, namely 7000 psi, 6000 

psi, and 5000 psi were done to investigate the effect of injection. In those cases, the 

other parameters were kept the same to keep consistency and achieve a valid 

comparison. The comparison of the oil recovery factor after CO2 huff and puff injection 

in those cases are shown in figure 5.35. It shows that cases with higher injection pressure 

have higher oil recovery factor after the CO2 huff and puff injection process. Higher 

injection pressure can lead to higher injection CO2 PV into the formation and higher 

formation energy, which is favorable for oil producing, and thus results in a higher oil 

recovery factor.  
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Figure 5.35 Comparison of oil recovery factor in cases with different huff injection 

pressure. 

However, the oil recovery factor cannot reveal the effect of the injection pressure 

on asphaltene precipitation and deposition caused permeability reduction and oil 

recovery factor reduction. That is to say, by increasing injection pressure, the oil 

recovery will be higher, but at the same time the asphaltene precipitation and deposition 

amount may be increased, too. The increase of amount of asphaltene deposition should 

have made the oil recovery factor lower. But if the increase of pressure is dominating 

the oil recovery factor, the oil recovery factor reduction caused by increased asphaltene 

deposition amount cannot be revealed from the change of oil recovery factor. Thus, 

another term is used to solve this problem. For the same case with certain injection 

pressure, two simulation runs were done. In one of them, the asphaltene deposition 

function is enabled, while in the other one, the asphaltene deposition function is shut 

down.  Then the oil recovery factor reduction caused by asphaltene deposition should 

be equal to the oil recovery factor in the case without asphaltene deposition minus the 
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oil recovery factor in the case with asphaltene deposition at the same time step. The 

results of the cases with different injection pressure are shown in figure 5.36.  

 

Figure 5.36 Comparison of oil recovery factor reduction caused by asphaltene 

deposition in cases with different huff injection pressure. 

It can be seen from figure 5.36 that the oil recovery factor of simulation runs 

with higher injection pressure is influenced more significantly by the asphaltene 

deposition. For example, in the case of 8000 psi injection pressure, the asphaltene 

deposition caused a totally 3.2% oil recovery reduction. In the case of 4000 psi injection 

pressure, the asphaltene deposition only caused a totally 0.7% oil recovery reduction. 

In the case of 8000 psi injection pressure, the total amount of asphaltene deposition in 

the matrix system and fracture system in all the blocks are 27775.01 lb and 17590.69 lb 

respectively, while in the case of 6000 psi injection pressure, the total amount of 

asphaltene deposition in the matrix system and fracture system in all blocks in the SRV 

area are 20059.17 lb and 10741.45 lb respectively. So in the higher injection pressure 

cases, more asphaltene deposition was formed in both the matrix and fracture system. 

The asphaltene deposition in fracture system is more sensitive to the injection pressure. 
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By comparing the asphaltene deposition amount between the cases with 6000 psi 

injection pressure and 8000 psi injection pressure, an increment of 6849.28 lb asphaltene 

deposition in the fracture system was formed due to the increased injection pressure, 

which is about 63.8% of the asphaltene deposition amount in the case of 6000 psi 

injection pressure. One thing should be noted is that as the injection pressure increase, 

the increasing rate of the oil recovery reduction caused by asphaltene deposition is 

slower. For example in figure 5.36, the gap between the curve of 8000 psi injection 

pressure and the curve of 7000 psi injection pressure is much smaller than the gas 

between the curve of 7000 psi injection pressure and the curve of 6000 psi injection 

pressure. It indicates that the effect of asphaltene deposition on oil recovery factor 

reduction becomes less significant when the injection pressure is high enough. To sum 

up, the increased injection pressure will cause more asphaltene deposition, however the 

injection pressure is still the dominant factor that controls the oil production 

performance especially when the injection pressure is high. By decreasing the injection 

pressure, the asphaltene deposition can be reduced, but meanwhile the oil production 

also suffers from significant decrease which leads to a significant reduction in the oil 

recovery.  

In order to investigate the effect of injection rate on asphaltene precipitation and 

deposition caused oil recovery reduction, simulation cases with 300 Mscf/day, 600 

Mscf/day, 900 Mscf/day, and 1200 Mscf/day were run. All other parameters of the 

simulation cases were kept the same to keep consistency and achieve a valid 

comparison. The comparison of the oil recovery factor after CO2 huff and puff injection 

in those cases are shown in figure 5.37. It shows that cases with higher injection rate 

have higher oil recovery factor after the CO2 huff and puff injection process. However, 

when the injection rate is above 300 Mscf/day, the increase of oil recovery factor caused 

by the increase of injection rate in not significant. It was found that higher injection rate 

caused sharper increase of pressure in blocks than lower injection rate especially those 

closer to the hydraulic fracture. Such high pressure or high pressure gradient can make 

the injected CO2 gas penetrate faster and deeper into the formation (Li et al., 2016). 

This effect is illustrated in figure 5.38, in which figure 5.38 (a) is the first three cycles 
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of huff and puff injection in the case with 300 Mscf/day injection rate and figure 5.38(b) 

is the first three cycles of huff and puff injection in the case with 900 Mscf/day injection 

rate. As can be seen, the pressure increase rate and CO2 concentration increase rate in 

the first three cycles in the case with 300 Mscf/day injection rate is much slower than 

the ones in the case with 900 Mscf/day.  

 

Figure 5.37 Comparison of oil recovery factor in cases with different huff injection 

rate. 

As a consequence of the slower pressure increase rate and CO2 concentration 

increase rate, the asphaltene precipitation amount during the huff period of the first three 

cycles in the case with 300 Mscf/day is lower than the one in the case with 900 

Mscf/day, and thus results in a relatively lower asphaltene deposition amount in the 

lower injection rate simulation case. Thus, the total amount of asphaltene deposition in 

the case with lower injection rate is expected to be lower than the one in cases with 

higher injection rate. 
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Figure 5.38 Comparison of asphaltene precipitation and deposition behavior in the 

matrix system of block (2,12,1) in cases with different huff injection rate. 

The oil recovery reduction caused by asphaltene deposition in cases with 

different injection rate are shown in figure 5.39. It can be seen from figure 5.39 that the 

oil recovery factor of simulation runs with higher injection rate is influenced more 

significantly by the asphaltene deposition. For example, in the case of 900 Mscf/day 
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injection rate, the asphaltene deposition caused a totally 3.25% oil recovery reduction. 

In the case of 300 Mscf/day, the asphaltene deposition only caused a totally 1.1% oil 

recovery reduction. In the case of 900 Mscf/day injection rate, the total amount of 

asphaltene deposition in the matrix system and fracture system in all blocks in SRV area 

are 27775.01 lb and 17590.69 lb respectively, while in the case of 300 Mscf/day, the 

total amount of asphaltene deposition in the matrix system and fracture system in all 

blocks in SRV area are 25343.03 lb and 14639.65 lb respectively. So in the higher 

injection rate cases, more asphaltene deposition was formed in the formation, especially 

the fracture system. The asphaltene deposition in fracture system is more sensitive to 

the injection rate than the one in the matrix system.  

 

Figure 5.39 Comparison of oil recovery factor reduction caused by asphaltene 

deposition in cases with different huff injection rate. 

By decreasing the injection rate, the asphaltene deposition can be reduced, 

especially in the fracture system. Although the total oil recovery factor will also be 

reduced along the decrease of the injection rate, the reduced amount of oil recovery 
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factor is very limited. By decreasing the injection rate, the total amount of injected CO2 

gas is also reduced to meet the same operation requirements as shown in figure 5.40.  

Reduced amount of injected gas means reduced costs in the gas injection operation 

which is another advantage of decreasing the injection rate. Thus, a lower injection rate 

is favorable to control the asphaltene precipitation and deposition during CO2 huff and 

puff injection. It should be noted that when the injection rate is lower than a certain 

value, the injected CO2 gas is not enough to increase the reservoir pressure significantly 

especially the deeper formation away from the hydraulic fracture so that the oil recovery 

factor will be decreased dramatically. It is meaningless to reduce asphaltene deposition 

by decrease injection rate to such low value and sacrifice the oil production. Thus, an 

optimum value of injection rate should be set to minimize the asphaltene deposition and 

ensure the injected CO2 gas is enough to increase the pressure deeper inside the 

formation to a high level.  

 

Figure 5.40 Comparison of total injected CO2 volume in cases with different huff 

injection pressure. 
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 5.4.5 Effect of puff pressure and puff producing rate 

Puff pressure and producing rate are two important operation parameters in the 

process of gas huff and puff injection process. As the two parameters controls the 

producing period of the operation, it is more concerned when designing the huff and 

puff injection scenarios. Numerous of studies have been done on the effect of huff 

pressure and injection rate on huff and puff injection performance (Li et al., 2016; Li et 

al., 2017b; Wan and Sheng, 2015; Yu et al., 2015; Yu, 2016; Yu et al., 2016; Yu and 

Sheng, 2015). This part of the investigation in this dissertation is focusing on the effect 

of puff pressure and producing rate on the asphaltene precipitation and deposition 

process and how they will influence the performance of enhancing oil recovery. The 

base case used in this part of the investigation is the one discussed in section 5.4.1, in 

which the maximum puff pressure was set to 1000 psi and the production rate was set 

to 20 bbl/day.  

The comparison of oil recovery factor in cases with different puff pressure, 

namely 1000 psi, 1500 psi, 2000 psi, 2500 psi, and 3000 psi is shown in figure 5.41. It 

can be seen in the figure that higher puff pressure leads to lower total oil recovery factor 

at the end of the CO2 huff and puff injection. Higher puff pressure makes the pressure 

gradient between the inner formation and the hydraulic fracture smaller which is not 

favorable for the oil production, and thus results in a relatively lower oil recovery at the 

end of the CO2 huff and puff injection.  
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Figure 5.41 Comparison of oil recovery factor in cases with different puff pressure. 

The effect of higher puff pressure on oil production, and asphaltene precipitation 

and deposition can be observed in the matrix system of block (2,12,1) as shown in figure 

5.42. Figure 5.42 (a) shows the first three cycles of huff and puff injection in the case 

with 3000 psi puff pressure and figure 5.42 (b) shows the first three cycles of huff and 

puff injection in the case with 1000 psi puff pressure. It can be seen that during the huff 

period, the CO2 concentration in the two cases are almost the same. But in the case with 

3000 psi puff pressure, much smaller amount of asphaltene precipitation is formed 

compared with the case with 1000 psi puff pressure. The reason is that the high puff 

pressure caused a lower pressure gradient between block (2,12,1) and blocks deeper 

inside the formation which reduced the oil flow rate from the inner blocks to block 

(2,12,1). As a consequence, smaller amount of extra asphaltene content is flowed into 

block (2,12,1), and thus less asphaltene precipitation is formed.  Thus, less asphaltene 

deposition is formed in the case with higher puff pressure than in the case with lower 

puff pressure.  
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Figure 5.42 Comparison of asphaltene precipitation and deposition behavior in the 

matrix system of block (2,12,1) in cases with different puff pressure. 

The oil recovery factor reduction caused by asphaltene deposition in cases with 

different huff pressure are shown in figure 5.43. It can be seen that the oil recovery 

factor reduction caused by asphaltene deposition is lower in cases with higher puff 
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pressure than in cases with lower puff pressure. For example, in the case of 3000 psi 

puff pressure, the asphaltene deposition caused a totally 2.6% oil recovery reduction. In 

the case of 1000 psi puff pressure, the asphaltene deposition only caused a totally 3.2% 

oil recovery reduction. In the case of 1000 psi puff pressure, the total amount of 

asphaltene deposition in the matrix system and fracture system in the blocks in SRV 

area are 27775.01 lb and 17590.69 lb respectively, while in the case of 3000 psi puff 

pressure, the total amount of asphaltene deposition in the matrix system and fracture 

system in the blocks in SRV area are 28511.66 lb and 16735.94 lb respectively. So in 

the lower puff pressure cases, more asphaltene deposition was formed in the fracture 

system, and less asphaltene deposition was formed in the matrix system. But the 

difference between the cases with different puff pressure is not significant, especially 

when the puff pressure is lower than 2500 psi as shown in figure 5.43.  

 

Figure 5.43 Comparison of oil recovery factor reduction caused by asphaltene 

deposition in cases with different puff pressure. 
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The comparison of oil recovery factor in cases with different puff depletion rate, 

namely 30 bbl/day, 20 bbl/day, 10 bbl/day, and 5 bbl/day is shown in figure 5.41. It can 

be seen in the figure that lower puff depletion rate leads to lower total oil recovery factor 

at the end of the CO2 huff and puff injection. However, when the depletion rate is above 

10 bbl/day the effect of changing depletion rate on oil recovery factor is not significant. 

This indicates that the asphaltene precipitation and deposition behavior is not sensitive 

to the puff depletion rate. Although in the case with 5 bbl/day puff depletion rate, the 

oil recovery factor is decreased significantly compared with the other cases, this is not 

caused by the influence of puff depletion rate on asphaltene precipitation and deposition.  

Figure 5.44 Comparison of oil recovery factor in cases with different puff depletion 

rate. 

Figure 5.45 illustrates the comparison of 5 bbl/day depletion rate case with and 

without asphaltene deposition. As can be seen, the effect of asphaltene deposition on oil 

production is not significant at all. The difference of the two curves starts to show up 

near the end of the CO2 huff and puff injection. This is not caused by the fact that lower 

puff depletion rate reduces the asphaltene precipitation and deposition amount 
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significantly. Instead, lowering the depletion rate has reversed effect on reducing the 

asphaltene precipitation and deposition amount. The total asphaltene deposition amount 

in the matrix system and the fracture system of the SRV area in this case at the end of 

the CO2 huff and puff injection are 28732.96 lb and 18308.77 lb, respectively. In the 

case with 20 bbl/day depletion rate, the total asphaltene deposition amount in the matrix 

system and the fracture system of the SRV area in this case at the end of the CO2 huff 

and puff injection are 27775.01 lb and 17590.69 lb, respectively. So a slightly increase 

of asphaltene deposition is achieved by lowering the puff depletion rate. 

 

Figure 5.45 Comparison of oil recovery factor with and without asphaltene deposition 

in the case of 5 bbl/day puff depletion rate. 

The real reason is that at such low depletion rate, the formation doesn’t reach its 

maximum capability of producing during the puff period. The daily production rate in 

the case of 5 bbl/day depletion rate is shown in figure 5.46. As can be seen, the 

production rate in the case with and without asphaltene deposition are similar in the first 

half period of the CO2 huff and puff injection. This also explained the linear increase 

of oil recovery factor curve. At the last half period of the CO2 huff and puff injection 
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process, the asphaltene deposition effect on oil production starts to show up which 

corresponds to the oil recovery curve separation in the two cases. Thus, changing the 

puff depletion rate has negligible effect on decreasing the amount of asphaltene 

precipitation and deposition. 

 

Figure 5.46 Comparison of oil production rate with and without asphaltene deposition 

in the case of 5 bbl/day puff depletion rate. 

5.4.6 Effect of huff time and puff time 

Puff time and puff time are two important operation parameters in the process 

of gas huff and puff injection process. As the two parameters controls the time period 

of injection process and producing process, it is more concerned when designing the 

huff and puff injection scenarios. Numerous of studies have been done on the effect of 

huff pressure and injection rate on huff and puff injection performance (Li et al., 2016; 

Li et al., 2017b; Wan and Sheng, 2015; Yu et al., 2015; Yu, 2016; Yu et al., 2016; Yu 

and Sheng, 2015). This part of the investigation in this dissertation is focusing on the 

effect of puff time and producing rate on the asphaltene precipitation and deposition 
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process and how they will influence the performance of enhancing oil recovery. The 

base case used in this part of the investigation is the one discussed in section 5.4.1, in 

which the maximum injection huff time set to 100 days and the injection rate was set to 

100 days.  

Three simulation cases were run to do the comparison and investigate the effect 

of huff time and puff time. The comparison of the oil recovery factor in the cases with 

different huff and puff time is shown in figure 5.47. The highest oil recovery at the end 

of CO2 huff and puff injection is found in the case with 100 days huff time and 200 

days puff time. The second highest oil recovery at the end of CO2 huff and puff injection 

is found in the case with 200 days huff time and 200 days puff time. The third highest 

oil recovery at the end of CO2 huff and puff injection is found in the case with 100 days 

huff time and 100 days puff time. The lowest oil recovery at the end of CO2 huff and 

puff injection is found in the case with 200 days huff time and 100 days puff time.  

 

Figure 5.47 Comparison of oil recovery factor in cases with different huff time and 

puff time. 
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The oil recovery factor reduction caused by asphaltene deposition in cases with 

different huff time and puff time are shown in figure 5.48. It can be seen that the oil 

recovery factor reduction caused by asphaltene deposition is relatively higher in the two 

cases with 100 days of puff time. In the two cases with 200 days puff time have 

relatively lower oil recovery factor reduction caused by asphaltene deposition. In the 

case of 100 days of huff time and 100 days of puff time, the total amount of asphaltene 

deposition in the matrix system and fracture system in all blocks in SRV area are 

27775.0 1lb and 17590.69 lb respectively, while in the case of 100 days of huff time 

and 200 days of puff time, the total amount of asphaltene deposition in the matrix system 

and fracture system in all blocks in SRV area are 27894.14 lb and 15855.23 lb 

respectively. In section 5.4.3, it was found that most of the asphaltene precipitation and 

deposition was formed during the huff period in the fracture system. So by reducing the 

huff period time, the asphaltene deposition can be reduced significantly in the fracture 

system. For a certain time period of CO2 huff and puff injection, increased time of puff 

time is equivalent to reducing the huff period time. That’s why in the case with longer 

puff period, the oil recovery factor reduction caused by asphaltene deposition is much 

lower than the cases with either shorter puff time or longer puff time.  
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Figure 5.48 Comparison of oil recovery factor reduction caused by asphaltene 

deposition in cases with different huff time and puff time. 

It is more favorable to adjust the huff time and puff time to control the asphaltene 

precipitation and deposition, because relatively longer time of puff period is preferred 

by producers to maximum the oil production. What’s more, according to studies in the 

literature, the extended huff period time has limited effect on improve the oil recovery 

factor, especially when the huff time is already long enough to maximum the pressure 

gradient during the injection period (Li et al., 2016). 
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CHAPTER VI  

CONCLUSIONS AND FUTURE WORKS 
In this chapter, the key findings from this dissertation are summarized. 

Suggestions for future work in this research area are presented. 

6.1 Summary 

This dissertation investigated the asphaltene precipitation and deposition 

process during CO2 huff and puff injection in shale core plugs experimentally. The 

formation damage caused by asphaltene deposition was measured and evaluated by 

performing experimental works, including the permeability reduction investigation, 

pore size distribution alternation investigation, and wettability alternation. Based on the 

experimental results, core scale model and reservoir scale model were built up and tuned 

using CMG software. Detailed analysis of asphaltene precipitation and deposition 

process during CO2 huff and puff injection was performed numerically to study the 

mechanism and dominant factors during these processes. Optimization strategies of 

CO2 huff and puff injection scenarios to minimize asphaltene precipitation and 

deposition were studied based on the reservoir scale model. The conclusions are 

summarized below for each part of the dissertation. 

Asphaltene precipitation during CO2 and CH4 injection in Wolfcamp shale oil 

• CO2 and CH4 injection caused asphaltene precipitation in Wolfcamp shale oil 

with low asphaltene content. 

• For both CO2 and CH4 injections, increments of injected concentration resulted 

in more asphaltene precipitation and greater amount of larger size asphaltene 

aggregates.  

• CO2 gas had stronger effect on asphaltene precipitation and asphaltene particle 

size growth than CH4 gas. 

• Most asphaltene aggregates that precipitated during CO2 and CH4 injection 

were several times larger than the pore diameter size of the tested shale cores, 

which would result in pore blocking. 
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Formation damage caused by CO2 huff and puff injection in shale core plugs 

• Severe permeability reduction caused by asphaltene deposition after cycles of 

CO2 huff and puff injection was observed. It was confirmed that the low 

asphaltene content in shale can cause severe permeability reduction during CO2 

huff and puff injection process. 

• A 47.5 nD permeability reduction caused by asphaltene deposition after 6 cycles 

of CO2 huff and puff injection was observed in an Eagle Ford shale core plug 

with initial permeability equal to 126 nD.  

• An 18.9 nD permeability reduction caused by asphaltene deposition after 6 

cycles of CO2 huff and puff injection was observed in an Eagle Ford shale core 

plug with initial permeability equal to 39 nD.  

• 48.5% permeability reduction was observed after 6 cycles of CO2 huff and puff 

injection. 26.8% permeability reduction was observed after the first cycle which 

indicated a fast asphaltene deposition in the first cycle. This indicates a fast 

asphaltene deposition process in the first cycle of CO2 huff and puff injection. 

• Pore size distribution alternation caused by asphaltene deposition was observed 

by using mercury porosimeter. Decrease in pore and throat size caused by 

asphaltene deposition was observed.  

• Wettability alternation experiments showed that the asphaltene deposition 

change the Eagle Ford shale core surface to more oil-wet. Wettability 

measurement on the cut surface of the core showed that the middle part of the 

core plugs were not influenced by asphaltene deposition. 

• Reverse toluene flooding treatment removed the asphaltene deposition in the 

rock layer cut from the shale core plug and resulted in recovery of rock 

wettability.  

Core scale modeling and analysis 

• Core scale simulation model was built up and tuned based on the experimental 

results. Simulation results showed that the asphaltene precipitation and 

deposition during the CO2 huff and puff injection caused a 3.5% oil recovery 
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factor reduction after 6 cycles. This oil recovery factor reduction started to show 

up right after the beginning of CO2 huff and puff injection and the effect of 

asphaltene deposition on oil recovery factor accumulated during the later cycles. 

• Analysis of simulation results show that the asphaltene deposition was mainly 

formed in the near surface area of the core plug. It indicated that the CO2 

penetration depth and concentration were the dominant factors in this process.  

• Analysis of simulation results show that as the CO2 concentration is quickly 

increased in the first cycle and more oil is near the rock surface in the first cycle, 

asphaltene precipitation and deposition were most significant during the huff 

period in the first cycle compared with the subsequent cycles.  

• Simulation results also show that in the puff period of the first cycle, asphaltene 

precipitation is quickly decreased, as CO2 flow back. In addition, although oil 

in the inner blocks continuously flows to the outer blocks during the puff period, 

due to the extremely low permeability of the core plug, the amount of oil is small 

and this oil has already experienced the asphaltene precipitation process during 

the previous huff period, very small amount of increase in the asphaltene 

deposition occurs during the subsequent puff periods. 

Reservoir scale modeling and analysis 

• The asphaltene precipitation and deposition formed in primary depletion 

production had slight effects on oil recovery factor. 

• Right after the beginning of CO2 huff and puff injection, the effect of asphaltene 

deposition on oil recovery starts to show up which indicates the asphaltene 

deposition becomes more severe. As the huff and puff injection goes on, the 

difference between the oil recovery between the two cases becomes larger and 

larger. The oil recovery factor reduction caused by asphaltene deposition gets 

accumulated during the CO2 huff and puff injection, and resulted in a totally 3.5% 

oil recovery factor reduction after 5600 days of CO2 huff and puff injection. 

• Different factors dominates the asphaltene precipitation and deposition process 

in the primary depletion and CO2 huff and puff injection process. The asphaltene 
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precipitation and deposition process in the fracture network and rock matrix are 

also different. In the primary depletion process, pressure depletion is the 

dominant factor. While in the CO2 huff and puff injection process, the CO2 

concentration plays the most important role which highly depends on the 

formation permeability. 

• Most of asphaltene precipitation is formed during the huff period in the fracture 

network. During the puff period in the fracture network, the CO2 concentration 

quickly decreases so that negligible amount of asphaltene precipitation is formed 

in the puff period. 

• In the rock matrix, the dominant factor on asphaltene precipitation during the 

CO2 huff and puff injection is the CO2 concentration.  Once the CO2 

concentration is high enough, the asphaltene precipitation and deposition starts 

to occur. Due to the relatively lower permeability of the rock matrix, the increase 

rate and decrease rate of the CO2 concentration during the huff period and puff 

period, respectively, are lower compared with the ones in fracture network. Thus, 

the asphaltene precipitation and deposition are formed both in the huff period 

and puff period. 

Optimization strategies to minimize asphaltene deposition during CO2 huff and 

puff injection 

• By decreasing the injection pressure, the asphaltene deposition can be reduced, 

but meanwhile the oil production also suffers from significant decrease which 

leads to a significant reduction in the oil recovery.  

• By decreasing the injection rate, the asphaltene deposition can be reduced, 

especially in the fracture system. Although the total oil recovery factor will also 

be reduced along the decrease of the injection rate, the reduced amount of oil 

recovery factor is very limited when the injection rate is higher than a critical 

value, after which the injected CO2 gas is not enough to increase the reservoir 

pressure significantly especially the deeper formation away from the hydraulic 

fracture so that the oil recovery factor will be decreased dramatically. By 
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decreasing the injection rate in a reasonable range, the total amount of injected 

CO2 gas is also reduced.  Reduced amount of injected gas means reduced costs 

in the gas injection operation which is another advantage of decreasing the 

injection rate. Thus, a lower injection rate in a reasonable range is favorable to 

control the asphaltene precipitation and deposition during CO2 huff and puff 

injection.  

• The effect of puff pressure on asphaltene deposition reduction is not significant. 

By decreasing the puff pressure, the asphaltene deposition in matrix system is 

decreased while the asphaltene deposition in fracture system is increased.  

• The effect of changing puff producing rate on reducing asphaltene deposition is 

not significant.  

• By reducing the huff period time, the asphaltene deposition can be reduced 

significantly in the fracture system. If the total cycle time is fixed, increase the 

puff time is equivalent to reducing the huff time which will also reduce the 

asphaltene deposition in the fracture system. It may be more favorable to adjust 

the huff time and puff time to control the asphaltene precipitation and deposition, 

because relatively longer time of puff period may be preferred by producers to 

maximum the oil production in some situations, but not always. 

6.2 Future works 

• Only one shale oil sample was used in this study. In order to get more general 

conclusions, more oil samples are suggested to be studied using similar 

methodology. 

• Field case study is suggested which requires live shale oil samples, reservoir 

rock samples and production data. This can further validate the reservoir model 

and the optimization strategies.  
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