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Abstract 

 Most research on CO2 flooding is focusing on CO2 storage than CH4 recovery and mostly simulation-based. To 

our knowledge, there have been limited reported experimental on CO2 injections capable of unlocking a high amount 

of the residual methane due to their miscibility effect. The empirical study has highlighted the impact of N2 as a booster 

gas during the Enhanced Gas Recovery (EGR) process by CO2 flooding. The N2 acts as a booster by re-pressurising the 

reservoir pressure before the CO2 breakthrough, enabling more CH4 recovery. It also acts as a retardant by creating a 

thin barrier at the CO2-CH4 interface, making it difficult for the CO2 to disperse into the CH4. This result in an extendable 

breakthrough, influencing the injected CO2 to migrate downward due to gravity for storage within the pore spaces. This 

study, a core flooding experiment at 1500 psig and 40 0C of pressure and temperature, respectively, was carried out to 

study the effect of N2 as booster gas during natural displacement in a porous medium (sandstone rock). The recoveries 

with N2 booster were better off than those without N2 booster (conventional CO2 flooding). Overall, an improved CH4 

recovery and dispersion coefficient with substantial storage was noticed, with the optimum at 0.13 fraction of pore 

volume booster gas. Compared to the 0.4ml/min optimum conventional CO2 injection, the results show a 10.64 and 

24.84% increase in CH4 recovery and CO2 storage, respectively.  0.71 x 10-8 m2/s reduction in dispersion coefficient was 

recorded than the convention method. The additional CH4 recovery can provide extra revenue to offsets other opera-

tional expenses. This research signifies the potential of N2 as a booster medium on CH4 recovery, which can be applica-

ble for pilot application within the oil and gas industry. 
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1. Introduction  

 The method of injecting CO2 to recover residual natural gas is gaining recognition within the oil and gas industry. 

A substantial injected volume of CO2 stored provides an additional advantage over the conventional Carbon Capture 

and Storage (CCS) process. The natural gas recovered can provide extra revenue to offset other operational costs. This 

mechanism involving a tertiary recovery method is called Enhanced Gas Recovery (EGR) process. Since both CO2 and 

CH4 are gases, their properties were potentially agreeable for reservoir application due to unique behaviour, and phase 

change demonstrates by CO2 at supercritical conditions (Oldenburg and Benson, 2002). The density ratio of CO2 to CH4 

is in the range of 2–6 at reservoir states (Al-Hasami et al., 2005), which make CO2 to be classified as high viscous gas 

(Al-Hasami et al., 2005). Thus, CO2 can be migrated downwards for storage during the EGR process (Oldenburg et al., 

2001). More so, CO2 is more soluble in formation water than CH4 due to its high solubility factor in aqueous solvents. 

The EGR process is a promising technique for co-current CH4 gas recovery and CO2 storage during natural displacement 

in a porous medium. However, CO2 and CH4 are completely miscible due to the similarities in their physical properties. 

This result in an early CO2 breakthrough during the natural gas displacement process, which has been the major draw-

back of the technology (Li et al., 2019; Oldenburg & Benson, 2002; Shtepani, 2006; Turta et al., 2007; Sim et al., 2008; Al-

abri et al., 2009; S. Sim et al., 2009; Sidiq et al., 2011; Hughes et al., 2012; Honari et al., 2013; Khan et al., 2013; Zhang et 

al., 2014; Honari et al., 2015; Patel et al., 2016; Honari et al., 2016). This problem has affected its applicability within the 

oil and gas industry because of product contamination because of the high amount of CO2 recorded at the outlet stream 

(Oldenburg & Benson 2002; S. S. K. Sim et al., 2009). 

 Abba et al. (2018) investigated the impact of connate water salinity on the dispersion coefficient in consolidated 

rocks during the EGR process by CO2 flooding. The experiment was carried out at 50 0C and 1300 psig of temperature 

and pressure, respectively. The optimum CO2 injection occurred at 0.3ml/min, and their result from the core flooding 

process indicated that the dispersion coefficient decreases with increasing salinity. Hence, the higher the density of the 



 

connate water, the lower the dispersion of CO2 into CH4. They use varying salinity concentration, and they were able 

to report 20 minutes extendable CO2 breakthrough at a maximum concentration of 10 % wt. sodium chloride (NaCl). 

Unfortunately, a decline in CH4 recovery was recorded as the salt concentration increases from 5-10 %wt., due to the 

reduction in core sample pore volume causes by the high-density connate water molecule occupying more of the free 

bubble holes within the core matrix (Abba et al., 2019). 

 To our knowledge, there are limited experimental findings on CO2 injections capable of unlocking the residual 

natural gas with a substantial volume of injected CO2 stored due to their miscibility effect (Abba et al., 2018). This 

necessitated the need for an in-depth study of using N2 as a booster before CO2 introduction. In so doing, the nascent 

mixing between the two gases (CO2 and CH4) is minimized since injecting a specific volume of N2 prior to the CO2 

injection exhibits a re-pressurization effect that yields more CH4 recovery and a minimum fraction of CO2 in the effluent 

stream of the core holder before and after the CO2 breakthrough. It was evident from the gas chromatography (GC) 

print out, which results in delaying the CO2 gaining access to the CH4 boundary, making the process more efficient 

since less product contamination was recorded than the conventional CO2 flooding. More so, determining the best CO2 

injection rate before the N2 booster gas inclusion its prerequisite for optimum booster gas volume needed to provide 

maximum CH4 recovery and minimum CH4-CO2 miscibility (dispersion coefficient). 

 This paper's objective highlighted the role of N2 as a booster for CH4 recovery during the EGR process by CO2 

flooding. The N2 gas acts as a booster, enabling more CH4 recovery without cross-contamination, making it difficult for 

the CO2 to disperse into CH4, resulting in a longer CO2-breakthrough due to the N2 blanketing effect. This makes the 

CO2 descend downward for storage within the pore spaces due to gravity. In this paper, the impact of N2 as booster gas 

for natural gas recovery enhancement and miscibility reduction during the CO2 flooding displacement process was 

investigated. The experimental runs with N2 as booster show a promising recovery and CO2 storage with less contami-

nation than those without a booster gas (conventional CO2 flooding).     

2. Overview Concepts and Theories  

 The conventional or traditional approach for CH4 recovery by CO2 injection is depletion development, but such 

recovery (approximately 35 %) is deemed low to offset the CO2 storage cost (Wang et al., 2018).  Due to the nascent 

mixing between the injected CO2 and displaced CH4, an invariable amount to premature CO2 breakthrough in the 

production well. The aim was to recover a substantial CH4 free from CO2, enabling more injected CO2 stored in the 

process. However, that was difficult using the conventional EGR-CO2 injection technique. High injected CO2 fraction 

was noticed early before or after breakthrough, as seen in Fig. 1, and the value of X0 at the intersection point (1) in Fig. 

3. Therefore, a new EGR approach is required to reduce the mole fraction of CO2 in the recovered CH4. The N2 gas act 

as a booster by re-pressurising the reservoir pressure before CO2 breakthrough enable more CH4 recovery without 

contamination. It also acts as a retardant by creating a thin barrier between the CO2-CH4 phase region presented in Fig. 

2. This makes it difficult for the CO2 to disperse into CH4, resulting in a longer CO2 breakthrough, making most of the 

injected CO2 descending downward for storage within the pore spaces due to gravity. In this study, N2 was employed 

as a booster gas to delayed CO2 breakthrough with minimum miscibility. In the process, more CH4 recovery and CO2 

storage were realised, since the produced CO2 fraction has reduced as shown from intersection points (2) and (3), X1, 

and X2 in Fig. 3. To maximise both CH4 recovery and CO2 storage; (1) the fraction of the produced CO2 (X0, X1, and X2) 

needs to be minimised (X2 < X1 < X0), (2) the change in the produced CO2 fraction (ΔX) and slope (S1 and S2) also have to 

be maximised (ΔX2 > ΔX2 and S2 > S1). Fig. 3 is the plot of produced CO2 fractions against displaced CH4 at 0.4ml/min 

optimum conventional CO2 injection, 1500 psig of pressure, and 40 0C of temperature. These mole fractions are the 

effluent stream compositions recorded by the GC machine. The optimum booster gas volume was selected based on the 

above criteria.       



 

 
 

 

 

 

Fig. 3. Conventional CO2 injection concentration profile for systematic optimisation purpose at 0.4ml/min, 1500 psig, and 40 0C 

(Mohammed et al., 2020). 

2.1 Dispersion Coefficient   

 In this study, the fundamental model equations used are those developed and reported by (Newberg & Foh, 

1988; Perkins & Johnston, 1963; Coats et al., 2009; Honari et al., 2013; Hughes et al., 2012; Mamora and Seo, 2002; Liu 

et al., 2015; Takahashi & Iwasaki, 1970; Abba et al., 2017; Abba et al., 2018; Abba et al., 2019; Fuller et al., 1966) as 

presented in Eqns. 1-9. Details of these equations can be found in our previous publications (Mohammed et al., 2019; 

Mohammed et al., 2020).                                                                                  

          KL
∂2C
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                                                                                                                      (1) 

 Eqn. 1 describes the displacement of methane by carbon dioxide in consolidated rocks, where (C), (x), (u), and 

(KL) are the effluent composition measured by the gas chromatography,  distance under time (t), interstitial velocity, 

and longitudinal dispersion coefficient respectively. Invariably Eqn.1 can be re-written in a dimensionless form (Ma-

mora and Seo, 2002), as shown in Eqn. 2. 

Fig. 1. Schematics of conventional CO2 injection to 

displace CH4 without N2 booter gas (Wang et al., 2018) 

Fig. 2. Schematics of conventional CO2 injection to displace 

CH4 with N2 booster gas (Wang et al., 2018) 
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Since the injection of CO2 is at x = 0, then 

Initial condition: C = 0 at tD = 0, 

Boundary conditions: C = 1 at xD = 0, C → 0 as xD → ∞ 

Therefore, the solution to Eqn.2 is presented in Eq. 3. 

   𝐶 =
1

2
{𝑒𝑟𝑓𝑐 (

𝑥𝐷− 𝑡𝐷

2√𝑡𝐷 𝑃𝑒𝑚⁄
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2√𝑡𝐷 𝑃𝑒𝑚⁄
)}                                                                                           (3) 

 The effluent core flooding composition was fitted with the analytical solution to the one-differential Advection 

Dispersion (AD) equation (Eqn.3) in terms of the Péclet number to evaluate the corresponding dispersion coefficient. 

The experiment's absolute dispersion coefficient is the value that provides the optimum synergy between the 

experimental result compared to the numerical solution. The medium peclet number (Pem) shown in Eqn. 4 was used 

to predict the dominant displacement mechanism during the EGR process in a porous medium (Perkins & Johnston, 

1963). The characteristic length scale (d) is in meters, while (D) represent the molecular diffusion coefficient in m2/s.                                 

            Pem =
𝑢𝑚𝑑

𝐷
                                                                                                        (4) 

 Generally, at Pem <0.1, diffusion dominates the dispersion process, and at Pem>10, advective mixing dominates the 

dispersion process (Perkins and Johnson, 1963). However, the process is under the intermediate zone when the Péclet 

number is greater than 0.1 but less than 10. The solution of Eqn.3 was used to fit the concentration profiles which the 

dispersion coefficient was then evaluated. Coats et al. (2009) correlated the dispersion coefficient with the molecular 

diffusion coefficient, as shown in Eq. 5 

𝐾𝑙

𝐷
=  

1

𝜏
+  𝛼

𝑢𝑚
𝑛

𝐷
                                                                                                                       (5) 

 Here 𝛼 is the dispersivity of the porous medium (m), and (n) represents an exponent. The tortuosity (𝜏) ranges 

from 1 to as high as 13 or more for consolidated rocks, as reported by Honari et al. (2013). The parameter (𝜏) can be 

obtained empirically through various methods; however, 𝛼 and n are mainly determined using a core flooding sys-

tem (Hughes et al., 2012). The intercept from Eq.5 was used to calculate the tortuosity.  



 

2.2 Diffusion Coefficient   

 The Takahashi & Iwasaki developed in 1970 has been used successfully for diffusion coefficient determination. 

However, it’s mainly applied to the CO2-CH4 system only.  In this report, due to N2 inclusion, a different model 

proposed by Fuller et al. (1966) was employed. This correlation presented in Eqn. 6 is applicable for both CO2, N2 and 

CH4 system.  

𝐷N2,CH4 =
1.0110×10−4 𝑇1.75√(1/µ𝑁2+1/µ𝐶𝐻4  )

𝑃[(∑𝑉𝑁2)1/3+(∑𝑉𝐶𝐻4)1/3]2                                               (6) 

 Where (∑ 𝑉𝑁2
) and (∑ 𝑉𝐶𝐻4

) are the values derived from the summation of atomic diffusion volumes of N2 and 

CH4 molecules, respectively. These values are reported in our previous publications (Mohammed et al., 2019). The 

equation was further simplified to formed Eqns. 7 and 8 after inserting the values of atomic diffusion volumes and the 

molecular weight of N2, CH4 and CO2. 

𝐷N2,CH4 =
10.2×10−11 𝑇1.75

𝑃
                                              (7) 

𝐷CO2,CH4 =
8.2×10−11 𝑇1.75

𝑃
                                        (8) 

Where, T is the temperature in kelvin (K) and P is the pressure in megapascal (MPa).  

3. Materials and Methods 

 In this study, the potential of N2 for CH4 recovery and CO2 storage was investigated using the CO2 flooding tech-

nique. This entails saturating the core plug with CH4 at known irreducible water of saturation (Swi), injecting varying 

amounts of N2 as a booster prior to CO2 injection at an optimum rate of 0.4 ml/min. The property of the core plug 

employed was presented in Table 1.  

Table 1. Specification and property of the Bandera grey core sample at experimental conditions 

Core sample 

 

Length 

(mm) 

Diameter 

(mm) 

Porosity       

(%) 

Gas Permeability 

(mD) 

Bandera gray 76.02 25.31 19.68 32 

 

Procedure  

 The core sample was dried overnight in an oven at 105 0C for moisture removal and other volatile compounds. 

The dried sample was wrapped with cling film and foil paper before being inserted into a heat shrink. This is vital to 

avoid leaving viscous fingerprints and penetrating the gases through the sleeve into the ring-shaped core holder. The 

sample was loaded into the core holder and stapled with clamps from both ends. Hydraulic oil was pumped into the 

ring-shaped core holder to provide the desired overburden pressure, kept at a minimum of 500 psig above the pore 

pressures to avoid fracturing the core sleeve. The heat jacket was installed on the core holder, and the temperature step-

up (40 0C) was observed before CH4 saturation. The backpressure was engaged, the core sample was saturated with 

CH4 at 10 % irreducible water saturation until the GC constantly read methane composition greater than 98 %.  CO2 

was injected at 0.2 ml/min using ISCO pumps C/D through cell B. The experiment ended when the methane 

concentration was insignificant from the GC reading (when the mole fraction of produced CO2 is > 98%). Further runs 

were carried out at increasing CO2 injection rates of 0.4, 0.6, 0.8, and 1.0 ml/min. At each GC's injection time, the time 

was noted, and the effluent composition was recorded. The best injection rate was selected and employed as the next 

step of the experiment ( with N2 as booster gas). The sample was recleaned, dried, and re-saturated with CH4. Following 

this, 0.06 HCPV of N2 was then injected using ISCO pumps A/B through cell A. Further runs were carried out at 

increasing N2 booster gas volumes. The experiment was carried out at relevant reservoir pressure of 1500 psig and 40 

0C temperature.   
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Fig. 4. Schematics of methane displacement with and without cushion gas 

4. Results 

4.1 Effect of CO2 injections on Methane recovery 

 To evaluate the CH4 recovery efficiency of each injection rate based on the gas production recorded, the Original 

Gas in Place (OGIP) was determined using Eqn.10. The porosity obtained from the Helium Porosimetry, the gas 

formation volume factor was evaluated at experimental conditions with the compressibility factor (Z), obtained 

numerically from models in the works reported by (Shabani and Vilcaez, 2017; Ziabakhsh-Ganji and Kooi, 2012). The 

CH4 gas production was recorded online using the gas flow meter, and its composition was analysed regularly (at 5 

minutes sequence) via the GC machine. The displacing gas migration and breakthroughs were observed in real-time, 

and the dispersion coefficient, recovery swept efficiency, and CO2 storage was evaluated. The experiment stopped when 

the CO2 produced was far more than its injected amount (the produced gas contained an insignificant amount of CH4). 

The experimental results for the CO2 produced at different injections (0.2-1.0 ml/min) were presented in Fig. 17. The 

miscible displacement takes place at the front of supercritical CO2 (ScCO2). The CO2 injection up to 0.21 HCPV results 

in less CO2 concentration at the outlet, insignificance natural gas contamination. In the process, the initial CH4 recovery 

increased linearly. When 0.22 HCPV were injected, the composition of CO2 in the effluent stream raised to about 5 %, 

invariable the percentage recovery increased by 3% to its peak value of 35 %. The point can be deemed as a breakthrough 

point. For injections after breakthrough, a sharp increase in the CO2 outlet composition was noticed until 0.3 HCPV of 

CO2 were injected, resulting in a high CH4 recovery decline. Further injections to 0.372 HCPV showed less effect with 

both fractions of CO2 produced and CH4 recovery efficiency kept almost unchanged. This indicates the displacement 

has reached an endpoint. The same graph pattern was observed at 0.2ml/min injection. However, the CO2 presence in 

the exit stream occurred earlier than that for 0.4ml/min, while its maximum CH4 recovery was recorded when a total of 

0.3 HCPV of CO2 was injected into the system. This can be seen in Figs. 5 and 17, respectively. A similar trend was 

noticed in other injection rates, but the decline in methane recovery was huge at higher injection rates (0.6-1.0 ml/min) 

with an average of 20 % decline, as seen in Fig. 17. More so, the breakthrough graphs at higher injection rates (0.6-

1.0ml/min) in Figs. 7, 8, and 9 showcase high slope due to the curves' stiffness after the CO2 breakthrough. This signifies 

the possibility of high miscibility between the CO2 and CH4 during the displacement process. Overall, there was a 

substantial methane recovery at lower injection rates (0.2-0.4ml/min) than those at high injections (0.6-1.0 ml/min). At 



 

these rates, poor recovery and sweep efficiency were observed due to higher interstitial velocity. Abba et al. (2018) 

reported a high interstitial velocity tends to increase the turbulence and eddy current of the flow profile and agitate the 

gas species' molecules, facilitating the interaction collision between the displacing and displaced gases. This results in 

a high dispersion coefficient, as seen in Table 2.        

                                   OGIP =
Vbϕ(1−swi)

Bg
                              (10) 

 

Fig. 5. CH4 recovery against HCPV of total CO2 injected at 0.2ml 

 

 

Fig. 6. CH4 recovery against HCPV of total CO2 injected at 0.4ml 



 

 

Fig. 7. CH4 recovery against HCPV of total CO2 injected at 0.6ml 

 

 

Fig. 8. CH4 recovery against HCPV of total CO2 injected at 0.8ml 

 



 

 

Fig. 9. CH4 recovery against HCPV of total CO2 injected at 1.0ml 

4.2 Dispersion Coefficient and Dispersivity 

 The different injection rates were employed to determine the optimum injection rate from the range of interest. 

The compositions of CO2 produced were used to evaluate the miscibility rate of CO2-CH4 interaction by adopting the 

longitudinal dispersion coefficient KL as the fitting parameter. The values of the dispersion coefficients for different 

injection rates are shown in Table 2. The characteristics length scale of mixing (L) was adjusted in the OriginPro software 

regression tool to provide a better fit as advised by (Hughes et al., 2012; Liu et al., 2015; Abba et al., 2018), given that the 

interstitial velocity was kept unchanged for each run as assumed in the 1D advection-dispersion equation in Eqn. 2. As 

expected, the higher injection rates showed an early breakthrough in the CO2; this agrees with the works reported by 

(Liu et al., 2015; Abba et al., 2018). Looking at Eqn. 5, It was evident that precise and reliable simulation of dispersion 

during enhanced recovery process requires a detailed understanding of molecular dispersion (D), tortuosity (τ), and 

dispersivity (α) at the condition relevant to natural gas displacement in porous media. The latest two parameters are 

properties of the porous medium (core sample) of which α can be determined from a set of experimental data in which 

the flow velocity through the medium is increasing at reasonable intervals like those described in this study. Although 

the pressure and temperature dependence of longitudinal dispersion coefficient (KL) are acquired predominantly by 

that of D. Thus, accurate values of the molecular diffusion coefficient are prerequisites to a reliable dispersion correlation. 

Fuller, Schetter, and Gittings (1966) developed a numerical model through computer-aided correlation of 340 

experimental points, expressed in Eqn. 7 was used to evaluate the molecular diffusion coefficient of CO2-CH4 at 

conditions relevant to enhanced gas recovery. The molecular diffusion coefficients, D, at experimental conditions of 

1500 psig pressure and 40 0C temperature were evaluated. Using the measured grain diameter of 57.15μm reported by 

Abba et al. (2018) as the characteristic length scale of mixing, the medium Peclet numbers were evaluated using Eqn.4, 

taking (u) as the average interstitial velocity of the runs as an input variable. The Pem recorded were 0.02, 0.03, 0.03, 0.04, 

and 0.05. All values were < 0.1, which indicated the flow mechanism is dominated by diffusion within the entire 

experimental tests. Furthermore, the dispersivity (α) can be constructively determined by fixing Eqn.5 to the plots of 



 

KL/D against u/D, which is a straight line shown in Fig. 10. Considering the reports of (Coats, K.H & Whitson, 2004; 

Keith H. Coats et al., 2009; Honari et al., 2013; Hughes et al., 2012), they dispensed that the values of the dispersivity (α) 

in consolidated porous media are mostly smaller than 0.01 ft (0.003 m). Hughes et al. (2012) recorded dispersivity in a 

range of 0.0001 to 0.0011 m using Donnybrook core. Abba et al. (2018) reported 0.0006m of dispersivity and tortuosity 

of 29 in Bandera grey core plug with properties similar to those one used in this work. Generally, the longitudinal 

dispersion coefficient increases with an increase in flow velocity due to turbulence or eddy current development. The 

highest and least dispersion were recorded at maximum and minimum injection rates, as evident in Fig. 11 when the 

dispersion coefficients were plot against tests injection rates, invariably a linear relationship. 

 

 

Fig. 10. Plot of dispersion to diffusion coefficient ratio against interstitial velocity 



 

 

Fig. 11. Plot of longitudinal dispersion coefficient ratio against injection rates 

 Injection at a low rate mainly results in more extended breakthrough (resident) time for gases in contact and 

increases the mixing of the gases yet again (Abba et al., 2018). This nascent mixing makes it challenging to use 

conventional CO2 injection without an external factor to achieve higher CH4 recovery and CO2 storage at the same time. 

To curtail this problem, the inclusion of N2 as a booster during CH4 displacement by CO2 injection was discussed in the 

next section. On this occasion, a 0.4 ml/min injection rate was employed for further CO2 injection due to its significant 

combined CH4 recovery and a substantial amount of injected CO2 (HCPV) stored.                

Table 2. Results summary for all the experimental runs at diffusion coefficient of 18.48 10-8 m2/s 

Q 

(ml/min) 

Interstitial Velocity 

(10-5 m/s) 

Total CO2 

Injected    

(HCPV) 

CO2 

Breakthrough    

(HCPV) 

CO2 Injected 

Stored 

(%) 

CH4 

Recovery 

(%) 

Dispersion 

Coefficient       

(10-8 m2/s) 

0.2 3.36 0.36 0.20 35.62 59.63 2.64 

0.4 6.72 0.37 0.22 58.03 39.97 3.49 

0.6 10.08 0.56 0.33 56.82 26.61 6.06 

0.8 13.44 0.81 0.54 66.10 24.59 7.63 

1.0 16.80 0.90 0.53 68.51 27.74 10.99 

 

4.3 Effect of N2 as a booster gas during CO2 flooding 

 The breakthrough indicates the first contact in which the injected gas species (CO2 or N2) came in contact with the 

displaced CH4 gas along the core sample's length scale during the experiment. For conventional CO2 flooding, the longer 

the breakthrough, the lower the sweep recovery efficiency due to the nascent mixing between the CO2 and CH4, as 



 

evident with higher dispersion coefficients. This results in natural gas production with low calorific value and high 

purification cost, rendering the process uneconomical. In contrast, a delay in breakthrough was observed when N2 was 

employed as a booster gas. Four sets of experiments were carried out at 1500 psig, 40 0C, and at varying booster gas 

volume of 0.06-0.29 HCPV. The variation in effluent compositions with total gas injection (HCPV) was monitored, as 

seen in Fig. 12. At the same time, Fig. 13 presented the effect of N2 booster gas on CO2 breakthrough compared to the 

conventional CO2 injection at 0.4 ml/min. The CO2 residence time was delayed for all the booster gas volumes employed. 

The injected amount of N2 prior to the CO2 injection exhibits a re-pressurization effect to produce maximum levels of 

CH4 and a minimum fraction of CO2 in the effluent stream of the core holder before CO2 breakthrough due to its high 

conductivity. This affirmed the potential of N2 for reservoir maintenance applications. The increase in booster gas 

volume was directly proportional to delayed CO2 breakthrough, with the maximum at 30% (0.3) fraction of pore volume. 

The booster composition was monitored throughout the experiments from the GC machine. The higher the booster gas 

in the system, the more N2 gas was recorded at the product stream, as seen in Fig. 15. This was a similar trend observed 

during the CO2 flooding at higher injection rates. However, lower product contamination was recorded at lower booster 

gas volume with improved CH4 recovery and CO2 storage compared to that at 0.4ml/min optimum CO2 flooding. This 

implies that injecting a small amount of N2 before CO2 injection in the reservoir promotes good CH4 recovery and 

enables substantial volumes of CO2 storage within the core plug's pore spaces. The introduction of N2 displaces a larger 

amount of the CH4 until it reached its breakthrough; this allows most of the CO2 later injected to be trapped within the 

rock space without mixing with the nascent CH4. More so, when the CO2 reaches its breakthrough, a substantial clean 

volume of CH4 has been recovered. The CO2 find it difficult to disperse itself into the CH4 in the presence of N2, which 

acted as a barricade wall between the CO2 and CH4 interphase.   

 To optimize both CH4 recovery and CO2 storage, the fraction of the produced CO2 and N2 (X) at the exit stream 

must be minimized, while the change in the produced CO2 fraction (ΔX) must be maximized. In so doing, the 

concentration profile curve can be flatting, invariably higher CH4 recovery and CO2 storage, as seen in Fig. 3.  Natural 

gas products based on N2 contaminants are more friendly than CO2 based contaminants because most natural gas 

exploration fields accommodate higher nitrogen contamination than CO2 based impurities. The sweetening process of 

CH4-N2 contamination is less expensive than CH4-CO2 due to the high compression energy cost and depressurizing 

process employed.    

 



 

 

Fig. 12. Concentration profile at 0.4ml/min optimum conventional CO2 injection 

 

Fig. 13. Effects of booster gas on CO2 breakthroughs 

 

 

 



 

 

Fig. 14. Concentration profile comparison at 6% booter gas  

 

 

Fig. 15. Concentration profile comparison at 29% booster gas 

 More so, substantial CO2 storage at the maximum booster amount was observed when a total fraction of 0.348 

HCPV of CO2 was injected. This was within the range of total CO2 injected during 0.2 and 0.4 ml/min conventional CO2 



 

flooding. However, the later recorded high CO2 storage than the latest 0.2 and 0.4ml/min injections. The excess amount 

of N2 injected acted as a retardant, creating a thin barrier between the CO2-CH4 interface, promoting the CO2 to descend 

for storage due to gravity. The produced CH4 was grossly contaminated with the N2 than CO2, as seen from the N2 and 

CO2 intersecting the CH4 curve in Fig. 15. Thus, the least recovery was recorded due to the excess amount of booster 

gas used. The reduction in the nascent CO2-CH4 mixing was achieved from the low dispersion coefficient value rec-

orded.  Furthermore, the experimental run at 0.06, 0.13, and 0.19 fraction of HCPV has a similar amount of total CO2 

injected with the 0.6ml/min conventional CO2 flooding. The test at 0.13 HCPV of N2 booster gave the highest CO2 storage 

presented in Table 3. This value was characterised by the large differential pressure drop (dp) shown in Fig. 16. The 

highest recovery occurred when the least booster gas was used. This value was characterised by the least N2 product 

contaminant and differential pressure (dp). However, it recorded the highest mole fraction of CO2 produced, as pre-

sented in Fig. 14. Therefore, the presence of N2 as a booster or impurity causes large changes in supercritical CO2 be-

haviour as reported by (Xidong et al., 2019; Hughes et al., 2012; Janssen et al., 2018; Abba et al., 2018). To reduce gas 

separation cost, various authors proposed a longer residence (breakthrough) time should be considered for gas injection 

(Xiangchen et al., 2018) provided the excessive CO2-CH4 miscibility can be minimised. This will allow a large storage 

volume of CO2 and, at the same time, recovered most of the residual natural gas. It worth noting that higher displace-

ment efficiency is obtained at lower cushion volume.   

 

 

Fig. 16. A plot of differential pressure drops against experimental time with and without booster gas 

 

 

 



 

Table 3. Results summary for all the experimental runs at diffusion coefficient of 18.48 10-8 m2/s 

Case Study Q 

(ml/min) 

Interstitial Velocity 

(10-5 m/s) 

CO2 Injected    

(HCPV) 

CO2 Injected Stored 

(%) 

CH4 Recovery 

(%) 

Dispersion Coefficient 

(10-8 m2/s) 

Without N2 

booster 

      

 0.2 3.36 0.36 35.62 59.63 2.64 

 0.4 6.72 0.37 58.03 39.97 3.49 

 0.6 10.08 0.56 56.82 26.61 6.06 

 0.8 13.44 0.81 66.10 24.59 7.63 

 1.0 16.80 0.90 68.51 27.74 10.99 

With N2 

booter 

      

 (HCPV)      

 0.06 6.72 0.492 57.91 89.17 3.59 

 0.13 6.72 0.486 68.67 64.81 2.78 

 0.19 6.72 0.504 49.06 75.95 3.27 

 0.29 6.72 0.348 63.47 44.39 2.59 

 

5. Conclusions 

A core flooding experiment was carried out to investigate the production of CH4 during enhanced gas recovery 

displacement scenarios in N2 as booster gas, to register the effects of its existence. CH4 recovery was influenced by the 

inclusion of N2 as booster gas before the CO2 injection into the reservoir. The displacement efficiency of the current 

research exhibits improved results than the conventional CO2 flooding. Overall, an improved CH4 recovery, substantial 

CO2 storage and less miscibility effect were noticed than conventional CO2 flooding. The best-improved results occurred 

at the lower booster gas volumes with the optimum at 0.13 fraction of HCPV. This signifies the potential role of N2 as a 

booster medium on CH4 recovery and CO2 storage. During the displacement process, the N2 acts as a barrier wall, 

creating a thin film layer between CO2 and CH4, making it difficult for the CO2 to penetrate and disperse into the CH4 

phase due to the blanketing effect of N2 gas. This why a minimum length scale of mixing between displacing and 

displaced gases was achieved at 0.13 and 0.29 HCPV of booster gas. The critical temperature and pressure points of CO2, 

N2 and CH4 are 31.05 and 1070, -146.9 and 492, -82.55 0C and 667 psig, respectively. Both nitrogen (N2) and CO2 can 

increase CH4 recovery from oil and gas reservoirs. However, CO2 drawbacks are mainly excessive mixing and high 

compression ratio, thus hindering the overall process non-economically viable.  

In contrast, N2 can be recovered virtually from the atmospheric air through air separation units. It requires less 

compression ratio than CO2, so a lower amount of it is needed to create high pressure in the CH4 reservoir. Further work 

will entail an examination of the effect of connate water salinity on this novel approach.       
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Nomenclature 

   X  Mole fraction of injecting specie  

   ΔX  Change in mole fraction of injecting specie 

   S  Slope 

   C  Concentration 

   Vb  Bulk volume 

   Swi  Water of saturation 

   SiCO2 Supercritical carbon dioxide  

   HCPV Hydrocarbon pore volume 

   D  Diffusion coefficient, m2/s 

   Q  Flowrate, mil/min 

   tD  Dimensionless time 

   xD  Dimensionless distance 

   KL  Longitudinal dispersion, m2/s 

   k  Permeability, md 

   A  Cross section area, cm2 

   L  Length of characteristic scale 

   dp  Differential pressure across the plug, atm 

   Lexp  Experimental length, m  

   μ  Viscosity, cP 

   P  Pressure, psig 

   T  Temperature, K    

   u  Interstitial velocity, m/s 

   ϕ  Core porosity, %  

   α  Dispersivity, m 

   τ  Tortuosity 

   Pe  Peclet number 

   Pem  Medium Peclet number 

   r  Radius of core sample, m 
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Fig. 17. CO2 produced against HCPV of CO2 injected at different injection rates of 0.2 – 1.0 ml/min  
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Fig. 18. Concentration profile comparison at 13 and 19% booster gas 
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