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Introduction

Natural gas is a clean and cost-effective energy resource
widely used in power generation, transportation, and
industrial applications [1].

The growing global energy demand has increased the
importance of employing methods like CO: injection
to recover residual gas [2].

EGR processes have been developed since the 20th
century to maintain pressure in depleted reservoirs and
enhance methane production [3, 4].

Among the injectable gases, CO: offers the highest
efficiency in displacing CHa due to its high adsorption
capacity and favorable density |5, 6].

Furthermore, using CO: in supercritical conditions
enhances miscibility with methane, leading to more
efficient gas recovery [7].

Studies show that in shale and coalbed reservoirs, CO-
replaces CHa in adsorption sites while simultaneously
causing rock swelling and permeability reduction [8].
These characteristics make CO: an effective option for
gas recovery and carbon sequestration [9].

Materials and Methods

Mechanisms and Injection Strategies of CO:

Pressure Maintenance and CH4 Displacement

CO: injection helps increase reservoir pressure and
mobilize methane towards production wells [ 10].

This is especially effective in low-permeability
reservoirs, where trapped gases in fractures and pore
spaces are displaced [11].

Solubility of CO: in Hydrocarbon Gases

By dissolving in CHs, CO: reduces density and
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viscosity, improving gas mobility [12].

Additionally, under certain conditions, it prevents the
formation of liquid phases in condensate gas reservoirs
[12].

Physical and Chemical Alterations in Reservoir Rock
When in contact with carbonate rocks such as dolomite,
CO: causes mineral dissolution and precipitation of
new phases [13].

CO: Breakthrough Phenomenon

In cases of unstable or rapid injection, CO2 may reach
production wells before fully displacing CHa, reducing
efficiency [14].

Techniques like WAG (Water-Alternating-Gas)
injection or carbonated water flooding can delay
breakthrough [15].

Effect of Reservoir Type and Rock Properties

In contrast, high-permeability sandstones and
carbonate reservoirs show different behaviors in terms
of CO2 miscibility and diffusion [13, 16, 17].

Result and Discussion

Injection Methods and Case Evaluations

Continuous CO: Injection is suitable for low-pressure
reservoirs but may lead to early breakthrough [10].
Water-Alternating-Gas (WAG) Injection helps reduce
CO:2 mobility and improves flow control [ 14].
Supercritical CO: Injection in high-pressure reservoirs
enhances displacement efficiency and reduces
interfacial tension [18].

Carbonated Water and CO: Co-Injection improves
injection stability and reduces separation costs [15].
Field studies in Schoenkirchen (Austria) and Altmark
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(Germany) have demonstrated that well design and
injection rates have a direct impact on recovery
efficiency and CO: stability [ 19, 20].

The WR-THMD model has enabled accurate
simulation of cyclic CO: injection by accounting for
thermo-mechanical effects and flow dynamics [21].

Conclusions and Future Outlook

CO: injection in EGR processes provides a dual
solution for enhancing natural gas recovery and
reducing carbon emissions.

Moreover, the application of advanced technologies
such as nanofluids and multiphysics systems can
significantly boost recovery efficiency and ensure
long-term process stability.

Despite challenges such as leakage, permeability loss,
or early breakthrough, the success of future industrial
projects hinges on precise design and adaptation of
injection strategies to specific reservoir characteristics.
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Figure 1. Schematic representation of the CSEGR system.
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formula weight ft®) ibm-R) | ibm-R) mol) mol)
Methane CH, 16/043 40/52 0/538 0/415 1299 | 227 209 200/85
Carbon dioxide CO, 44/01 110/8 0/201 0/156 | 1/289 | -412/9 | -386/2 121
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Figure 3. Simulated CHa production with CO: injection enhancement in a reservoir with porosity 0/35, permeability 1x10-2m?,
temperature 65°C, initial pressure 40 bar and natural gas as fluid.



1OA-VAD amio NFoF g3 5 3T AFF ol “UU”;
’

25l 0I5 1y e o Sl Ol >
sloul an cul (1 See Dl s ol eyl S o
oo Ll gl v o 2 sls s
S9—29 ;300 g L o a S Jb> o S S
a5 JHB pals g (plamsg) j5e 0amny) s
IvAl 05,5 oloals oojlo

O ST 5 i 3y LA 5 CO, (Sig s Jo
O )8, =

6)._*4‘)L’ 462_3;3)&.:@ &_JYL—W e COq J)L?u‘

Cy—mxe (5 (3lFe L8 sl 0 galS
S A i oyl il 4 CO2 (3 )35 09 oo
S Gl g e SIS als Sl s 5 0
Sk S9e Jelse ol Egeme 103, 5 (o0 (55
5 ool las aolBl o] el s Jogai | 58
l_j sL_.QQ.};j)J.:.% ).’L_«.u 9 CHa o CO2 g;d._wJ?
ol oo 515 (S 20 Gl g jsSny ialS
Josie slas 5155 oloals ol ol as el
Sg—uto |y godgi slpol> o a0 i
omre §ylid g sles Ll i coss [0V ] iy
Sy ccl ol oo Sy 0 slasls 0 CO2 Pl
ol ) asled s et 1) i (g3L8
o ;z_»..o&b‘ )_§l> ‘S)Lxm )lf u)l_9b0 3O o9y
s 1y O3B Jl i aall 015 0 CO2 |
alas S5 0 (liluw) aule 3L Sis 5l g ools
o3l o [0V ] 88T Jee 4y cmilon sodgs ol
o Sl il CO2 o655 Ol yjoo (s5l>
e a8 cl s 1) glhoaw sl sl ;o CHs
Ol s Olie® e plie gslwolil gy
S it s Blacl o (s ol L g s o
ol it sl o ials COs (Sais—i > o)lj—se
L¥#] Sg sy Togame 515 bl ol g
9 K J ) gl iy i Bl i y5lre po
8l H0 09290 slal5 0 CO2 Pl (535 s

a3 Ay gooly sl e QA Jolay jLusd

sy, alie

Ablio 5 by K8l 55 03 (gm0 I alodla

O Siew
Gl e i 55 il 4 CO2 55
i 50 39290 e (oLl g 35 L
20,5 g0 Oy S giie LA 5 o S S
oS ol @il L 3l 50 o aTd (ol
ogme D ygmods Lol o 58 5l g ol oo
10 C0 eS8 > [FA] el cpenl 350> w0 s g4
5ol 3z slse ;3 o i
COr s JE> M3 (S ol S
G S Sh ey g S e 5 CH,
oz Jdor i Jg—one sl Sl J, 8 ab
s by )0 Se 8 ey J ol COx 5L
laoly S 4 CH, iil) cozrgo g 4810 (750
COs oSl oy3lse yo [F0] i o qadg
S 6P e cd ol abulga
g g 0ad CH, il o Sow ) 5o 5l
slralr anld oy ol 00,5 e o ol Is
S aSs 3,k 5l ol

Sote |y rb o K
i 3lgi o CO» i (Jlo ol Lo oty o
S5 S rddei Al JLb) S le 95 4
@lails Jsbses glalaoe jo [YV] 055 )5 5
S8y g JeSge S8 (oS wanls 0 sile)
auTd 0 (loaiiS el i COx  Spaliysg,aun
G i Lil3¥l oS e Layl CHy ol >al>
STy sy Galdl sy ie a il e CO
@l ool s Jl Gy 65 e 0 g 00ty
Ol yo [Fa] aas 1,5 St e | 58 cslo
lgiee CO2 G5 (38 sloalne glo
sl 5o CH sboaJ5Slse osSile Gk
il g Slos 4 ios 4wl Jbw S
B sleal> RV a8 ol osd e Lo
2 Sl - Sas 1 556 4z ST S oo St
LY 4y 5005y aS (y3te 5 baes sblis
Lo g s ol ess [F7] 50,5 sgame g mba s
oS sla 15 g5 aslgs o 55 CO2 3,5 5l LS



170 O‘)‘S“"‘“ 9 (R0 (G40

Gl S (olg 5 50 ;i yegdle olaan] )
4,8 )._.:.'L ot 3 |, COz (g 5lmo 1z ool
3 CO2 ¢ owlid Jlw oFass 51 [FV] o smo e
W)sSmy 9 Sminr Sz Gl Sl bl o
Oy s ol gloals Gl ealy 0ge
o=l o a8 0 S8 e S50 oloals
COz o>l i LSl a] i 50 0 Jl>
3 ) Jl 658 )18 algs o0 055 5 L
Ival 08,5 ol 58 Logds ials ccl g ool
SS9 5 bt (S b Ol ggazma 5o
PR Sg 3l g Mg on (e LS S99 0y
ol sals a il ol W L cul (- Sas
GIES PP | IR VU P PV L LAY SL |
(Shdes byl b xoro S pie g o595l 380
DS o Ll EGR ol,8 e Bdge jo godS ids

EGR )3 (91,5 s 60 ConnSli 030y

35 cnls p oluosl ol g 0 COr cnSlls sasay
e s 0a 35,5 58 S was 0 &) Sl
B 9 00,5 S > (5500 (49,8 (Fe S SLB e
4S5 e p gadgi ol o e JlS plaals
Bl g sady S e lS ialS cel el
@Il o il o 07 ] g e a il ST
(Olin dn Cod S (JB o J—Joa, CO2 YL
S o lize slaay o 5l Kanl &g oay
Sy olz am Syt Sl S g 00, S
ooliiwl g 3,5 &5 S8 omlply S 39 i
(WAG) 555 5 ol wylie G35 aiile ol
Sy Gheals del adily e aslo S ol g, L
oilsee o [FF] sgs T e s s, 36 5 COs
s L Vg COn St 5 (St Ji5
sl b po S S0 5o (53, O] b
iz yiin CO2 YL sla)Lid 1o a S (5 5-boas
Oyg—o 50 Ll g i o 505 ] &S > g 0a
VA Wl | BSN-C IS R B BV IO PR A S

e QST (68 (p)S GBS (o) 2

DS oo SeS S S5 ile 51 CHa (g5lwalsl
P Sl pe edmy i il o8 e
S dyded Aals ;o wlgi o0 CO2 i
Jbo Ol 3 Smgaoms sboml § S ;550
Eom g Do 45 cl 53 Lls [YV] 0o 5
s clabme j0 COx (Sais s> ol
adgl S g Lo plid any g g BB (Sl
L‘-‘-*-’ sla,lad o (Jlie plomsay o)l 55 Jl
s CH U el ay 6oy Jmaled €O ooyl
S8, Sl YU gl Lt o oS Il wms oo
JS—id 5 (5l Ll 4 el (- See (g5L8
49 CHa 4 CO2 3l glaze slacdale L 1y oxe 5-blis

Lov] oot 1 ova oy 35ee
CO: Gy (S—r 389 % 9 (ot Lounsd (S jud O !

OB Jlomw 9 S 5
Sl Sl gy b (535 35 4 CO2 (3,5
Jlw 5 S o ") S99 (olend (S5
o lp ST o L 45 300 ol jemay (55
el val asas [0S 56 5 crsls p slys;)
e Wlgge Si 38l 15 €O j5da> (S 5b
s i 298 Sy ple sl 3 s A
(o) S (g Sl 59— CO:
sl EdlS s 55 5 S ile g el
Sl 00l ()55 asgel pleedy 00,5 o0 550
Se2lS YV mD sga> 4 VY mD 3l olgl 54 s
Oja= aile olaylE o Jolie o [TY] cul azil
Vs amo wdyls b iz a6y Jles a5
2 G0 ol g 0l Jlsea ) algls il
IV sls cmnl i35 58 ity oS 5 (b0
Lo wsle o o Jodome CO2 ¢ plards 4>
il plaslyS g (i sla Sl
ol any jomie g 0ols (2iSly ilmaglys 5 S
Lo STy (ol g o angill 05 0e—w) Lo
9 (S Wg— )§ s eools o | ddline [ls L algy oo
Crge 3l (B 5o 9 05l Sl (Sadse LS
O Wb gl g Sl il L als



1OA-VAD amio NFoF g3 5 3T AFF ol “UU”;
’

Lajlé o (2l sl ol e Lodlate 5o
a g o plS Ll b j5 a0 B ]
Sdsi GalS am )0 5 B ES el
St Sl oizman [PV 05 s onite (0 55000
Oy 2 CO2 gloalr 5 j5ax 5l LA (Sdge
s o i3 5l e | e a8 > Sliys
@lralr 3l Jad ed o lgie sl o
55 ol osllasl LS asy (002 by apels 55
sl 5 085y s Ly 45 00,8 5ot 53 518
[F0] ccali® aalys e 30 518 ccsls sl
sl sl y3 5 5lsee glol bl (o

CO: (4,5 Lo 55 Ciild o
Coloy olyosl anTp sl calizee 3l Lyl
o ;36 Lagl jo €Oz pSly 5 518
) COz 3lmo o3 (5 lomly 5 5 < dlsl ol
Jid e na sy 5 (ilse o 4 S (5,5 by
5 CO2 gilwop>d &b )b il eel 5wl
OBy Lal g o o] pllmog; cnSs ials
iy CHy Ly COn b33 sl YU s L
LEV] ol o Lm0 olsals ool § 00—
J=les 004 COx (J 9 (S U85 5500 50
Sl o e (230l CHa s coid ,5YL Cis
o Lol cams oo i l38l 1) 58 adgs g 0ol Siw
Sl 5ol 3B 40 oy el
Er— Silwdinte 45 05—5 (S,iydel s g
(s il o [V asS e 09,21, G
sl o glie o Kla ;2 CO2 3,5
alp ol Loy s T s5lwsll 5 o
Syl B8 it Lid g Lo )_..sL, Cod Dby
=Sl gle)lis 5 VL slales )0 4S5 5ba
5o 1Pl el iy CHa (g5lwdlyl 5 oo oo
J—104 €Oz Somanle g (ot Jodocte (5L 5
sloay caway CHs 4 oo VL JK >
S 33l 5l e g 00,5 S S > 50wk
Wl s (Jlo e o Ll S (oo Lol (5

50 ol el g ools STy oy5te 40 89>90 ol L

sy, alie

S,le 0g2g e c8ll ool ialS ¢ plK 20y
sl bl 5 Jlsd sla 1o slls o5l o [TV
u_:‘ ul_a.a )‘ C& ywds ..)._"9;‘5& CO2 coo_SanSlis

‘S’L>4al> (_gL?-cu. 9 oo)J CA_T):- LQ‘;A_M&G
Colan gadg ol o

s 4y Losit e CHa 550
ol 15 2Bk ol Leisas el (il 48 092
b3l 5 s3lwla glaanTd s Lo ash was o
S e o 0] aas o isliél |, COs
Dby ;0 45 Shuabe (b 2155 s)
(s 7 S oo bl Ly Lo i
el a5 e ,Lid g Lo Ol L CO2 S
8 gl Laa COs , STas 5,5 ba
WS 9 oadeldl (Aol e (J Gl
Sals g Lol jaue 6 lanbl cel el (- Soo
S oilsee o [FF] 0y 5 CHy oS> SIS
A2 o 7y Sl Yj_w COz S o doddzs
Bl YU a5l iy A5 Ay Gy S 45
o gl 40 COz plindg; 09,9 d yomie 45
oy 55 Sl )l el eel g oa i
5 3—0F T a—ite Smpde o—lple oS o
O 4m CO2 89,5 (1= cwlin Lo e Sl
10F] cloaay ol U8 o Jslse s ipote )

00 CYlow GRS 2 g (Swigh i Ol puds
S Vg i Slpogas )0 i dg yoxie CO2 5,35
SV (NS 28 e g (e S
= preis jsbds 0Ll oo Sl iS00, 5 e
e jo SV (Soelis Lo, g 515 0 2,5

CO» oSy il i b 5 see Jsedseis
05198 oy e Siw sla SIS L Ol ool
chw (S5 )0 i 4 3 lgi e gl
‘5';_“50&741 o2lS O lee By (0 g el s
Cardg 5 (6 iz ASb a b o o], Sw
ol slagsl o Plslolsol Jwily Saigd s
Sz ol pede [FV] s jla 1) ol 4 518 o3Ldgo
clmonigsy Gl iy 5l Jmols asly S Slg,

Ol e o3lasl s je8 10y g Sl S



LAl )02 g Sewxo (g0

Glasly,s S id a omie o lgi e (e
Saedids Ho el (S cdy sl 00, 5 a6l
e (Smidg iy Lo Sy )0 ki Sl
Syl omledle 35 b (6, 30358 ialS alex
A Sl Seglys G 3 (s i
LEV] el oo (555 VL Sal slacKi
ol yep ddos et 5 S Jle5 (335
Vb (aw ©izr Cdb i slabsloy,
e (S ol s o gl 092 51 COz
Gl Bl o g e (S ol 4
= @leonsy (Jlo ol Lo oo, S e ol o]y
S S e O T
Cpagazme Ly 1, €O G55 a8 ol oo 01
18 Jds oy asiges sl [TV] a5l aslse
ol @iz cd )b b wanle 5l ooy
O S e JalS e by cdlae oyl a S oSl
ez LSS e glawle (55 jo [V ] el ot
e 25l 5 D3 eglasilay COx (L 2 Sl
Gawail L slaloze o .cwl awly Jdxie
aS Jo s il (inl33 CO ase any Joles o)
e (S Sae S yodils gl lais 5o
AR89 Sl 0a 0y Sy 5 035 ,5YL CO2

Lo0] ol oo il Bl sodg slmols Crou 4y
o=l ol 13 C02 5L > 5 558 L) welys 4o
O oS Lo el 1 5b oo S
g S (ol B S s dydeis (Sl s

Syl 8 Ol elsl a0

e QST (68 (p)S GBS (o) 2

slzralr a1 11, C0n 5l pis a8 055 ol 58
Sgs o odaliine S 0 [¥e ] oS gl 58
30 Wdiiwd CndS Joli a5 Sal gla K 4 S
eiraslss Ll gl)ls 45 Lacussles Ly aylis
Gl Y e e i (e e il oo
ol Somee Slge Ly COx _2STs a5ty S 5o 4o
Sz slacle,S BSeis an jomie 0y oo Sl
Gl (Sae S S5 e ddlie (cLid ialS
il e )5 olzale 5 5 Sl o
4 aily e ol 59 €O s, [FY] s I, 8
2l Ol 5 )t Les ool B0e; sla T
L ea S s a S c il (3 S o sa gl
Silme S Glie 5 55 cilop slasjl ol ol

LOF] 540y aalgs COs

3Ll ol s o g Ko g9 U

J{ g g
@S = ey =B 5l (e S g9
CO: G,y aawlgas 55 cslsp sloosl ol )b
ul_:).> J_z.l.?r...a dl_.bé o VJ}Q_M; 4 CO2 ‘YL:
Se—ii dlgl S Sowanle il yo (Jlie
5058 el ploay szl g 00— y50g35x CO:2
4‘5.;_:.09)50 GLQ:&._MJ 03_334.3 ‘4_>L..:)5 u)L?{.o o

Methane Adsorption (mg/g)
B
o

72

70
60
50 48
30
20
10

o

50

™ Calcite
= Dolomite
35
23 24
I :
100 150

Temperature (°C)
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cite and dolomite at different temperatures.
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Table 2. Comparison of the effect of reservoir rock type on the EGR process.

EGR ail 2 5 55 Siw g5 30 anglin ¥ Jgos

Reservoir Rock Type Impact on EGR Process
High-Permeability Sandstone Facilitates easy CO2> movement, improving methane displacement and sweep efficien-
ey [30]
Low-Permeability Sandstone Restricted CO: penetration, leading to poor injectivity and potential gas entrapment
[30]

Carbonate (Dolomite, Limestone)

Potential for geochemical reactions (e.g., dissolution/precipitation) between CO- and
minerals, which can dynamically alter permeability [47]

Coal and Shale

High CO: adsorption capacity, but often accompanied by matrix swelling, which can
significantly reduce permeability [27]

Unconsolidated Porous Sand

Behavior highly dependent on grain size and distribution; susceptible to fines migra-
tion and CO- channeling effects [55]

CO, / CH, Adsorption Selectivity
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Figure 6. CO»/CH4 adsorption selectivity on kerogen models as a function of pressure changes.
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Figure 7. Changes in the longitudinal dispersion coefficient (KL) depending on the salinity of the formation water in CO/CHa
displacement experiments in sandstone cores
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Table 3. Effects of water salinity on CO: injection into the reservoir
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Water Salinity Level

Impact on Enhanced Gas Recovery (EGR)

Low Salinity

Increases CO: dispersion (fingering) and reduces injection control [59]

Medium Salinity

Improves CO: injection stability and reduces risk of early breakthrough [60]

High Salinity

Can cause pore blockage and a significant increase in pressure drop [60]
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Figure 8. Methane gas recovery factor as a function of efficiency ratio in different simulations.
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Table 4. Comparison of the advantages of each carbon dioxide injection method
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Injection Method

Advantages

Disadvantages

Continuous CO:
Injection

Rapid increase in reservoir pressure and improved
methane recovery [43]

Early breakthrough in high-permea-
bility reservoirs [53]

Simple operational structure without the need for com-
plex reservoir modifications [54]

Reduced methane displacement
efficiency in heterogeneous reservoirs
[28]

Water-Alternating-Gas
(WAGQG) Injection

Reduces CO: mobility and prevents its early break-
through in the production well [44]

Requires precise management of
injection ratios [44]

Improves reservoir sweep [54]

Requires precise management of
injection ratios [44]

Supercritical CO2
Injection

Increases gas displacement efficiency [28]

Possibility of rapid CO: escape in
fractured reservoirs [63]

Reduces CO- flow resistance and increases methane
displacement power [62]

High cost to maintain CO: in some
reservoirs [51]

Reduces the likelihood of liquid phase formation in gas
condensate reservoirs and prevents pressure drop due to
condensation [51]

Water+ CO: Injection

Combined Carbonated | Increases CO: stability and reduces early breakthrough [44] | Lower CO- storage compared to other

methods [52]

Prevents rapid CO: breakthrough to the production well
and reduces gas separation costs [62]

Requires precise management of
injection ratios [44]

CO: Injection in Coal
and Shale Reservoirs

Increases methane recovery [27]

Reduced permeability due to rock
swelling [27]

Long-term CO: storage [29]

Reduced CO: injectivity in very
low-permeability shale reservoirs [29]

Potential to increase methane production by up to 150%
compared to other methods [64]

Table 5. Optimal selection of CO: injection method based on reservoir type and conditions

O bulyd g g ulal  CO2 &) 5 by die DLl B Jgur

Injection Method

Most Suitable Reservoir for Injection

Continuous CO: Injection

Low-pressure reservoirs [45]

Water-Alternating-Gas (WAG) Injection

Medium to high permeability reservoirs [53]

Supercritical CO2 Injection

High-pressure reservoirs [62]

Combined Carbonated Water+ CO- Injection

Reservoirs with high risk of rapid CO> migration [43]

CO:2 Injection in Coal and Shale Reservoirs

Coal and shale reservoirs [27]
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Table 6. Classification of conventional and unconventional reservoirs and the role of CO: in the enhanced gas recovery process
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Reservoir Type Category CO: Application in EGR Challenges
Sandstone (Porous / Low Permeability) | Conventional | Increased gas recovery through | Risk of early breakthrough
pressure maintenance and meth- | in high permeability reser-
ane displacement [30] voirs [30, 55]
Carbonate (Limestone / Dolomite) Conventional Miscibility and reaction with Permeability alteration due
minerals to enhance recovery to dissolution and second-
[47, 48] ary precipitation [48]
Depleted Gas Reservoirs Conventional Superecritical injection for safe CO: channeling under
storage and enhanced recovery | heterogeneous conditions
[28, 29] [30, 54]
Gas Shale Unconventional CO: adsorption, methane Very low permeability and
release, and long-term storage requirement for hydraulic
[27,29] fracturing [30]
Coal Unconventional | Preferential CO: adsorption and Matrix swelling and re-
methane release [27] duced permeability [27]
Gas Hydrates Unconventional | Molecular substitution of CO- Sensitivity to temperature
with methane in the hydrate and pressure and risk of
lattice [46] hydrate instability [46]
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