ot 8 &
DO-FY amivo NF+F Cuigms )l 9 cx1853,8 N+ 6 lod g,&_,f{. apg Allio m

o (s 5,9l 0 pi; drwgi doliogsg

b S llome OVl <SCnlsd iy ¢
390t (i ) 3 ) (S IO 0> gt L
IS (8309 ¥ Sl 03 Sl slio o

ﬁsr"é‘m ples 9 ‘6)i.a| Ky
Olnl eyl ol ¢ g8 (EASails o cand (swdigee 0aSLLSlS (i pwiige gl )

R e R ST e A T SO ST S| WY JUEL L
AR VERVAR e SR gty VEYVNY il o &6

EXVOCS

A 3 SLy Ca s ST pleed Gig s Sl 09,5 S Sl | Sy slaiss il an it s ey il S
g ol 5| i A g0t Sl mslie LS8l 58l g S 5 el a8 S 8 L a5 50
3= Olyear Wigds o Szl (Sad Lo Plosl L oS (Sad gl bl plosl Jls o g0l wlsdlas
slaallbl og =g Wy b oo Ll (59,00 ol § Dol (§5lwo S (gl (SEU B slajE L (o S
S jle d yolome (FLtie la LB lw Sl 5 Woboe G5 (s ol ety 45 (o palBU Sl el - it
o)l aS 150 S dm lssior Joizme sloa oAl L 5l aS a8 (o0 95, Il L ) (55le 38 Oldee —a S o
3l b a3 (g5l 4o ;5 S 4 Slewbre SVl Sl 0,Shg, So jl eoliiwl Ly iengh ol 500,
S s o Sed )l jLsd Sl ales 5l dilites sla el o Lo ;5b ) p dy Sl oo soliiwl 59000
039 (S Lad aS 09 B jso s fol gl ol asBly 3,0 e o laie 5 gLt i5g 0 Sl 3
s lie 3 5 0l oo il (les Ll 5 5o oo (g3lme o33 anTE Jo b ol o sdS Ly aenSTen S s
ool gl jo o g e gt jlse (AT s pall A e Coled )0 a8 b o Al Gl (S5
B aile g oad (—alBl ]y aile 5 (g s pabiS pae STy S 2alS Sel 0nSTe5n S 5 G390
A oo LIS (e (2iSTy 255 (09Yb aaz gl Y glwo Ly (mla)lie (S & j50ay 0iS o0 Joe Sl

(Ol St Sy a5 0 5 ¢ 03 (6L jlio ¢y 59y (om0 ) ) (53l oD 15 AmlS LIS

ol el e g OIS i g 5 ol Aodlo
slole g as e Jlade o9 yile—iel Juld 65, 3 S e sdame g 65l S ey il
Js—ad ;0 4 S sy ol aS iy 5, Hlode SLle Jogunt

o s ) L l_,a . sedaee(@ut.ac.ir SS9 Sl syl
S 5l sl (Gl 9 b Lages) Bpca (DOT: 10.22078/pr.2024.5437.3418) - Jleumss anlet



+* & &
DO-FY aino VF+F Cougnrd ) § 3203958 VF+ 4boss &M/
k4

9= o=l slre i slacy e jlaii s 3 Ol
2ol (S s Yo, SS c8 b an e e
Syl LS e 0,8 o)L gl bt >y
Sibmmo B il ol G3gm s s 9 Yo
slagily Ly el - Sae Lagl )5 (55,0
) 09— azlge (359,000 ot Jlaixl b s e
&S5 6l ol s jeboar job (o glao i
SS9 G Ao 39 )0 g Wiloais >k IS
TS OB o=l il S o5 (B 5 YL
S g cci oy3se N Y] o e b 4 g 0
5L ) 5y 4 i Ko cons Aplss
oyl Ly 5 glas 5 ous gl sl Lo
O walos S ol 1) ey Sl
Gl cmlin g sl pogm Ils Jdods sodalss
5 Lwolz 0529 (izmen 5 Lain 59 00 5,05
ez g an ) LISl s g oY Sl
Ol 3o ol y0 8290 sl il ales S
P34 S Cl (39 0 Ly (b 515 LIS
b 4z Sl as oo 8 Sbess 1) o590
238 g S 0Bl (yilse 5o (39 0 i
o=l bl ool a8 )9 o slao o Ly 4 lie
Sl lzmes (LIS L dle LS s S,
5 S sla e N VY] el o o
A4S 358 oo Sl (Hslowe (S5tints 35k
3oy 0> IS8 oS 5 5l slodd S o
oo Sl glpany ¥ S ol i .l S
W (o325 ) (590 Sile S sl —
50 S o o2l 3|, ool g 0o e sLad Loyl
e sl b s oo el ) ot s
Ml (5980 (55 e i Ay oL S
—Ses sLalie ;3 (g 3, So s [V
Lol j sz (el S 03, S0 A S
=0 Gl S A 50§30 e SLid

el ool plosl (Sl slajles 55 (55,00

1. Salt Caverns

g3, alie

Jo—ad o Jolie jo cwl oywo,s Jlade
S5 51 8 ke (G 5 g Logas) yaoeS
ol Gilbwo i3S el S92 9o Slile &0y A
e—bin [l aslgr g0 calizes glasl 4 ol5le (55,
Gm ilmo 3 V] asal ISt ol > (6l
009wy ;o pie Jdoay o L ol
S Jlade g 009 ciw Yy cu8)b L Lo 5l
35 &5 I LY-F] 5 ls ol jomay 1, oty 65,
Glasy waid an pmie golatdl gloae LS
Jo 53 d5-ise ey Gimile )T T Aol j3 5 (S
Sl SHm e 59 6551 silme 25 5l 2l
oS o (65,1 Luolis Bllwgs (2, Sea 50
3 B g alie 09 oolit ol 5, w g
9 o—dlboo ymdyaaed aole Coowdy josd Lo
algi oo Sy (55,1 S plseas (390 55
S5l sobm a5 09 ooliiul 30wy s Laien,
5719 Y Sl (S5 571 B 0j9 =1y 50
POl sl (o 5,5 HEZ) o ozl yo
S e 0 3s,0d (5lwo w3 0] el
Sl S5 Sl 0350 9 Dl (Bl e
(5585 (S5 S i s 53 Logas 45
o9l sla ) Sal; o e 5l (56 Olged 390
o=las ol asg Jdo Ly 5 #l el oo e
S jlaze 5 (551 e 90 2 (s o By
S Ols—ea s Sl Gl O 5o,
slo e alox 5l (55lwo w35 Slap e (e 22
By e il 5 pe—b o gloojh ! S
aglio 5 0S5  leSe | o dadss
Slagile 5 Lilso LT 5l placs o ol e o
ol b o a S a5yl g, 84 amie
—olaidl GllasMe g ez ge DL (55 jaal p
29— o=l sloo i [AVV ] g8 ) o3
4 Al (o) ) Sk g S slas;l
PSRN RN B ) S E DS ISR SN

(/A0 31 yiion &dlge iST,0) ol by gll 6l ko



| ov JISVPIERE

o3ls Slmpogs asazgily [V VY] a0 olti |
6L—£M\~)f G_KN Lgl..:b)b'w Ay o L 4y oo
3529 byl St (5,18 ley—s sl 6
O4—9 o A k5°)‘9—" 5o 00— o)L.’L‘ le_ﬁw),g
dm oo it Lo,y STy sls palBL
5l DY ame 5 oa s (g0 b g S ials
«.J‘—Aﬁ'c’ A 59y (e p ) ‘_g)’L.wo):}S 6‘)—’
3‘5 G 20

s séj_?yo lsdlas )é ) A
o &)l 3 ol d 1 L slaes 30
ools idigy smsa QT S Sl 5 39,0
ol B ol o Lo )_..,l.. ol S0 awloais
SVl Ly 2STy 50 (50 S pman (S5sSz
Glwads jloslaiul L aslol jo 08 SLLS S
J=2o el sla bl 69, - e i
S olwo uzd LS‘)—.’ cwlio Lri‘"’ sla,lee ozl Je

=210 2 590 () )

STy
slolie ;o (s (ein) Hlwo S
0= Gl 2l BB Sal, S plg—ea (S
Cdyb ol LB o o d e (65,
L ol 58,5 ), 8 4 giose 05,2 b
ol S sl lie Sl 2 0 (JLa
—ob dS g0, aiile ol Sogll 04> 3
e Lo ;b 5 (59,08 (og s o 5T
g g0 Al (g3l 5135 o jo Lo STy

e Yl ol s gy

iyl cal ploul Gl dlas 51 G o
i sljlae 10 (590l (e (5 5lwe S
IIY-IL Sy DN) (PO JN - B DOW-S S LI I DV] Y
o9 5en bl sLm il Slallas (ol (s0lS
Sle gl ;o (olendsll 5 SlSagss (5390559 ,000
L F s sgtse oot 1) 039,00 (s 5lowo s
Aj‘smf ..."LA)'i _cr;“"fr" Sl i ol O—i‘
=95 Pl csloads pladil Jlad slacolw jo
Loy o ieads pls—e an ) (oloor—2555
J=les Jdoa oyl ol aslad 57, L o
3590 5l L yo YL U STy an 59,0
O399—B (o) p) Silwo S 039> 50 Slallas
)L.\_;.L% o)_i.l.c.c )‘\ QL;.,,A.]a‘ gS‘)—.’ J.al.c Oz (580
Ole—so J—alge il 51 3 5l il QT ol g
SN P WS Pt e IR U
colpopdle VA o VW] o5 o )Lil (g5lwe s
)‘ ‘_g)l_.»o)oo w..»_mw A?)L&’ l_: ‘rw."
Sl aglate 1o (59,0 (e ) (S 3lwo ud
S ilidehi 5 (g lamly o Clidod i ion o

2B iolosl Sl allas oo o wp ;5 jele Lie
S - Slas 5l (el gl o (goue g3l Jdo p—b g
0 U39 i) Silwo S sl 8
S5 Jgos Al ecul sas alosl (Ses sl i

Lg)’l_....oo).,._é-b GI_QOLS.Q P VS9N LSl—.’.‘ﬁj )’| SOz

e g cslen;wud b el glaacs 5l g0 e p) ilee S Gl S (S oy ) J9i

gsi& sl

ouls adss 8 g s oy 3bee

29 s?] 0y

b S

oS s

ok ok

oS bk

S92 5eb 9z g0

0?9.4[;

ok oS

rJ &‘)U




+* & &
DO-FY aino VF+F Cougnrd ) § 3203958 VF+ 4boss &M/
k4

(—bles bl &g 0 (Sl g (Sod oly S
Sl 500 9ls e g Jaime slaiaSly oy
3 Senlinoge 5 ples oaimsylas ) Ss Lol
i )l 0 0 S (Slles Ll B o (55 0
Cadybs o o, a8 b el a S el
5 sl 29,38 (B oSy ()
Pls (i 9 e Sl ol S (]
slesliwllo ol Jbo g (—Seelusge s
i |y Jhmw oy by S gk pgl Ly,
Llg, cds o oS Laly, 0 9 F Lasly, poms

S e gl [y alE ol o ol
%’W-(w )=0 (t)
paa—lt]+p(VU)U =V.|:p+,u(VU +(VU)T)—§;¢(VU)} o)

el Oyl > Jl el alal) sasas i £ alal,
JUal (59,0 —=5 ) &l 4_.41)5 4
aj._& J.i_.w i 6L‘2":‘)9‘a 4 d._a‘yb.o Q)‘J_}
sl a o Sglite sloo Lo Jb—w 3,5
boes Ol g (le S i) LadlS 3529 Lse
&yl Jlasl as s s alse iiSTy 5l ol

pCp%+pCpU.VT +V.(~kVT)=0 *)

‘E:AC)—W )L))_g U cuLn)t “r”..i> p sJa_g‘j) U_" )s)
P{ IR N DY SYLIN: J1 - ORPELIS L G IR BI-F )
Sl Lalg; aslol ool Sl e Q el
ol asalaly ol 009 b 0 BV a )
Dy se Sy 9 (e (5 iy ded sl g3l
Sy ooy adaly 5 &)l Ll Ll S
cble lasec adal, ol o cul Sl ahal)
2 (6 ddet oy po o ae Ddp ol sl ela S o

el | ST &0 adax R, g 52| 51 plas
%Jrv.(—z)ivc,.)w.vci =R, V)

i

FENTIUER

Gk 5l odlg oo auSlson,S 3 Lajle (0 5o
O5ey0md adgr anl 3 By ol L Bl bl slans;lw
i gloylis (gl Al sloml o2 e
S5-I IS S50t 5 O3 oS 5 00, e
5 aSleo0n S STy s ials )
aslb ;5 Sabatier i Sly ol L 4 S (y59,0 0
aS 35 b ol g ol JSis a5 ovie w09 B o
CiS g Cl A wlgS b sl ol BanT s S
Sabatier _zSly .03l co 0, ble ay |y 59,00
Sg— o ool roles ) alal, &g o

Co, + 4H, - CH, + 2.0 o)
Ol s ol Sabatier i STy o Sl s Laes
= ibess 1) Sty g0 sl L
—l2in)S90en JS—i el (g3)ly—e y0 5 00l
ddad; ooy 28Ty 25 05 VL S L
YL slales ()1 ;0 a5 05 b o0 aogi o)
RUENSPPNS U S ORI S PN EE SR KO R
oo i ishs ol il
gyl a bl sasmsyLas ¥oadal, 0, 5 o )8
iy 5 S5l (530 5 Leo b as el
Yoadaly aslol oS ool |y STy e
USRIV PRCAIEL f PRI-SUNTR W Y] P ST SO W

EH
k=AT" e *T ™
r=k[A] [B] )

G e A STy 5 ek adal, ol o
Lajl5 (Sl el R gl Jled (5,51 E, o —les
N gm ¢ ogs,l atal, o Les ;356 ol f Les T
g A sl aoains Sty la saumoylis g b

<l B
oS Gials jo Les 3B 5iciys (wyp aaY
el goae gilwad aweils ol Gad vy g
a5 Uigyomp Slwe pd b e Sl J> gl
o)l Juisl (Js Gl slasind Jolts v
lont STy g Sslindge i oo g o2 JLAK
09— (ol 5 oz (§3lwannd pili s
(o—Sad sl e awaie 5l el goly; Sledbl 4



B 5 5 ol 3o

R e o

AEY
| [~ ver
|
{
|
1 =
1.5
EMPa) jLes \E-
y
OMPa) jLis D Les
(WImMLK) 5 )1, 80,35
«IYY
Ty
e
na

(MPa) jLid
(K) Les

e Yl ol s gy

UkgK) (ple,s oud ls

2
(MPa) Lz #ias
(kg/m?) IS
-A
v
e 45
i
— -8
]
R
= “Ie¥
if
Ly
=Y
. (K) Las g
(MPa) JLas
(Jimol) S5 sl
yis
¥
i
(7Y \iF
. T
T
= A

-1-#

(MPa) =3 (K) Lea

Seoin Gilwo p>d Sldes Lalpl jo (59,008 (Sieludge s Lol ) SIS

Sl Cmo! 5l il ool 0 gl (ol Y IS
cils g By ol S8 Joe 48 050
30 el oal at e (0 -V STE 0 (5 0
L5 —Sei slaaS goaind slaanls ol
il L i oyl o T o glss o ¥
Jlosl ilmand 13 58 9 50 ol al asibe oo
il e aBly A sad atlw Jow LS 09
Sgis aliws (2,3 Ol g9 LIS 50 0l ;5003
slasslw sloas azln 32 JSb o —albl
it LoDl b oa 5o Ly 5l ne
B slad 5l oo, A TV 5 Al el S
oty 09 g0 Jol b o uSlgon S8 5,
S g9y Jloizl anSlg S 55 5 ol 052

Aol jo aS 05 b e JuBo 5 (6,500 bl
oS oyl IV el S aslogaye
oo o lad ot baolgy ol o Jomo sl il )l
ol g ot (Sl ele S 5 655 e v po
2 Jolie GisSen cnlpo 4 by e LNl
=Sl baoly; aslsl jo cwlosalin JuBY oo
o o )l awain .l gjlwad asllas
S Oygods [V7] iy cldllae o33 5 o o
ool wl Ly 5 8 o] 5 (—adu 4 S go5ae —au
30 B cnloas Al S 0,5 > b,



! F-5 &
DO-FY ambio NF+F Cliguud)l g (00,959 N+ o Lol &M/
L4

[vol Jlite iiSes culys 4 bgyye Sledb! ¥ Jgus

s, o

S s s

ely o mBga s

ol SS90 S ol 59,98
—+IVED YANTa oo . TR
o[\ Y +/+49 - A Sl
Al - +/-24 AN A 0S1 6303 ,5
- - N —IVED o
59008 (S0 1) (§lwe S Slides (gl gl DleMbl ¥ Jguar
slade bl
YAIYYx ) () ginds 8 _Sd S LIS o
Ve/FVx )T (M%) gt 5l oy (Kb Lo o>
AD- (M) (55 5 gy ol e
- (m) ol> L3
va.- (pSi) (Seos Lo adsl jLis
v (1) 9eSls3cn S 51 adgl jlade
7 (1) ST adsl Jlaie
(1) h9yse adgl oo
L

A slas call

059008 (s 25 (§5lwe yu 38 (gl (Sed jlae oo aislis dwais I oababe mhaw SSLel ¥ S

ROV RN DS S R E U 151 [PC SO SR L
joon_Aol_u‘d_’w|9w4_§Mwb
Aot o 6,5l gonaSs slal 53, S 5SS
BB (-7 ISy Lie aige olal .ccils aaless
Lyl b o ali e clo an a9l .ol sonline
5 Silmwo S bl o i e gldl 8l
s 6Lmo)5o )u) U] U_Bla)la su05_1> ‘u_w‘dj.:
plosl alblaz 090 y (o) 2 § L LS5

I o5

1. Free Polyhedron

58 3ay0md ol i 0 (S jyoty 45
LemSl6002)S Hlade ials Ly (Hg 0 los s
2o o ialS |, Sabatier i Sly 9389 Jloix!
i yof S jg—ody Sy ol g8y ol nle
STy il die (9,0 o9l 9t sl
Sy A yomie a4 S Ol g 0 uSlgon,S
Ll A aaly &5 0t 39 g0 el S8
CO, +H,0 — H,CO, 9]
sl ol slasdse sl CFD Ll e 3 S
Sgdswe I3l g, 5l eolwl Ly .o oo ool



B oo 5 s ot 3

Loy 9 b

o 4= b @lwaned oo el jlas Jls
oo alez 5l ot sLayially (59, Loo 3
ol el Buma 3dod sl 8 el e (3g 0
sl il 5l 6 aitie (o) 4 bl p3 mohy
Sy Lo ;35U LS )0 08 so azSlo i lidee
g Sy Ghms aile (lo el A STy Ce
Ol ol ol olaial o 5 2iSly e s 5 L
VSt s e )18 sbies | (3 e pos S
sl g ol o jloswe o ceyn Yo 5l (SSles
J—B 4 jebolen aas oo Glis ) (sjlwand
Gl gloul o e Yo el sval i
Lo Jobss 09,02 2 4 9 (9,02 5 29)9 Lo
B eSm Lyaabl jo 09 500 )80 608 25
2 i 28 Rl g YL oy (59 )00
Gl e s Iy e e VL slaca
3 d9—bes iSu 90 Jold jLoid Ol ol oo
Silwo 3 g9t g () oly ot 5 L o
Sl Pl Bl g—ie S90S (e
S oo A olzr 45 he Bds jlam
slage slass oad (dyme Lo Ay o 4
A g ol wlS (g e aile S S gl
Sl S g plte wsile S0 il Jos
e JLad Lo STy ol aomis o 095 o0 00953
Hlid Ol s g, b se LialS 3l Jlaae 4
el TSSO oty £ °C slad jo (Sad )l o
Ol ol (o 2 4 00l a3l Clas anas o3l s>
Job ;o Las &l ois sbcos Gl gla il )b
LT TR0y TSR SR RUSEIVS VS BES VTP PE KRS
S L

b5 5l plas o L a3l by Lo e o
Cl Syt Sy gl b e suias LS5
el Bl as eo ) e s Sk as
B ol g Les plas jo adsl by lxs o o> S
RUSEIV I W |

e Yl ol s gy

o=l 50wl eSS Jlaae A Sl a el
o=l sl ool (5,8 dgasme (e ;0 aallas
oS Jdoa STy 25 el slomege 5o
A H0 0 —aS A_Mf‘sou;; o lale
] )‘\))9_’5-).3 8y u_».o.ﬁ‘ )‘ Jﬁ‘ 09 (o) y
03,51 ¥ Jgo= yo (Sldee Loyl a by e lLedlbl
s 59, Voo ilmand Gy JS ol oa
asliey 3=, 4ol Jol 59, Y jo aS waS e
ol 80 Do 3l o 0310 0 o (5,0 APIT kg
oanliie (y59,0m sldl Ol s L5 090 oo ai
3 aadllas sl o VAL el YRYVO K L ¥AYN O
A"C g e Fe glod arw ool as i 00gaoe (4
SLag ) e sla bl oS lyiey
[Yo(] Q)J‘SA )‘)_9 )R S)9—0 P VS9N ‘r»ajs

59,08 (o) & 5lwo cs’L“L"‘c Lyls F JS""’?

lade syl

ASIE (kg/day) 39,98 &) 5
YY- (days) 39,902 55 5,5 e
vé. (days) (sjlwo >3 o

adal) O 5ot 00 (gilwo S ()59 0 Sl
AL Gle Jol po el (il o9t oo a a3 A
o Syge |y 00t 0,33 (g 0 sy 0l 4 3L
Ltie ol oo omallsl ol S o as o ), 3

caly el oleapd STy Ly LML

QH2 — nHz,remaining ><100 (ﬂ)

M1, initial
Oigd—p Jy—o Jladio p S Djgo calal) 0l 5o
|y ilme s oo Suse 5l an eailo L
S e 48 Sl (> o ol amo e ol
Ll 00 (gilwo S (NS Sy Hlabe , Sl
O3t SmheS Ly (08 sl el (s

A Fwlin YL



+* & &
DO-FY aino VF+F Cougnrd ) § 3203958 VF+ 4boss &M/
k4

Sl Gloy Gl jo Sy oy (0

Oha0aw 38 &y slal jo ce s Hlo (A

Ol ey slesl g lal 5o jlae 1o sy Jlo 51 (SSled ¥ JSCl

G ol ot iy

Yav. o

vas. |

Yao-.

var. |

yar. 4

(psi) Lz

yar. o

Yay. 4

ya.. |

T
Soe A Yeur

(days) ol

S3loo 35 e el b 039,000 515 3,55 ol ) s IS L8 g, i B JSCS

A C g8 e slos aw gl o Slgocp,S
2 Gl Les il L (S jlas ol nss .l
GV B NV 5 L S

0394 Joo sl g gludl

S )0 Sgli s a3 i Gl s o
2 G590 aile J S lals 05 2ge YL
30 Ol 05 S oo 58 e (YL slace 3
sl s Ol ol JoSw OVl w el I
anld b s ol ply e S e Jlial |, il
J—3 o 5 0816305 (039, (55lmo 53
UYL 5l e an olad slaiaSTly £5,5

CL-, )0 ’flj \ ’.<&5‘° JIG W ‘) )Li.c u_ula
250300 7y ST 60 ()8 g (590t bl

il O a5 a5 3908 Jge sladis ] sl

Seols Loy cddS Ly polos a3 (459 00

slo,lid g ozme Jloasy] 55 by e S IS L
DVl el by e o 05250 slajls 5>
STy 5150 by de glial (i s ol
GSly (i Lad ol e aS aes e f) ol
Gl DY ame (i Lid g ialS Lassias
$l— s Sl ol b
2 el Cenl Sl i STy oSy, g Sy
O 4> 0 5l 0 (39,08 (0 1) (5l oS
e A g9, 0 il aen (S LA i ols
dSleocn S 5 g aS ol S
Lo go o (i a8 Ol is 09300 By
Ole—eds e g 09— o0 00l i i e
=iz bid Ol oled 2sSTy ol Joae
Vil Gob ASly g aS e a5 ) (e
PRCEX S W AR NI [PCUOONIY- BY I T ) f
5 Ol i sla)ls S Lad ol



e Yl ol s gy

6 w

v
A
&
) =\ ]
3
A,; Y
Y
P
Z
¥
- | -¥¥
-l
—$. -4¥
T
Q53

Glizee glalos gl anSlgocp,S 5 ol

ISt e by slac JEINTY
Sy gy yip Sy gl Siled idls 0K
GalS 0955 (o 5 jle B 45 (39 0 58
il Sl VIS 5 ol (559, il jpolie
A S jLe (555 p0 e o 50 (59,00 5

U INEPYRRLIIN I WIS J{ L O P WPt

5 )0 s

039392 3B $ilwo S Loy 9,5 9 ()5 ol
YL 5 03,5 oS > YU a8 M o asy
el S ool sl asalsl 5 S o Jucal ], Las
ol el Gials s s Ly ceidS L 5 0
SIS Ele 0 ot (il glagle jo Sl s
O 0590 gLl gamime Ol y i g 09D 0
g god odaldio 59, Vo v g 59, AFA (L)
Oi9rie CulS
Slalie oo S pls—sar 035,00 Sl
6l sbis sl lie oLl a4y ailgs o b
Al sde (g Sl ilwo S
Wb oo geals ploie adg L (g0 CiS
oS A JS

ol i 59, VP 9 Gy Ol 3l ey Voo

35§ 0 5 ee ol
)\) .J—mé‘sn ul_m.) ‘) 03— )r GLAO d—w 6|)_>
38 mdbolis] s pals a s a il ials

D o i |y g5lwe w3 a1 0 59,0

Oiged slayls S jLud

T T T

Ok LSl g3 on S

Lid ol s O S0

gl 53 aaSl600,S 5 Ojgpimd A pas Lo
b adgr e 5 ol
u—“S" RVRIIA. (P X VI S SOV SV OX. S (L €
b oled s 53 (g0 A o Sl
et Bl et e Loty 5wl
2 Sl oyl Sles L5l S e 0 Js
o 0gi W13 )5 5 g ol el
SIS 5 O3 ol it o
45 0SS oo =S ol it e w5l g o0
Gl ol e lie wds 0 Ao o

WK o A g 00,

Gimal33l cama ay 2STy ol o Les 56 0l
O 059 Jleizl il a0 5 (6 mdyS 2
Lod iyl a8 &g iy 39— so (atino o
CmdeS 5 00l (35,

B iy Cdy Cemsd Sl

Slyeds 0y v oo (ol ) (gadgs (590
2 Ol dm S Hlie 0 (9,00 5B oo Jlade
Ll s ools las 7 1S o caliBee (slod d
Sl gdly ouls adl )l Oloeisgy o 7 IS8 asazgily
Oiamed CmhsS Aals VL sles L (el S
S 0 odledy e oo I8 )_..)L:u:u JERURU
039y CetesS Cblaig) g adgnl (0,8 L jlse
ES o o8 S o Lyl (g e d S
e YL ol s Yo Ca

4 90— 5B

5 59y 38 Sy 5l ol e sdae isu



of a8 a® . .
BO-FY aziuo IFF Coiigusd )l 3 (05358 NP 0 los ;M4 g} allie

Vdeerr

s flan 33 358 pn Jge 3l
e
send ke 5 B3 apn Jge i
E

(days) e (days) ol

ole) & S (Sl 58 i, 5 Jao Sl p Les 36 8 S

595 TR 00 5 e ol T ead g ol
1 : r 1
| «IF
v B
4

39, P8 0ad (5w 0o

I G 3, OFF end g yew obo; i

Sey Ve 595 AYA 00l (g5 0o

Z a3
S — O —
-

i |
o v
-
"

Oloj CbdS b (i jlae 50 (y5g 0 gLl Sl yoss aig, ¥ S8



BN s 5 6ol o3

e Yl ol s gy

f.°C

A°C

T T
AS AF

(1) 05554 uasS
O30 (i) G3lwo S 30 (59 e CekeS p Jlie slod LU A S

5 Ll (390 CphS a5 Sy Lsd Lo
S35l ol mall s (39 0 Jo Hloie
il ) TS A

2D 59y o= 25 (Solmo S 55 S jeboay ()
Iy s ey eS8 Lid S sl i
ool ol Al e i als it sLa STy
S A b yand ) g s ey Lo ol o )Lsd
DRI 0 T

oy o3l o Lo S5l gl S5 s (¥
O ygmo i 09— oo Olynss Lo (g5lwe >3
Had peals aaSleon S g Gigsime slajls oS
DS e |y S5 s il e g S
b ke slas ,sboos S jLas ol s (F
Il e sl (S Sl Las Gil3dl Ly g 228 S

DS e S el

ol a5 ol 515 o4

5 e
2 SeSlgo0nS 5 et i gl o

R A S TP e R R LI
o Jml S Gl oo o Jg Lo (O

PRI IK S N BV 1 1P R I S SR
S e S Sy i oy
5 e s Sl iy S ¢

0y (59,0 JS Y L 5L sles o 90,05 o0

.é)lo . 5 8] su

Jol> mmls 28,5 ;- o g A S g sl L
donll Olg o0 00l (my 2 Sled dmw 30 5l eas
A+ C) VL slood )3 (gt iS4 S 38
o=loyls el lales an caid (g s el
LS (e 5 ST E55 Bl e a0y
=i Hlse sles ol , Sily g o0l 7, Lajl8
9 olatdl sloasx g 39,000 (g5lawe 33 (sl
b slabes gl Jbo ol b ailioo o (8
Y it olalllas st a 23,5 5 LA s o5l
&l odwliwoas ol 4y S B Ly ol
O399 Jo—o slade g gLl o S5 lid ol s
s Gl 33 0l Jo b po pleaS
am (=l 4 Glosior (S byl )3 (g 0
OByl sasmo s Lo el )l a e a S o)
o= 4l Glwd B 4 aiiwn ()59,0 Sl (55labe
©ods gilwads jloslewl L) Bl oladlas o

S 5 o
il L L5 ol 1 (o Gimgly (50
P9y S— ply—ear Glwlre SV Sl
calize slo al)l (59, = jlre slao )—ul-’ KUY
Sl O3 (i) il S S o

00 (my L eyl gl oy 5 e



of a8 a® e s
BO-FY amino F+F Coligus ] 5 (525958 N Fe 05l ;,M,; iap gy Al

&l
[1]. Sainz-Garcia, A., Abarca, E., Rubi, V., & Grandia, F. (2017). Assessment of feasible strategies for seasonal
underground hydrogen storage in a saline aquifer. International Journal of Hydrogen Energy, 42(26), 16657-
16666. doi.org/10.1016/j.ijhydene.2017.05.076.
[2]. Kanaani M, Sedaee B, Asadian-Pakfar M (2022) Role of Cushion Gas on Underground Hydrogen Storage in
Depleted Oil Reservoirs. Journal Energy Storage 45:103783. doi.org/10.1016/j.est.2021.103783.
[3]. Hannan, M. A., Abu, S. M., Al-Shetwi, A. Q., Mansor, M., Ansari, M. N. M., Muttaqi, K. M., & Dong, Z. Y.
(2022). Hydrogen energy storage integrated battery and supercapacitor based hybrid power system: A statistical
analysis towards future research directions. International Journal of Hydrogen Energy, 47(93), 39523-39548. doi.
org/10.1016/j.ijhydene.2022.09.099.
[4]. Feldmann, F., Hagemann, B., Ganzer, L., & Panfilov, M. (2016). Numerical Simulation of Hydrodynamic
and Microbiological Processes in porous Underground Hydrogen Storages. Numerical simulation of hydrody-
namic and gas mixing processes in underground hydrogen storages. Environmental Earth Sciences, 75(16), 1165.
doi.org/10.1007/312665-016-5948-z.
[5]. Sambo, C., Dudun, A., Samuel, S. A., Esenenjor, P., Muhammed, N. S., & Haq, B. (2022). A review on
worldwide underground hydrogen storage operating and potential fields. International Journal of Hydrogen En-
ergy, 47(54), 22840-22880.doi.org/10.1016/j.ijhydene.2022.05.126.
[6]. Vaziri, P., & Sedaee, B. (2024). An application of a genetic algorithm in co-optimization of geological CO,
storage based on artificial neural networks. Clean Energy, 8(1), 111-125. doi.org/10.1093/ce/zkad077.
[7]. Minougou, J. D., Gholami, R., & Andersen, P. (2023). Underground hydrogen storage in caverns: Challenges
of impure salt structures. Earth-Science Reviews, 247, 104599. doi.org/10.1016/j.earscirev.2023.104599.
[8]. Zamehrian, M., & Sedaee, B. (2024). A comparative analysis of gas mixing during the underground hydrogen
storage in a conventional and fractured reservoir. Gas Science and Engineering, 122, 205217. doi.org/10.1016/j.
jgsce.2024.205217.
[9]. Hellerschmied C, Schritter J, Waldmann N, Zaduryan AB, Rachbauer L, Scherr KE, Andiappan A, Bauer S,
Pichler M, Loibner AP (2024) Hydrogen storage and geo-methanation in a depleted underground hydrocarbon
reservoir. Nat Energy. doi.org/10.1038/s41560-024-01458-1.
[10]. Sadeghi S., Sedaee B. (2022) Cushion and working gases mixing during underground gas storage: Role of
fractures, Journal of Energy Storage, Volume 55, Part B, 105530, doi.org/10.1016/j.est.2022.105530.
[11]. Guney MS, Tepe Y (2017) Classification and assessment of energy storage systems. Renew Sustain Energy
Rev 75:1187-1197. https://doi.org/10.1016/j.rser.2016.11.102.
[12]. Pfeiffer WT, Bauer S (2015) Subsurface porous media hydrogen storage - scenario development and simu-
lation. Energy Procedia 76:565-572. doi.org/10.1016/j.egypro.2015.07.872.
[13]. Matos, C. R., Carneiro, J. F., & Silva, P. P. (2019). Overview of large-scale underground energy storage
technologies for integration of renewable energies and criteria for reservoir identification. Journal of Energy
Storage, 21, 241-258. doi.org/10.1016/j.est.2018.11.023.
[14]. Feitz, A., Wang, L., Rees, S., & Carr, L. (2022). Feasibility of underground hydrogen storage in a salt cavern
in the offshore Polda Basin. Geoscience Australia: Canberra. doi.org/10.26186/147914.
[15]. Strobel, G., Hagemann, B., Huppertz, T. M. and Ganzer L. (2020). Underground bio-methanation: Concept
and potential. Renew Sustain Energy Reviews, 123:109747. doi.org/10.1016/j.rser.2020.109747.
[16]. Huang L, Fang Y, Hou Z, Xie Y, Wu L, Luo J, Wang Q, Guo Y, Sun W (2024) A preliminary site selection
system for underground hydrogen storage in salt caverns and its application in Pingdingshan, China. Deep Un-
dergr, eep Underground Science and Engineering 3:117—128. doi.org/10.1002/dug2.12069.
[17]. Kumar, K. R., Honorio, H., Chandra, D., Lesueur, M., & Hajibeygi, H. (2023). Comprehensive review of
geomechanics of underground hydrogen storage in depleted reservoirs and salt caverns. Journal of Energy Stor-
age, 73, 108912. doi.org/10.1016/j.est.2023.108912.
[18]. Ramesh Kumar, K., Makhmutov, A., Spiers, C. J., & Hajibeygi, H. (2021). Geomechanical simulation
of energy storage in salt formations. Scientific Reports, 11(1), 19640. 11:19640. doi.org/10.1038/s41598-021-
99161-8.
[19]. Michalski, J., Biinger, U., Crotogino, F., Donadei, S., Schneider, G. S., Pregger, T., Cao, K.K. & Heide,
D. (2017). Hydrogen generation by electrolysis and storage in salt caverns: Potentials, economics and systems
aspects with regard to the German energy transition. International Journal of Hydrogen Energy, 42(19), 13427-
13443. doi.org/10.1016/j.ijhydene.2017.02.102.
[20]. Zivar, D., Kumar, S., & Foroozesh, J. (2021). Underground hydrogen storage: A comprehensive review.
International Journal of Hydrogen Energy, 46(45), 23436-23462. doi.org/10.1016/j.ijhydene.2020.08.138.
[21]. Tarkowski, R. (2019). Underground hydrogen storage: Characteristics and prospects. Renewable and Sus tainable



B s i0l Sl Yl Saaliys sy

Energy Reviews, 105, 86-94. doi.org/10.1016/j.rser.2019.01.051.

[22]. Tackie-Otoo, B. N., & Haq, M. B. (2024). A comprehensive review on geo-storage of H, in salt caverns:
Prospect and research advances. Fuel, 356, 129609. doi.org/10.1016/j.fuel.2023.129609.

[23]. Melhem, G. A., Saini, R., & Goodwin, B. M. (1989). A modified Peng-Robinson equation of state. Fluid
Phase Equilibria, 47(2-3), 189-237. doi.org/10.1016/0378-3812(89)80176-1.

[24]. Mamdouh, M., Elsayed, S. K., & El-Rammabh, S. (2023). Investigation of the Properties of Hydrocarbon
Natural Gases Under Confinement in Tight Reservoirs Due to Critical Properties Shift. Arabian Journal for Sci-
ence and Engineering, 48(12), 16907-16919. doi.org/10.1007/s13369-023-08210-z.

[25]. Chen, H., Peng, H., Duan, J., Wang, J., Li, S., & Yang, Y. (2022). Creep behaviors of interlayers around an
underground strategic petroleum reserve (SPR) cavern in bedded salt rocks. Advances in Materials Science and
Engineering, 2022(1), 7003227. doi.org/10.1155/2022/7003227.

[26]. Hemme, C., & van Berk, W. (2017). Potential risk of H,S generation and release in salt cavern gas storage.
Journal of Natural Gas Science and Engineering, 47, 114-123. doi.org/10.1016/j.jngse.2017.09.007.

[27]. Pajak, L., Lankof, L., Tomaszewska, B., Wojnarowski, P., & Janiga, D. (2021). The development of the tem-
perature disturbance zone in the surrounding of a salt cavern caused by the leaching process for safety hydrogen
storage. Energies, 14(4), 803. doi.org/10.3390/en14040803.

[28]. Kalam, S., Abu-Khamsin, S. A., Kamal, M. S., Abbasi, G. R., Lashari, N., Patil, S., & Abdurrahman, M.
(2023). A mini-review on underground hydrogen storage: production to field studies. Energy & Fuels, 37(12),
8128-8141. doi.org/10.1021/acs.energyfuels.3c00841.

[29]. Amirthan, T., & Perera, M. S. A. (2023). Underground hydrogen storage in Australia: a review on the
feasibility of geological sites. International Journal of Hydrogen Energy, 48(11), 4300-4328. doi.org/10.1016/j.
ijhydene.2022.10.218.



Special Issues on the Development of the Hydrogen Technology Chain

Petroleum Research

Petroleum Research, 2025(April-May), Vol. 35, No. 140, 14-17
DOI: 10.22078/pr.2024.5437.3418

Investigating the Computational Fluid
Dynamics of Temperature Impact on
Underground Hydrogen Storage in Carbon
Dioxide-Containing Salt Caverns

Milad Asghari' and Behnam Sedaee*'?
1. Institute of Petroleum Engineering, School of Chemical Engineering, College of Engineering, University of Tehran, Iran

2. Underground Hydrogen Storage Core, University of Tehran, Iran
sedaee@ut.ac.ir

DOI: 10.22078/pr.2024.5437.3418

Received: May 03, 2024

Introduction

The interplay of energy and environmental concerns is
a critical global issue, primarily due to the imbalance
in electricity supply and demand. During high-demand
seasons (typically autumn and winter), energy demand
often exceeds supply, while low-demand seasons
(spring and summer) see surplus energy in the grid.
Efficiently storing this excess energy can be a solution
[1]. However, medium- to long-term energy storage
is challenging due to the limitations of current large-
capacity batteries, resulting in substantial energy
loss and carbon emissions that contribute to global
warming [2, 3]. In addition, with the shift towards
renewable energy, Hydrogen, a clean energy source
with a high gravimetric energy density (energy per
unit of weight) is gaining traction as a power source.
In addition, large-scale hydrogen storage, however,
requires considerable infrastructure. Underground
hydrogen storage in salt caverns, saline aquifers,
and depleted oil and gas reservoirs offers promising
potential, balancing energy and environmental
goals [4]. Furthermore, salt caverns, in particular,
are ideal due to their high containment integrity,
minimizing leakage risks. While saline aquifers are
abundant and have high storage capacities, they face
challenges related to hydrogen leakage due to the
high permeability of hydrogen. Depleted oil and gas
reservoirs are also viable, though the risk of hydrogen
mixing with residual hydrocarbons can affect purity.
Extensive research has focused on UHS in salt
caverns, highlighting essential factors such as safety,
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storage capacity, and geotechnical integrity. Moreover,
key concerns in UHS include microbial, hydrological,
and geochemical reactions, which they can reduce
hydrogen purity and quality through interactions with
in-situ fluids [5-7]. Computational fluid dynamics
simulations have been employed to explore temperature
effects on hydrogen storage, aiming to improve the
selection of suitable salt caverns for stable, efficient
storage.

Despite some challenges with reactive impurities, salt
caverns remain a leading choice for UHS due to their
containment reliability and scalability [8, 9].

Materials and Methods

Underground hydrogen storage in salt caverns is an
implementable solution for renewable energy storage
due to safety, capacity, and feasibility. However,
challenges arise from impurities like carbon dioxide
affecting hydrogen purity and the temperature's impact
on reaction rates within the storage environment.
Carbon dioxide can infiltrate salt caverns either
through surrounding formations, from the hydrogen
production process, despite purification efforts or as
cushion gas, reducing hydrogen purity and overall
energy efficiency. In addition, the reaction between
carbon dioxide and hydrogen, known as the Sabatier
reaction, leads to methane and water formation, an
undesired side process jeopardizing hydrogen quality.
The Sabatier reaction is represented as follows
(Equation 1):



CO,+4H,—CH,+2H, O (1)
Temperature plays a crucial role in the Sabatier reac-
tion. Temperature fluctuations can influence the reac-
tion rate and sometimes lead to the formation of hydro-
carbons with higher carbon content. The reaction rate
is described by the Arrhenius equation, where higher
temperatures promote methane formation, thereby af-
fecting hydrogen purity. Equation 2 represents the Ar-
rhenius equation, indicating the effect of temperature
and activation energy on the reaction rate coefficient.
Subsequently, Equation 3 illustrates the reaction rate
equation.

k =ATﬂe_’% &
r=k[4]"[B] A3)

Since, we utilized a comprehensive approach,
employing the Navier-Stokes equation to describe fluid
flow behavior, the heat transfer equation to analyze
temperature variations, the mass transfer equation to
assess the movement of substances, and the equation
of state to characterize the thermodynamic properties
of the system. Also, these governing equations
collectively provided a robust framework for
investigating the complex interactions involved in the
Sabatier reaction and its dependence on temperature
fluctuations within the storage environment.

The total volume of the pre-washed salt dome was 28.27
million cubic meters. Following washing, the volume
of the salt cavern obtained is 10.47 million cubic
meters. Moreover, injection and production well depth
was measured at 850 meters, with a corresponding
well diameter of 0.1 meter, determining the physical
dimensions and accessibility of the storage system.
In addition, the initial pressure of the salt cavern was
recorded at 2900 psi, providing crucial insight into the
initial conditions for gas storage operations. Moreover,
the initial amounts of carbon dioxide, water, and
hydrogen were measured at 0.02, 0.03, and 0 moles
per square meter respectively, representing the initial
gas composition within the storage environment and
influencing subsequent chemical processes.

Hydrogen saturation, quality, and recovery vary
between storage and extraction phases, necessitating
separate analysis for each cycle [8]. Since the assumed
carbon dioxide amount is limited in this study,
reaction rates decrease less in subsequent cycles due
to decreased carbon dioxide concentration. Therefore,
the initial cycle holds greater importance. The
simulation lasts for 1000 days, with the well injecting
86.4 kilograms of hydrogen daily for the first 240 days.
Subsequently, the well is closed to observe hydrogen
saturation changes for following 760 days [9].

Results and Discussion

Now, after constructing the simulation model, we
need to investigate the effect of temperature on key
parameter. Pressure changes consist of two phases.
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Initially, upon opening the injection well and
commencing underground storage, pressure noticeably
increases. Then, after a specified duration when the
well is closed, due to the introduced reactions, the
number of moles of lighter components like hydrogen
decreases, while heavier components like methane and
carboxylic acid increase. As a result of these reactions,
cavern pressure decreases insignificantly. The trend of
pressure changes in the salt cavern at a temperature of
60 degrees Celsius is illustrated in Fig. 1.

In gas mixture phenomena, each gas component has
a partial pressure representing the system pressure as
if occupied alone the entire initial mixture volume at
that temperature. Moreover, the total pressure of an
ideal gas mixture is the sum of the partial pressures of
gases present [ 10]. Changes in the partial pressure of
mixture components occur due to chemical reactions,
where reactant partial pressures decrease and product
partial pressures increase.

Well shut-in
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Fig. 1 Pressure changes throughout the entire system from
the beginning of hydrogen gas injection to the end of the
storage period.

Therefore, understanding changes in partial pressure
is crucial for comprehending reaction trends. In
underground hydrogen storage, after the injection
well is closed, the partial pressure of all components
begins to change. Since hydrogen and carbon dioxide
are consumed, changes in their partial pressures are
negative, while methane, as a product of this chemical
reaction, experiences positive partial pressure changes.
Reaction rates, as per Equations 2 and 3, are temperature-
dependent. Fig. 2 illustrates changes in the partial
pressures of hydrogen, methane, and carbon dioxide
for temperatures of 40, 60, and 80 degrees Celsius. In
addition, partial pressure changes are intensified with an
increase in temperature for all three gases. In multiphase
flow, lighter gases like hydrogen tend to occupy upper
regions due to density differences, while heavier fluids
like water settle in the lower parts of the system [11].
Moreover, prior to chemical reactions, during hydrogen
storage, carbon dioxide and water initially occupy the
upper to lower cavern regions. The reaction between
hydrogen and carbon dioxide occurs at the contact
surface, gradually reducing hydrogen mole quantity and
saturation over time.
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Fig. 2 Changes in the partial pressures of hydrogen, methane,
and carbon dioxide for different temperatures.

As hydrogen and carbon dioxide are consumed, methane
is produced, remaining at the contact surface due to its
lower density compared to carbon dioxide and higher
density compared to hydrogen. Undesirable impurities from
methane production reduce the contact between hydrogen
and carbon dioxide, limiting further methane production
over time. Temperature increases molecular mobility,
leading to more collisions and increased hydrogen loss,
consequently reducing the quality of produced hydrogen.
Changes in hydrogen gas mole quantity over time at
three different temperatures are observed, indicating that
higher temperatures more significantly impact hydrogen
quality reduction in caverns. Additionally, assuming
isolation, hydrogen quality decline over time is less gradual
in a cavern. Hydrogen quality can serve as a suitable
comparative metric for selecting appropriate caverns for
mid-term hydrogen storage. Hydrogen quality decreases
with methane production. Fig. 3 illustrates the final hydrogen
quality after 1000 days after beginning of injection and 760
days of well closure for three examined temperatures. In all
three scenarios, hydrogen quality decreased by at least 14%,
indicating an inevitable decline in hydrogen gas quality
during the storage process. The temperature's influence in
causing a greater reduction beyond this threshold suggests
that lower temperatures result in less reduction in hydrogen
quality, making them more suitable. Higher temperatures
lead to a more severe decline in quality due to increased
reaction rates and gas mixing.
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Fig. 3 The effect of cavern temperature on hydrogen quality

in underground hydrogen storage.

Conclusions

In this study, computational fluid dynamics simulations
were conducted to investigate the effect of cavern
temperature on various parameters in underground
hydrogen storage. The examined parameters included
partial pressures, hydrogen quality, saturation, and
hydrogen molar quantity. The results are summarized
as follows:

1) Generally, in underground hydrogen storage in salt
caverns, pressure decreases over time due to various
reactions. This pressure reduction occurs initially at a
faster rate and gradually slows down.

2) The partial pressures of components inside the
cavern undergo changes during the storage period,
with hydrogen and carbon dioxide experiencing a
decrease and methane experiencing an increase in
partial pressure.

3) Changes in partial pressure are influenced by
cavern temperature, with higher temperatures causing
more significant changes in partial pressure for all
components.

4) The majority of the chemical reaction producing
methane occurs at the interface between hydrogen and
carbon dioxide in the lower parts of the cavern.

5) The produced methane acts as a barrier between
hydrogen and carbon dioxide, preventing further
hydrogen consumption.

6) Hydrogen quality is affected by cavern temperature,
with up to a 4% decrease in stored hydrogen quality at
higher temperatures.
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