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2.1 TOUGH2 & 7 4
TOUGH &_Transport of Unsaturated Groundwater and Heat(2-4x -

BOTORIEZ BE BB OE T HER 0 S B AR T L L pEA
%A% 2. Lawrence Berkeley National Laboratory(LBNL) - gt =t 43" &
AR920 4 > A2 ematd - XL "‘,ﬁé\;i%*Z Ak 3B ZERZE YR
A HeYHEALCFAIIERAERFL AR H Y 3 RA 0

% 1 TOUGH2 2% 78 5 foBt M Fenf * w0 {8 fd 3088 5 5% 2

=i

A R wigEp R _TOUGH2 A #H B 45 4= o
TOUGH2 3 TOUGH #z5% enfd x4~ » % K- 2~ - adfe
ZRFIVAHIAE Y 0 5 Apin(multi-phase)~ ke 4 (multi-component)

% 2 %8 (non-isothermal) sk ik 2 #  ## chdic B izt - 2 4

4e @] 2-1 #7570 o

What's so TOUGH?

TOUGH: Transport Of Unsaturated Groundwater and Heat

multidimensional 1D, 2D, 3D
multiphase liquid (aqueous), gas, NAPL

multicomponent water, air, VOC, radionuclides
nonisothermal heat
flow and transport multiphase Darcy law

fractured-porous media dual-) , dual-k, MINC, ECM

EOS: Equation-Of-State
Accurate description of thermophysical properties

B 2-1 TOUGH #& ;" 1+



2.1.1 TOUGH2 $ic#8% B &2 s *

TOUGH == £ & d Lawrence Berkeley National Laboratory # 80
£ A E B F N o B L5 MULKOM » 2 2 E 4@l 2-2 #7157
BN e At S Apin s F e a R R e R kg
A TOUGH 2 {2 4 57 TOUGH2 R £ ** MULKOM &4z 5% S5 B 4 @
#o 1201990 & 2 {1 B 7 a4 e EOS ficke - TOUG2 i

®AFEARE B L > 3 B TOUGH2 i * 473 4p % /& i£ » TOUGH2 =

N

FIE e © AAZE 30 B B 7 300 B i HE - BNE i 2
FAL BT o Y Ak #1 42(Geothermal) i S
(Nuclear Waste Isolation) ~ 7% 3 3% 42 (Environment) ~ = # {* g 3175 (CO2
Sequestration) ~ ¥ %tk (Gas Hydrates) ~ -k ~ 753 (Hydrological

cycle)...... % AP B REE 0 4o 2-3 HTT o

TOUGH History

1980 1990 2000 2006
| | | | | | 1 | | 1 | | |
I I I I I I I I I I I I I
MULEON O TOUGH2-PCTOUGH?2- "\«2
V- TOLGH A-TOUGH TOUGH-AMD TOUGH-MP
[MFLD A NOTS TMVOCTMVOCEio
H 0 = -PVM
EQS1 EOS6 EOSlsc EOS3nn
EOS2 EOS7 EOS3ecm EOSN
EOS3 EOSE8 EOSTR EOS7C
EOS4 EOS9 EOS9%zcm EOSonT
EQS3 ECH4 EQS16
EOS511 ECO2N

T2CGI T2CG2
EWASG TIR3D T2CA

T2DM T2LEM CLMT2
TIDMR  TOUGH-FLAC
T2INT  TOUGHREACT

ETouGH+
l l l l l l ! 1 l ! l l l l
1 1 1 1 1 1 1 1 1 1 1 1 1 1
1980 19t90 2000 2006
TOUGH Workshops I I r [
Countries attending 7 10 12 14 18

# 2-2 TOUGH §6 % & i &



Applications and Impact

TOUGH famﬂy of codes installed + TOUGH “Drksh?ps (1990, 1995, 1098)
o + TOUGH Symposia (2003, 2006, 2000)
m ~300 orgamzations in ~30

countries: + TOUGH Short Courses

— Academia + Special Issues (recent):

— Government Organizations

— Industry

ENERGY [

*  Examples of applications: e
— Geothermal
—  Nuclear Waste Isolation

—  Environmental

— C02 Seguestration
— Gas Hydrates Computers and Geosciences, Vol. 37 (6), 2011
— Hydrological Cyele Energy Technology and Management, Vol. 28, 2007
i - Geothermics, Vol. 33(4), 2004
- Code devclopmmt drlvm by MNuclear JTE'ChﬂDJ'bg_}/: Vol 16—]—[2.} 2008

Vadose Zone Journal Vol. 3(3), 2004; Vol. 7(1), 2008
research needs

) Attoxtwww-esalblgowTOUGHZ
= Strong support from active user hitpsfwww-esdilblgoviTOUGH2
c ommunity httoxwww-esd bl gov TOUGH+
httosrwww-esdibl govy TOUGHREACT

Bl 2-3 TOUGH #2% & * 4f &

EiE 3 S AZE 30 E e B oo d 2> TOUGH2 R 4G B g * > 7]
AR R RS Ao W] 2-4 17 o BT RS Bk ITOUGH2
Rl S iﬂ‘ Stefan Finsterle e & 22 > 2R % {%k BB @»
Yingqi Zhang 7 & B2 0 s i e pFe E 0 (T 5GRAR Y ITOUGH2 ehi
;&Jﬂ" » B 2-4 ¥ =7 Mike Kowalsky B % TOUGH2 &4 ;&Jﬂ" v e pF
AL TOUGHZ 722 & % 8 @ 2 - » TOUGH2 2% & 3 g >t 22k 4p
REBBER S LA TMVOC ~ # 30 F mafic s iz i~ SR e 3
Fe s 470 iTOUGH2 #2.5% > 22 TOUGH2 % & * >tk - i &
F ¥ 45 427 TOUGHREACT A28 11 2 1 £ 4 7 4 # (5 48

FLAC3D % & :7 TOUGH-FLAC #%5% » 2 5 TOUGH 72% “ #§ 4§ 5

T,
=

x_i‘
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TOUGH Developers

Rick Ahlers

Karsten Pruess Alfredo Battistelh

ta
Ch Yoojin Jung

ric SonnenthalRené Lefebvre
Aul Niemi
Mike O Sullivan
,,,,,,,,,,,,,,,,,,,, Torben Sonnenborg
Guoxiang Zhangteve Webb

Chiris Douahty
Stefan Finsterle

e T i S —

Steve White

Developer s share of licensing income donated
and reinvested into TOUGH developments

2
7
7z

g

W] 2-4 TOUGH §o% 5 % &1 &

Special Versions

T™MVOC 3-Phase multicomponent
TOUGHREACT Reactive transport
TOUGH2/ECO2N/M Supercritical CO2
GoldSim-TOUGH System-level modeling
iTOUGH2 Inverse modeling
1TOUGH2-geophysics Add geophysical data
TOUGH-CLM3 Land-surface model
TOUGH-Fx/Hydrate Gas hydrates
TOUGH+FLAC Geomechanics
TOUGH-MP Parallelization
TOUGH+ Re-engineering

B 2-5 TOUGH 2% 7% IF 42.5% i* 75
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2.1.2 TOUGH2 # it ¢ % 4
TOUGH2 &% hfihi- &~ - afr= a3 S HB AT > %4

N
N
ine

S EL AR R VR R EY DBEREREAAS > LA E 7
TRRAp IR E o B EEFEE S feR E &S IS A2 g
3 AP P e A5 58 > & TOUGH2 ,T%ﬁ_k%?t“ A RAR IS R T 0 e
B 2-6 #7ro1 > FI* iE & i ik i 474 = (Equation of state, EOS) -
T MR o e R AR Rl % E
TOUGH2 ficle it {228 Bl 3D <~ L 5E 2 5 40§ 2-6 + 2 #7170 &
- A e F T BATREE TG Rt P A & % die(primary
variables) - iz 1 £ R fcl-8 3 - T EOS #lAz50 Y > 2 EOS P ¢
{ 3% = * A gt & % #(Secondary Parameters) » 2_ {é 1 & 5 Hce?
2

FEREEL T GETIEY o NET - S F GBEERI R A

BB et FEH o @ TOUGH2 ¢ 41 & &l 4258 (INPUT %)
PR e TR A S B TR e hpiE A S e

R R A B ST 2 R M P E R

\

TP FHE ARG~ T INPUT Ak 2 e
TOUGH2 p 22 en MeshMaker & 425 2 = » TOUGH2 e 27 11 £_41

Plengs 7 Pz g A,k E o el 2-7 #77 o
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Modular Architecture tor TOUGH2

Data Input
and
Initialization

M_?- ]
Solution of | ————| Assembling and Variables Equation |
Linear Iterative Solution I of
Equations of Flow Equations Secon State
Parameters
|
i
Printed
l Output
|

"EOS-Module"
F] 2-6 TOUGH2 £ 4 &

Examples of Voronoi Grids

13



2.1.3 # f& = #2(EOS)

TOUGH2 chZ g & d & B 7 F BIAR #TR = > @ {305 B 42
KR FET D PR AN E TG i o 4P E R i
K ALt it - TOUGH2 £ 7 EOS B4zt oie 3 2 vt > H bkl iz

i A Rple o TOUGH2 #2353 % fr 9 EOS fice 4o Bl 2-8 #1771 o

Equation-of-State Modules

« EOS1 - water, tracer, heat

- EOS2 - water, COz2, heat

« EOS3 - water, air, heat

+ FEOS4 - water, air, heat, VPL

+ EOSS5 - water, hydrogen, heat

« EOS7 - water, brine, air, heat

« FEOS7r  : water, brine, RN1, RN2, air, heat
« EOSS8 - water, oil, NCG, heat

« EOS9 : water (variably unsaturated: Richards’ equation)
« EWASG : water, brine, NCG, heat

« ECO2N : water, brine, CO>, heat

« T2VOC : water, air, VOC, heat
TMVOC : water, air, nVOC, nNCG, heat

B 2-8 TOUGH2 #2.;% 7% e17 | EOS #icie
d Bl 2-87 s & FenEOS BlAZN o & p 347 Fin g
SRRE - H 0 EOSL 5 Ak kPl o 7 HRCK £ % B 7 B bk b
@6 EOS2 % Koo § (AR & chirie (i * *0 % 4 6 ) EOS3 %
Ko §R & it EOSAS 4 okfos § iR & thfiinie 4 b b i
3 f > EOS5 % kfrd § 8 &t » EOST RISk ~ dpk itz 2 5
R enfiie s EOSTR %k ~ #pk 12 2§ & il » F bR 4ot

14



B fBrst % o EOS8 5 k3 W ORARE WA G A02 AR e EOS9
Alig * 3t 4 Richards = 47 ehée fo- 2848 fo-K i fic 2 » EWASG B 5 i
Yo fE A AR > R SR RRY B T v RSEF
B 7 KRR IR iR R0 2 AP B R iR S Thlcenec g
v B AR e T R EH R F R l%%] AT RBFER
W2 FFREHE T P EOSHE > » PUEERZRE FH 2T
£ iﬁﬁiﬁ%mﬂiﬂ T “f gtz ch 3 EOS fi-ie it okt i 4K
- s> & TOUGHZ e sy @ 7 & £3 sfle cnk g 3
R HZ T oom 3 F REFFH B RN AR F R I
et Ll B A R o
2.1.4 TOUGH2 ﬁ.j > g 5\
TOUGH2 # * £ % cn FORTRANT7 33 %% » ¥ 1 AT R e
L 5B HFdo- S PC-MACH 2 E 1 ivxbp ¥ o R &G &34
NIRRT Sl 0 AT HRAR S B fj,ﬁu,u 25 A e TextPad =r
AR MR E T B SIS M PTG ﬁi%J o = azk4
2 0 bldeldEF P @ PDIFFU” & £ 5 B el dc ik
(diffusivity) > "INCON” B % £ 4F 2_5 & e~ 45 iF 2 (intial
conditions)...... 5% oA TOUGH2 BT Sapg pd 7 X341

RAEx R 2B A § AR Z BT > @ XTI B

AEREEFRE ~ Bt A EgF o 3F 5 TOUGH2 oz | ﬁ}—k
Flotm EFHEE N3 L H B afes > 4o iITOUH2(F w2 ) »
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TOUGHREACT(i* # 5 &) ~ TOUGH-FLAC( 4 #)...... %

A

&

A

% :

— A

* 2 N iR

4o B 2-9 #7 o

e

¥

o d o H A B FA 4G R R B S ki g
3CORAE AT SR A~ SR T L A0 T Rt g b

A B~ AR K Ao 2-10 6

TOUGH?2 INPUT FORMATS
EEVLE T N , " y : e ) i
{06 v et et o B e, AT T T P S DT U I Y ST RS TSP D
MAT | NAD DROK | POR PER (1) PER(Q) | PERG) CWET SPHT
COM EXPAN CORY TORTX GK XKD XKD4
RP | RP (1) RP (2) RP (3] RP (4) RP (5) RP (6) RP(7)
©p cPin P (2) P 3) P ) P (5) ) o
Ll L L 1 ' . | L Ll ' 3 ' Il 1 1 ' 1 Lol i1
muLTe T Nl AT 5 4 3 T IR i 2 BN
Nk [ NeQ [ e me [NKNT
wpronal - 2 " . - 5 - -
START "7} WHEDY TrEEy iy ey FTIE R
% { M()!’:\‘1l‘.567h"llo|‘211‘56789l0|T!l‘ i i X A < : %
PARAM ! ) . " 3 0 o 7S 3 t ¢ i 4 '
TE| 2 o A
k[\;\h\’i‘:/l" I'f‘“.CIM KlMC\l:RI ! M(.)"“)f 1=1.24 ' ! 'IE?(P 1 B-E [
TSTART TIMAX  [DELTEN o NDLT|  DELTMX G REDLT SCALE |
DT (1) OLT (2) DLT (3)
Ll Ll 1 | 13 ] 1 1 1 Ll L 1 L4 Ll
MmN
. . e et O e
ReL | k2 U [ wor WNR DFAC
B ; P } et / . . I
., DEr() | DEP(2) . DEP(3) L
‘opmonal - - - - 5 - - vd -
i ISOLVRE, T iy A % AOREE PR : 2 By
meocs Nl o] [ Rvax | closur |
Zooss = b X i i i i y i i i PR
e 1 ; s . s e . . . L
[RPCAP,_ | ) A L L | 2 R
IRP RP (1) RP (2] RP (3] RP (4) RP(5) RP (6) RP (7)
At e i ; Ll ]
IcP P (1) Pl P ) CP (@) P G5l CP &) e
El‘ MEl 1 'l 1 ¥ .7 ' | 21 Il "l L ‘Ji ’1 '417 | ‘)I .I "l 'I 'S 7] 1 -I Il ﬂ
8 0N G 2 O O OO NSO OO0 OO
N R A SR R s i o Ta N
. . . 4 - . .
O e e SRR 0 e ]
w ] wa e nseq [Nap1 [napz [isor | o ] 2 BETAX | siox
T - T,
GENER T e e 5 b L A oy 9
eL [Ne st Ns| nseQ [naoo | naos | s | Jrveeff] ox : T
FID F102) 11 (LTAB)
R AP P B ; TEETY . it i IR AT A
P bl Pivirad w n n e i A
3 F3(2) F3 (LTAB)
B A/ U PRI Tl i AT W7 TEREY} R kil PR P
A LAl Ll 1 ded 1 Lol I Al i Al 1 Rkl 1 i L 1 i 1 1 1 4
P R - - - - - . 4~ - - - - - - - --9 - -
U188, e e TR T T e e vy AT R PR 8
EL [Nzl NSEQl N»\l)l)l PORX
1 " L s Ll L Ll i) Ll I 1 L4 T LAl | Lyl L 1 ' 1 Ll
X1 | X2 X3 X4
LAl L1 L L1l Ll LAl LA 1 Ll Tl BT | 1 L s 1 1 L1
INDOV ) PR T T H P ST & i TN 5 % % R
X1 X2 X3 l X4
Al 1 i 1 1 Ll Ll Ll L 1 1 NI A il A A ' LA Ll
DT T R T i S § 2 i Ty
Toptionati) . 2 . 3 . 3 . 5 . 6 N 7 . - g
Dll Frl}l 1 1 VIR Ll . Ll 1 '} | 1 ADI 1 P 1 1 1 1 Al L
FODDIAGIH, 1),[1=1, NPH
FDDIAGA,2),/1=1, NPH
vty A S [ 2 Sty x . -

i

B 2-0 TOUGH?2 i) » $4 5% b
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Keyword Function

TITLE one data record (single ine) with a title for the sinmlation problem

ifirst record)

MESHM optional; parameters for internal grid generation through MESHMaker

ROCES hydrogeologic parameters for various reservolr domains

MULTI optional; specifies mimmber of flmd components and balance equations per
enid block; applhicable only for certam fhud property (EOS) modules

SELEC used with certam EOS-modules to supply thermophysical property data

START optional; one data record for more flexible mtialization

PARAM computafional parameters; time stepping and cONVeIgence parameters;
program options

DIFFU diffusivities of mass compenents

FOFT optional; specifies gnd blocks for which time senies data are desired

COFT optonal; specifies connections for which time senes data are desired

GOFT optional; specifies sinks/sources for which ime senes data are desired

RPCAP optional; parameters for relative permeability and capillary pressure
functions

TIMES optional; specification of fimes for generating printout

*EIL EME list of gnd blocks (volume elements)

*CONNE list of flow connections between gnd blocks

*GENER optional; list of mass or heat sinks and sources

INDOM optional; list of mtal condihons for spectfic reservoir domams

*INCON optional; hist of mitial conditions for specific grid blocks

NOVER optional; if present, suppresses printout of version numbers and dates of

{optional) the program wmits executed in a TOUGH2 nm

ENDCY one record to close the TOUGH?2 mput file and imtiate the sinmlation

(last record)

ENDFI alternative to “ENDCY™ for closing a TOUGH? mput file; will canse

flow sinmlation to be skapped; useful if only mesh generation 1s desired

Blocks labeled with a star * can be

vided as separate disk files, m which case

they would be omitted from the INPUT file.

@& 2-10 TOUGH2 %"Ua\ﬁg?l S &
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2.1.5 TOUGH? #i22 > (R B #5% §* b f31)
BT 5 R ENRALE ALY P 0 ¥ R el T JR
R U i)+ 8 40 % TOUGH2 071 2 > B 2-11 5 TOUGH2 i S
PR M- FERR LR FRFEE I R A EE D
BB T
Problem Description

Background Infiltration

Infiltration Test constant
(time-dependent) f 1 J J Atmosphere
L I 1 I .I . T
=1 ! 1 .
) Filll Layer
| . : == Vadose Zone
el Y -
£ 5 : 5 .
] . ! ] 3
' - Saprolite
oF 1 1 1 ! 1 ] ] i
et Aquifer
. i . . . . . . ! .
w0 2 3 4 5 8 7 8 8 -
Distance (m)

Bl 2-11 TOUGH2 % % 3% 5% it R & &
GRS R VR A G PatA~H & 8 B3R 0 AcifideT
(1) Part A-- Mesh generation
- B4pk it * MESHMAKER # 2 Mesh #% > 2 % ¢ 42
ELEME % CONNE blocks -
(2) Part B--Material Properties
F1* TOUGH2 =i B4 -] 42.5% AssignRock :& {7 material property
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2% T #-A 4 cmeaterial 2t ¥ & ROCKS block 72 = » ¥ p # 4
material name < ¥ % %% < ELEME block z. p -
(3) Part C--Boundary Conditions
* g B4 o] A25% AssignBound T o~ 4 R K EE T iE E 0
Dirichlet boundary condition ¥ 12 41 * 2 :z 4 ©_ELEME block 2- 4 #
% 1.E50 keif=:f R ifiank 2o
(4) Part D-- Background Infiltration
d RO IE R 2 F BB T 2 % % (constant infiltration
flow) 5 # # i£ & > §1* GENER block % #_% i p¥ =i infiltration flow
(5) Part E-- Initial Condition
F1%* INCON block 3% 2 # & i85 o e~ 45 0% i+ o
(6) Part F-- Steady State Infiltration
7 TOUGH2 2 EE F F 2% E I EFRUEM NG E > T ik
gL % 1T L1850 infiltration test e4 4 0% 1% o
(7) Part G-- Infiltration Test
F1#* INCON block #-Part F 2 24 0’ % i® % Infiltration test =%~
415 > £ f1* GENER block 3% = - i 4% 2 i~ ¥ & constant rate
infiltration > ¥ 3 (7@ #F DL % o
(8)Part H--Problem Variation

i¢ * EOS3 #-4 # |3#5% 2t ¥ % non-isothermal flow sk /= > &
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1395 Part A~Part F e v jE 7 Bl 2-12 2 & {r R & 7 B2 5 %
Bl 2-12 5 139534 7 TOUGH2 25 E 7 F F 2% 2 1 S AL Pk
gl ket B % 0T 5 8 4 infiltration test e 4 iE 2 > B 2-13 5 19
BRGNS ETSERRI IS R P REF LU

Water Saturation Pressure (MPa)

Two-phase
conditions

Sa < 1)

£ £ 10.13
£ 5=
= 5 0125
3 3
Single-phase Det&
conditions
(Sa=1)
2 4 6 8 2 4 8 8
Distance (m) Distance (m)

Bl 2-12 % B # % 4E i P coinfiltration flow chée {o & 4 i+ B

Water Saturation Water Saturation

'
-

Depth (m)

Depth (m)
© @ N & &b A b N

L
o

Distance (m) Distance (m)

Bl 2-13 %% 3% 7 F P &5 cninfiltration flow s {o & 4~ i+ B
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Wy PartF 2 2% {731 PartG ¥ F W 2-13 2 % » ~ % 5

B 15 0.5 % fr2 % A F A5 4R % 2 1 2D Bl & BT (4
i FEREM) FiE IR S(E* 5 1)R4cB 2-14 #r7 o s % EOS
il - L e EOSY #c i EOS3» #-4 # b8 5 4t # 5 non-isothermal

flow » #4 {7 Part H 15 % % 4o 2-15 77

0 days 0.25 days 0.5 days 1 days 2 days 64 days
? ¥ ¢ 3 1
b 3 S b
1 q ol o) [ @ )
¢ /‘ \E' lgv (‘g _|.
‘ < ¢ p &
) N o) & &
-2 J\\P (dé ';‘ -\h \}-‘
Y 1 T
A (P l.? 0] [0)] n;}:
E (18] [0} @ O (0]
S D 4 o) o q
S 31 0 1 o] ¢ &
% (ﬁ :zf @ [} 1)
=) q @ o) }, ?
(] @ @ o)} (0]
g 3\\ & & ;\ 1 &
\*_‘ \? 0] & \
\&A. \)\ e @ x: ):3‘
51 e . e - o] o] e
| o 9 o] (o] ol
) [} @ (0] ]
() o) @ (0] ¢
_ i l ; D ; @ (0] . l
0.5 1 05 1 05 1 0.5 1 0.5 1
S S S S S
a a a a a

B 2-14 % F p &pF 7 T infiltration flow e fo & & 17 B

Water Saturation Water Saturation

Depth (m)
Depth (m)

Distance (m) Distance (m)

Bl 2-15 = % EOS #- & ervinfiltration flow hér o & 4 1% B
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2.2 I TOUGH24% 5 H jix
ITOUGH2 4 47 #it3 & #5785 ¥ i3 3+ (parameter estimation) -

AR 14 7 (sensitivity analysis) {7 #2124 $7 (uncertainty
propagation analysis) % - iTOUGH2 4 47 HiF & A > k2L 508 % 4p 00
w3t el A E 7 5 9 TOUGH2 Eﬁﬁirﬁ & o ITOUGH2 = 7 &
*Ri4ET S (L) T fR S Apinae BB (2) AR AR E e
@fﬁﬂ PORES IUag F A T > T 2 A R % 0 TOUGH2 #23) (3)
AR TR L Bedpd A0 R (4) O RSl G fox
Fof#z g% 5 27272 (5) i * iTOUGH2 & 5 # it
EIE o T RELH ITOUGH2 es it ~ B ~ ?—H# SRR T
Bz Ao
221ITOUGH2 # st i S B2 R *

ITOUGH2 ¥ - B ¥ # & TOUGH2 78 & v & it 4 a0 "aft
X dek @ AriE o TOUGH2 % ke fiki— &~ = fo= 53 & 4
BAR? > Sqpins § ek 2 2250 ki 2 £ 2 EH OlicE R
;90m ITOUGH2 ehi & p enp| 8 % p # et TOUGH2 #-3] en7 54
IR R p S SRR R R S R
SRR M N RE 2§ BRI R R T A AT HCFISE R

PREEN O RE A A F I P o

ITOUGH2 2 & 5 = fa i * #5% » T fdkeiR s ~ g it > fr
E S A A

(OF = Scxe
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ITOUGH2 ¥ #-TOUGH2 shafiy 1 ¢ 2 1% F 528 107 3 w 3+ &
AR Rl ~ Sl T Al - B D RS ficfrdo] R
2 REFR LR Ao AL LT o

(2)AT R 1A 47

iTOUGH2 ¥ * %=t TOUGH2 ﬁﬂ@?] » RBCBTE R 2 ﬁiﬂ ¥R D

3
.
3\
3\
=5
7
%
e

Er g AR U T o\ AR Lz kL PY i WL
2R R AR T RE AL RS IR
HARE R R Sl L A el g A8 -

(3) 7 F& T A 47

BoAFE R 2 lch A AR P AP P U AP EL DA A T
+ RE VT HIFRI D NT QR R RTR o

CHRBETHERNFEFRTRAL YR ORERAAPFTHRERR

SRR R BRI TR ey 0 F e SO Sl 0 T R
EAF LA SRR s A PR L A AT B
P lehA FE R TR R S enip B BB MRS R
SR D AR 0 R 1 0 A g;}é]_lﬁ_f_& it 4 &) 4@
-1#777 > FABER LRSI HINB L W FY DE G bldoffds 2
B AR R FR YRR OES PP S Sl &
PR AR ARG bldeR Y ) s pRDERE R 4K

Nl I R G o R R



3 W PEST 4 & o

rj’jr‘}) B m_@’\%ﬁ =

7 iF
Exploration

Optimization Problems in Geothermal

e ©°ITOUGH2 4= TOUGH % %4 TOUGH2 78 725 = R & #

Determine and optimize geophysical surveys

f”: £ 4§ 3-2
Reservoir Engineering
Model Calibration

Determine number, location, and depth of exploration wells
Use natural state and production data to

Determine permeability and porosity of reservoir rocks
Determine thermal properties of reservoir rocks
Optimal Design

Determine location and strength of heat source

Optimize reservoir exploitation

Determine fracture spacing and heat exchange area

Determine number of wells and well location
Determine drilling depth
Optimize infrastructure

Determine well radius

Determine extraction and re-injection rates
Determine pipeline network

Determine power plant size and location
Determine operational parameters
— System-level optimization

Minimize capital and operational costs

» Optimize staging of geothemmal field development
Determine price for heat/electricity
Maximize sustainability

Minimize environmental impacts

B 3-1 &

U

élb ] % é] mﬁ\ 13X l"'
TOUGH Suite of Nonisothermal Multiphase
Flow Simulators
TOUGH2 iTOUGH2
multi-dimensional 0D, 1D, 2D, 3D!
multi-phase liquid, gas, NAPL, solid Inverse modeling
multi-component water, NCG, VOC, RN, ... <:> Parameter estimation
non-isothermal heat Sensitivity analvsis
flow and transport multi-phase Darcy law! Uncertaintv :ula-:lvsm
fractured-porous dual-), dualk, MINC, ECM
TOUGHREACT TOUGH-FLAC | PEST
+ reactive geochemistry + mechanical processes (‘ ¥| Interface
TOUGH: Transport Of Unsaturated Groundwater and Heat
] 3-2 TOUGH2 #2%% PEST /i &
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2.2.2 iTOUGH2 % #-4 %

iTOUGH2 3 - # i TOUGH2 &/ 5 % 2 H7ch1 & > 1 fff i+
8% F » iITOUGH2 % 438 i+ ¥ 4L 5 TOUGH2 1% & 3 it » 4clf] 3-3
“t7% > TOUGH2 4 # » BRI 58l ® 1 v ik S W 3 &3

g Euk AL o ITOUGH2 Pl F i ki@ % B Rlen i sk i F w7 1 5

Bldefed T30 02 M BREOIVEFAFEFFF S TP LR
B v s RIS FFRTFIFRAEL P FRE RS
id BRle R SUR v R R kS dogt 3 ST ERIES R

P eE RE N R HT R Sl RS R RS S AR

Forward Modeling

p* contains # measured parameters z contains calculated system response
(prior information) at i calibration points

Measured > Forward Estimated
parameters I model :,; system state

Estimated <: Inverse <: Measured
parameters model system state

(7 = ..2) S[enpIsSal w SUIRIUOD A

p contains » parameters z* contains observations
to be estimated at m calibration points

B 3-3 & w2 F wiE {7 &
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B & F w2 iAo P o lic- B DA LR R B g
Rl FA AT ERLAYT > LR d G s fE fI* R dait

12 g ds i A dreh kBB B

Inverse Modeling Procedure

measured estimated

True system _ _
par. ameters parameters

Data

Forward model unknown, forward stopping
)l true system S =

Inverse model behavior model criteria

measured calculated
system system
response response

best maximum residual and

estimates likelihood XIB error
t theory analysis

Bl 3-4 F 12 i 2B 7 1,
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R R AR 5 - AR B T A S 10 B

CECARA T B - T A7k TR Aenli 0T
2. FAUCER T ER I

R N EE A A SRk

4, e 8L A BB R TR (THERD BGRERE

8. Bl i EE T L ATHELF P RSk
O feacthi 2 HAHFO-HAE I IR WILEPRE R R

1034 A LA I ALAFE I ot

2.2.3 iITOUGH2 ﬁ.‘] » B N

iITOUGH2 5% 8~ B A & St aengz 4135 > & 1 command(#
)4 B e s K fRze o SRR S A R R e eh B B 0 Blde 0 ">
Z 7> % = K ehcommand s @ & B command » 3 ¥ 1k {3z H4e
"< ATl % = K command w R R - K o X R B AR
AT oA B o Mr‘ v ¢ 7 AhAmacommand B 2 gk B

SV N 3-5 Hrom o
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Command-level marker command keyword keyword

>> number of points in TIME : 100 , EQUALLY spaced in MINUTES
colon data
command-level mput continues
marker colon followed by alphanumeric input on next line
>>> CONNECTION: AA 1 BB 1 AA 2 BB 2 AA 3 BB 3 &
1 CC_60 cCc_61 + 8 (print MANUAL page to output)
command (I 1
keyword data keyword

@ 3-5 iTOUH2 4 & .4 v
iITOUGH2 2 & 5 = ~ 2 % 5L.H ~ > B s A2 BHY % -
& chcommand 5 A W G
>PARAMMETER
>OBSERVATION

>COMPUTATION

W

>PARAMETER @ % - k& &_% &k T& $8ch 3+ ~ SR M4 47 &

AR A 47 F & vk TOUGHZ 0 S¥co % = & command P Z_

3 S Hcehugd) > ¥ = K command -7 % #cehdomain % 0 F o K

W

BIF ek = A e o 11 E F B Sl e i o

>OBSERVATION : % - & £% % % TOUGH2 #ij 1 e £ 4n

~,

R R B M 0 0 IE S AR iR o gt 2 0 R R

2 7 >

J AR BRHACES o 5= K command Pl T & E H R g 0 &

“%E

= % command &7 % #cshdomain % 0 B sk L F ki i b

mfﬁ.gfv% fm i o
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=

ETINS

>COMPUTATION: % — & command &% %:E#& & fafe ;8 fozt 8

B $ e R H] BRI S A 4T S S e 4 E F e
M o §3-6 5 ITOUGH2 fij » S 8icini & %4 » = 4258 B o &

> PAFRAMETER
>> specify parameter type
>>> specify parameter domain
>>>> provide details
<<<<
<<<
<<

> OBSERVATION
>> gspecify calibration points in TIME
>> specify observation type
>>> specify location
>>>> provide details
>>>> provide data
<<
<<<
<<

> COMPUTATION
>> specify various program OPTIONS
>> specify CONVERGEnce criteria
>> gspecify parameters for calculating JACOBIAN matrix
>> specify parameters for ERROR analysis
>> specify OUTPUT formats
<<

] 3-6 TOUGH2 #j » % #ichi & % 4

> PARAMETER
Example

> PARAMETER
>> ABSOLUTE permeability

>>> MATERIAL: SAND1
>>>> LOGARITHM
>>>> RANGE: -14.0 -10.0
>>>> INDEX: 3 (vertical)
>>>> initial GUESS: -12.0
>>>> standard DEVIATION: 0.5
<L

B 3-7 PARAMETER #25% % 3. # &
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> OBSERVATION
Example

> OBSERVATION
>> TIMES: 100 LOGARITHMIC MINUTES
1.0 1440.0
>> GAS FLOW RATE
>>> CONNECTION: ABC99 OUT99
>>>> FACTOR: -1.0
>>>> RELATIVE: 10%
>>>> DATA on FILE: ggas.dat
<L

® 3-8 OBSERVATION #2 3% % 3. = &

> COMPUTATION

Example
> COMPUTATION >> ERROR analysis
>> program OPTIONS >>> ALPHA: 95 %
>>> LEVENBERG-MARQUARDT >>> MONTE CARLO
>>> PEST <L
<<< >> OUTPUT options
>> STOPPING criteria >>> SENSITIVITY matrix
>>> ITERATIONS: 10 >>> TECPLOT
<< >>> MINUTES
>> JACOBIAN <<
>>> CENTERED <<
>>> PERTURB: 1 %

<<

#] 3-9 COMPUTATION #2 5* % 3. 4 &

2.2.4 ITOUGH2 F »2& #(CO2 -;élgg_ﬁg )
{6 X ITOUGH2 sgAz ® e % 3 ﬁﬁgﬁjﬁﬁ@ﬁ,%ﬂ o e
r‘f’?%f;;fgg i%%ti‘f |TOUGH2mJ ﬁq;’ \:} "/\1'?‘.& j\ ’—" Lgll\i']'—]_'}lzﬁgiﬂ

FXP) 2P PPy AT MY AT A F R
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A S b0 R fRITOUGHZ 4o ie i = 285

B
012
\_
o
-
(w
hpa)

5 ] 3-10 5 iTOUGH2 i S 17 & Bl °

CO, Injection Test

+ CO, injection into saline aquifer,
displacing brine
* ~ 200 tons of CO, available for testing l
* 1 day of testing time
* Injection well: element 1 1
* Monitoring well: element 1 98
« Similar to sample problem described in:
ECO2N manual Section 5.2, p. 28 T
* Input files: &
— Directory: 1TOUGHZ2_SampleProblems\CO2 ..‘?.
I

c
o
=1
3,
=
g

Monitoring Well

— TOUGH?2 Input File: co2
— ITOUGH2 Input Files: co2pxi
* Design CO, injection test for the estimation of
formation properties relevant for CO,
sequestration projects

Bl 3-10iTOUGH2 = § f“ Bt » &5k b i 1 i U 0

B 3-10 #77% 5 ITOUGHR2 chjt i n & B> s s o3 £-
SF BRI TRk KRR T F LR BN Bk Y Ak R
o2 FPRAAFR2TEFRIOS kR > - F PR E
200 v » :RBR IS D B4 120bar 0 R B 45° Co okéefoR 0% 0 R Y
Peni kst o § OB S T RIERRRE AR A £
o M2 AT A4 RE R FHE AR 1 (7o B
iTOUGH2 i# {7 % % 12 TOUGH2 & 17 i % 4% » TOUGH2 22 + e

Rz 22 iR ?}ﬁiﬁ?] » Fh 4 B 4c @) 3-11 fo @] 3-12 1% o
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MESH Generation: Radial Flow

MESHMARERL ~=——# === =2 === = # = === B & gk kG kT
RZZD
RADIT
2
0. 0.10
LOGAR
400 1.E6 0.01
R T R i -
1
10.
e i I e
1 1 well 0.3142E+000.6283E-01 0.5000E-01 —-.5000E+01
T D I T R B
1 11 2 10.5000E-060.5193E-020.6283E+01
Well radius Well element: Injection: 1 1; Monitoring: 1 98

Target formation thickness = Well connection
B 3-11iTOUGH2 = § * pllii » s et = ﬁg] *

Input File for Radial Flow Problem

C02: Radial flow from a C0O2 Injection Well

ROCK3———--1--——*-—-——2--Porosity————*-——-kl-——*-—k2————*%———k3————%————F————¥————3
SAND 1 2600.=00 .12 100.e-15 100.=-15 100.=-15 2.51 920.
1.0e-09
well 1 2600.e40 .99 100.e-15 100.e-15 100.e-15 2.51 920.
1.0e-07
RPCRAP———-1--———*——3lr———*—-3gr———*%-————-4-——¥%——— 5 ———F ¥ ———%————g
11 0.30 .15
11 2.00 1.0E4
van Genuchten n 1/alpha
SELEC....2....3....4....5....6....7....8....9...10...11...12...13...14...15...16¢
1 0 0 0 0 0 0 0 0
.8 .8
sTaRT-—---1--—-—-%-—-—-2————F———— 4k § ] ¥ ————§
————%————1 MOP: 123456785*123456789*%1234 ———*-——-5-———F%————f————F————J————F_————§
PARAM-————]-———%-————2————*———— 34—k 5% %]
—-21000 99991000000090000 4 5
B.64e5 1.
1.E-5
120.e5 B 0.0 45
GENER————-1--———%-———2————%————3————%——— 4 —— k5% ¥ ————%_————§
1 1limj 1 CoM3 ol
ENDCY——-1-—-—-%———2———%————3 k4§ k¥ ————%————§

B 3-12iTOUGHZ = § sz » 35 i & Sl ~ 4
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ITOUGH2 ;¢ s ## 51 & & 5 A~D £ 4 2 H 3 > & ulbciho™

o‘b.&ﬁA:

(D337 7 B4 an@dBRikes > @ 73 » pede ~ i E {opipl
2 g2 RRGE

(2) #-plzdiEAzY BV (TR Rl R IT S 5 H

(3) TAZBLRIZ iz B ~ ERIOFRF U IR HERIFR ©

(4) 3 » % F 3t 5 % 2 >0BSERVATION #2548 %5 H ~ o

(B) 4 17— = L o g e % B T U S

# 28 A 4ol 3-13 #7

> OBSERVATION
»> TIMES: 50 LOGARTTHMICATILY SPACED
5.0 B86400.0

'l Consider selection of other observation times

>> PRESSURE
»>> ELEMENT: 1 98 is the monitoring well
>>>> ANNOTATION : Monitoring Pres.
>»>»>» FACTOR: 1E6 (convert from MFPa to Pa)
>>>> NO DATA

>>>> STD. DEVIATION: 0.01 MPa
<<<<
<<<

1t Add other potential chservations
<<

> COMPUTATION

>> OPTION
»>> perform a single FORWARD simulation
<<<

>> OUTPUT
»>>> print results in COLUMN FOEMAT
<<<

<<

Bl 3-13ITOUGH2 = 5 i BRI » 2% & A
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ﬁ.?f B:

(1) #1357 §F CA BRI 0 P 0L -

(2) %2 FEd ¥ F & Bahapipl Y LR Eyp Wiv S

(3) FgAw o iRl o Sdicde ) - A o Rl 3 o
(4) > #7F Fa+x % &£ >PARAMETER 425 & 5.8 =
(5) #-% 2 A :5>OBSERVATION % » ¥ # & -
6) uiF- TR ALT FF2HEF

# 2% B 4cF 3-14 #17

o

> PARRAMETER

»>» RELATIVE PERMEABILITY
»>>> MATERIARL: SANDS

>>2>> ANNOTATION : Resid. Gas Sat.
>>»>> INDEX RP(: 2) of van Genuchten rel. perm.
>>>> estimate VALUE (i.e., no transformation)

>>>> GAUSSIAN distribution
>>»>> initial GUESS : 0.15

>>>> RANGE : 0.01 0.30
>>»>> VARIATION : 0.10
<<<E

<<<
1! Add other unknown or uncertain parameters to be analyzed
<<
11! Copy OBSERVATION block from file COZpli here

> COMPUTATION

function IRP=11

»>» OPTION
>>> perform a single FORWARD simulation
<<<
<<
<
Bl 3-14 iITOUGH2 = ¥ g1 » 2% 4 2 B
#b.?ﬁ C:

(1) 2 = 4#25% % #.> COMPUTATION, >> OPTION f=>

COMPUTATION, >> JACOBIAN # ¢ £ $4 {7 B 3% 2 AR (24

fe -
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Q) AT AR AT S EES B LB F e REF R

o FEES B RRIATA B S fe B

(3) #c% A fdiceiiodp Rl B R (7 B
# 3 C 4o ) 3-15 #777

> PARAMETER

111 Select the two most influential parameters
(may NOT include the one shown herel)

>> RELATIVE PERMERBILITY
>>> MATERIAL: SANDS
>>>> ANNOTATION : Resid. Gas Sat.
>>>> INDEX RP(: 2) of wan Genuchten rel. perm. Function IRP=11
>>>»>» estimate VALUE (i.e., no transformation)
>>>> initial GUESS : 0.20 (changed from wvalue used for data generation)

>>>> RANGE : 0.01 0.30
>>>> VARIATION 1 0.10
<<<<
<<<
<<

> OBSERVATION
»>> TIMES: 50 LOGARITHMICALLY SPACED
5.0 86400.0

11! sSelect the two most sensitive observations
(may NOT include the one shown here)

>> PRESSURE
>>> ELEMENT: 1 98 is the monitoring well

>>>> RNNOTATION : Monitoring Pres.
>>>> FACTOR: 1E6 (convert from MPa to Pa)
>>>> HERDER lines : 2

»>>>> Time and value are in COLUMNS: 1 =2
»>>>> DATE from FILE: COZpli.col
»>>>> STD. DEVIATION: 0.01 MPa, ZDD NOISE
<<<<
<<<
<<

> COMPUTATION
>> STOP
>>> ITERATIONS: 5
<<<

>> OPTION
# >>»> solve FORWARD problem only
>>> LEVENBERG-MARQUARDT
<<<

>> JACOBIAN
>>>» FORWARD
<<<

>> QUTPUT
>>> print results in COLUMN FORMAT
<<<
<<
<

Bl 3-15iTOUGH2 = ¥ gz » 2% 4 2% C



ﬁ% D:
(DE* Lo F e iRy s (G R F K T2 2 mLE RIS
FE T A 7 (51 Monte Carlo) -
(2) & IE R 2 R By 0 FE T o
(3) :x ¥ >>0OPTIONS p % ¥ He AR ¥ 5 5 el (b4 ¢ A 4v 24
PARAMETERS = OBSERVATIONS~ i¢ * 7 [r e p f:dfic...... &) o
225 %%
i iITOUGH2 e fi A 47 ¢ 36 A0 122 4 FE LA 7 5 5 > 40
a0 RiAfRe G hP A @ SR SER - BRI
B 7]~ St 2 SERIEPB AV 1 E Ao 3-16 frw o F R0 e
FHD AR S0 BOERI D NS kY g 2R A g WAl e B &
-3 LR 7&%?%{?%?']5151%%%&%&%;%’ EEF AR
rrEAAZERT AP ARFARERFE IR EPALALE R
TREEA] s L iEd B AR B FFF B L sl BT E T

B E TR ESE 0 @ iss E_ITOUGH2 eng 4 p e o

Model + Parameter = Prediction

correct + correct = correct

correct + wrong = wrong

wrong + correct = wrong

wrong + wrong = ? (most likely wrong)|
wrong + fitted = best we can get

Bl 3-16 $-7- 55 R eBf 1%
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2% REfZR
1. ~= LBNL ##%2. TOUGH2/iITOUGH2 " Az KH PN £ ¥ F
P RIEAARFENR D F TR AT R EHFRY
MR EARM 2 3F 2 BIRE i o
2. LBNL #7F % ch TOUGH2 #2% 5 B x ;8 #7258 g » grebs f A L
BaErk* FR2ET*E RPN LBNL 234y > FF R £
RAEVIARBE R T o S LT

http://esd.lbl.gov/research/projects/tough/licensing/tough2.html

"hAZ R TOUGH2 - iITOUGH2 # 4 2 g « i+ iy,
BAdd i PadARea o

3. TOUGH2 4% & o it e 34 18 ) i3 34 eh0,% bk 5 > iTOUGH2 B
Er BRI AR F R AR R i il 2R F B
FRAFZEE ST 2ZF LSRN VT TR D
SN BR kAR w R Rt kA Aot 2 B BplE
BRFEEF RELE BT R SO PR 0 R RS
FEARITAE G 0 ¢t iITOUGH2 shar gt B4 47 % 3 7 T
ATV FIES 2 F 1V 3R IR SR enphiE L B ITIE 2 ahik
v P B B s BPE L S e i A h
IR RE B A P31~ iTOUGH2 riaes 8 5 = % 1Y st 5 4p B
PEAE RS R GG

4 5% o F ¥ 25 MRERARRAIERZ LT AP RAERER
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BB A EE > TOUGH2 & 51~ A o @ & g # v - 5 1b
B EEBAT o @ ITOUGH2 f2d-% it t B Agchst it 7 40 H
PR HT A RG] b G EEG SRR SRR 2 R

#IE Pl i:}i‘%’l& it ”); rfﬁ—ﬁgé A2 Iﬁ,}‘gbﬁi“$ i ;LAQEFFH NP L E

4"

FAg e i 2 TOUGH 352N R L B >« 74 f 2 5

P B E G B RN ADB AR T Y R
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