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ABSTRACT

The development of Enhanced Geothermal Systems)EGS
depends on the creation of permeable fracturese Gine
fractures network is created, the success of thg-term
exploitation depends on maintaining and enhancing
permeability. Sustaining fracture permeability wikpend

on many variables including rock mineralogy, fluid
chemistry, temperature, local stress field, freztstrain
rate, and the proximity of natural fractures to tllbore.
Operations exploiting little known, deep heat sesrand
low permeability reservoirs face new problems inimj
high temperature and pressure brine-rock intenastion
order to forecast the behaviour of an enhancedhgeoil
reservoir under exploitation, interaction betwelanwf heat
transfer, transport and chemical reactions must be
evaluated. For this purpose, coupled reactive pams
modelling can provide useful information, by sinirg
chemical reactions likely to occur in the systernped to
reactive transport, at large time and space scales.

FRACHEM, a thermo-hydraulic-chemical coupled code,
was developed especially to forecast the evolutibthe
EGS project at Soultz-sous-Foréts, Alsace (France).
FRACHEM can simulate thermal, hydraulic and fluidkoc
interactions within the fractures connecting thgedtion
and the production wells, and determine the
dissolution/precipitation reactions of nine minsrah the
Soultz granite (carbonates, pyrite, silicated mnatgr
Reactive transport modelling with FRACHEM code has
been used to simulate re-injection of the formatimime
after cooling within the 5000-m deep Soultz resgrvim

the first application, the coupled processes ofirgls
fractured zone between two wells were investigattedhe
second application, a more complex geometry has bee
shaped to represent a realistic reservoir modet fiodel
includes two fractured zones of different width#daing
two different paths with the dimension of the Spult
reservoir. Depending on their distance and thetivela
exposure, these fractured zones interact on eaér.ot
These interactions have been investigated to prebie
geochemical evolution and to quantify the impacttbe
reservoir. Results of numerical simulations for agiderm
circulation confirm the role played by carbonates the
evolution of reservoir porosity and permeabilityuédto
their fast reaction rates, carbonate minerals espansible
for most of the reservoir evolution. Indeed, ocenoe of
calcite precipitation near the production well tentb
decrease the reservoir porosity and permeabilitgtuéed

by the decrease of the fractures aperture. Sikcated
pyrite behaviour is also simulated between two sydiiut
their influence on the fractures aperture is lighite

Economic exploitation of enhanced geothermal system
dependant to mineral precipitation and associateuiedse
in permeability of the system. This inhibits fluidw and
associated heat extraction from the system. Ongisnlto
this problem consists in injecting a reacting fluido the
wells, in order to dissolve the secondary minesaaling
the fractures, to increase the permeability andcéeto
stimulate the reservoir. Our goal is to simulate ¢ffect of
reacting fluid injection, such as acidizing, onrpeability
evolution in fractures at pressure and temperature
conditions of the Soultz geothermal site. Recentd aci
treatments were performed on the Soultz wellspjteared
that the hydraulic performance of the geothermsémeir
has been improved by acidification. FRACHEM
simulations have been tested to forecast the impéct
reacting fluids on carbonates and reservoir progsert

1. INTRODUCTION

Enhanced (or engineered) Geothermal Systems (E@&S) a
defined as engineered reservoirs that have beettedr¢o
extract economical amounts of heat from low perntigab
and/or porosity geothermal resources. EGS conaemitd
recover thermal energy contained in subsurface srdpk
creating or accessing a system of open, connerdetlifes
through which water can be circulated down injettio
wells, heated by contact with the rocks, and retdrio the
surface in production wells to form a closed lodjnis
large renewable energy resource can be exploite@ in
sustainable mode in the sense that different regerack
volumes can be developed successively from the same
surface installation by extending or deviating BR@
boreholes, and they have practically zero, @@issions.

Abundant geothermal resources sound like a gresf det
in addition to the extraction costs, there are nmome
geological problems associated with its exploitatidhe
heat is extracted by conduction and convection. aAs
consequence, circulating hot water in the crusvitably
leads to dissolution, transport and re-depositiomiaerals.
In the case of heat extraction projects, the pares the
fractures in the water-bearing rocks may becomegged
by mineral deposition, eventually stemming flow.isThan
limit the productive lifetime of an engineered desrmal
system, even though heat may still be availabldegith.
Current research into water—rock interaction in geohal
reservoirs is directed at ways to enhance enemggyation
and to avoid clogging of the rock openings.

The principle of an Enhanced Geothermal System |H&S
to inject cold water into a hot fractured rock mesé, to
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extract the heated water by one or several prooluetells,
and to transfer its energy to a working fluid viswface
heat exchanger close to the wells. The feasibiithd
characteristics of this process rely ultimatelytiom fact that
the natural fissures, opened and/or widened adiifjchy
injection of water at high pressures through thechole,
remain open. However, during the stimulation phake,
injected water is composed of formation and surfages
and will react with the rocks minerals. The compoai of
the resulting fluids will be controlled by tempena, time,
and by the minerals composition and added natlurialist

Later, during reservoir exploitation, the formatiuid will
be most probably dominant in the water-rock reactidut
a heating-cooling cycle will trigger continuous cgans.
Dissolution and precipitation will take place alotige
pathways of these resulting fluids, and open fissuran
potentially close by mineral precipitation. Also,ineral
precipitation can potentially create problems alahg
geothermal loop, from the production casing to shedace
tubing, the heat exchanger and the reinjectiomgasihen
the hot fluids are cooled down by approximately D@t
the heat exchanger.

Evidently, at an EGS site, it is necessary to ustded and
quantify fluid circulation and composition with térand to
predict the dissolution-precipitation behaviourtioé fluids
along their pathways. Our main goal is to comprehand
quantify fluid circulation and composition with tarand to
predict the dissolution-precipitation behaviourtioé fluids
along their pathways. This will be achieved by deonical
modelling.

The proposed study consists of modelling fluid—rock
interaction and scale formation during geothermahth
extraction with application to Soultz project. FRACME
code has been developed to realistically simula¢elang-
term (years to decades) evolution of permeability heat-
exchange efficiency in an EGS reservoir. The latiex
dependent on the interaction of chemical procegaeteral
dissolution and precipitation in rock fractures aachnical
installations) with the flow of the reactive fluidisrough a
geometrically complex, and changing fracture nekwor

A great deal of specific and detailed informatienéquired

to assess the chemical impact of an injection diperarhe
present study is not intended to represent anyifgpsite.
However, well configuration and data for mineratadi
composition were taken from the European Enhanced
Geothermal System at Soultz-sous-Foréts (Soulteqro
Jacquot, 2000; Durst, 2002; Bachler, 2003). The
simulations will use data for the Soultz resendsrived in
petrological and geochemical studies, and suppiiedhe
site developers.

2. SOULTZ-SOUS-FORETS EGS PROJECT

The Soultz-sous-Foréts EGS is located in Alsaceuab0
km north of Strasbourg (France). The Soultz ares wa
selected as the European EGS pilot site becausis of
strong temperature gradient in the sedimentaryrcuyeto
100°C/km) and its high heat flow, locally reachind®
W/m2 (Kohl and Rybach, 2001). The geology of thel&ou
region is characterized by a graben structure @by
several N-S striking faults. The crystalline basete
covered by 1400 m of Triassic and Tertiary sedimeist
composed of three facies in granitic rocks: (1uaaltered
granite in which fracture density is close to ze(®) a
hydrothermally altered granite facies and (3) affeveins
within the hydrothermally altered granite (JacquzpO0).
The hydrothermally altered granite is the most peracies

(Genter et al., 1997) and altered veins are hiffalgtured.
Natural circulation of formation fluid and fluid-c&
interaction processes take place mainly within the
hydrothermally altered granite, and to a lessegrexvithin
altered veins. Flow in the unaltered granite iepsally nil.

To extract the heat from the Soultz reservoir, étdeviated
wells have been installed to a depth of 5,000 rth vawer
ends separated by 600 m (Figure 1-1). The reservoir
encountered at this depth presents an initial teatpe of
200°C. One well (GPK3) will be dedicated to the tien

of cold water in the granitic reservoir at a rat@bout 100
L/s, whereas the two other wells (GPK2 and GPKA4),
located on both sides of the injector, will be useg@roduce
the formation fluid. At Soultz, the injection—praztion
system has been designed as a closed loop. ThHeuled is

a formation fluid existing in the altered granitgmely a
brine with a total dissolved solids value of arour@®,000
ppm. Injection of cooled brine disturbs the equilim
between the formation fluid and reactive minerdibe
resulting change in temperature and pressure in the
reservoir, and the forced circulation in fracturgdnite,
will drive geochemical reactions able to affect ghiegysical
properties of the reservoir through mineral preatmn and
dissolution.

2.1 Fractured granitic reservoir

The geothermal reservoir at Soultz is made up ofeth
types of granite (Jacquot, 2000; Hooijkaas etAmidré et
al., 2006) (Table 3). The first is non-altered ¢fre granite
that is characterized by a predominance of feldspar
plagioclase and quartz, and by an extremely lowtdira
density. Consequently, its porosity is close to zerd does
not contain significant amounts of water. The prtps of
this granite are that of the impermeable rock maffluid
exchange, by advection or diffusion processes, Wbl
disregarded for this granite; it will only act ag@od heat
convector.

Table 1: Mean composition (in %) of the differeypeas of
granite in the Soultz reservoir (Jacquot, 2000).

Fresh | Hydrothermally | Alteration
granite | altered granite veins
Quartz 24.2 40.9 43.9
K-feldspar 23.6 13.9
Plagioclase 42.5
lllite 24.6 40.2
Smectite 9.7 9.6
Mica 9.4
Calcite 0.3 3.3 4.3
Dolomite 0.8 0.7
Pyrite 0.7 1.0
Galena 1.3 0.3
Chlorite 4.8

The second rock facies is a fractured, hydrothdymal
altered granite, with quartz as the major mineral
component; because of alteration the amount ofsfeld
decreases and some secondary minerals such asa,galen
pyrite, smectite or illite are present. This fadieshe most
porous (porosity ranging from 5 to 10%) and corgaiost

of the formation fluid. The third rock facies isetmost
altered; it corresponds to alteration veins thagsent
minerals such as illite, smectite and quartz. Prated
secondary minerals (clays, carbonates) fully centbet
fractures, resulting in a decrease of porosity and
permeability. As a consequence, fluid circulatiathim the



rock mass takes place through the second facieg onl
(Genter et al., 1998).

2.2 Geofluid chemistry

The formation fluid circulating through the fractur
network is a sodium-chloride brine with a total
mineralization close to 100 gL Its pH is approximately
4.9 and its temperature (200°C) is in equilibriunthmthat
of the rock at 5000-m depth. The composition of the
formation brine extracted during a 1999 productiest is
given in Table 4. The chemistry of the deep flsidhot very
different from that of the fluid produced from thleallower
reservoir (Durst, 2002). Its silica and carbon @oriations
are higher because of the elevated temperature<Cé&nd
partial pressures.

Table 2: Representative chemical analysis of thd flu
sampled at the wellhead of GPK2 after being deepame
5000 m in 1999 (Durst, 2002)

Species Concentration (mmol/kg)
Na 1148.00
K* 73.40
ca’ 169.50
Mg?* 3.21
Cl 1648.00
S 1.77
C 42.76
Fe* 2.61
SiG, 6.06
A% 3.7.10°

3. NUMERICAL MODEL

The main task of the research on THC coupled moglelin
for this site has been to forecast the evolutiomestrvoir
porosity and permeability. Different researchersuréd,
2002, Bachler, 2003, Rabemanana et al. 2003, Andag, et
2005) have incrementally built a reactive transport
simulator, FRACHEM, able to simulate the main
characteristics of the Soultz reservoir at 5 kmowethe
surface, 200°C, 500 bar, and a fluid salinity of s
100,000 ppm.

FRACHEM is a THC simulator issued from the
combination of two existing codes: FRACTure and
CHEMTOUGH2. FRACTure is a 3-D finite-element code
for modelling hydrological, transport and elastiogesses.

It was developed originally for the study of flowigen
interactions in fractured rock (Kohl & Hopkirk, 199
CHEMTOUGHZ2 (White, 1995) is a THC code developed
after the TOUGH2 simulator (Pruess, 1991), a 3-D
numerical model for simulating the coupled transpair
water, vapor, noncondensable gas, and heat in paond
fractured media. CHEMTOUGH2 presents the possibility
to transport chemical species and to model the aém
water-rock interactions as well as the chemicattieas
driven by pressure and temperature changes. Thepoa
and reaction are coupled using a one-step approach.
FRACHEM has been built by introducing geochemical
subroutines from CHEMTOUGH2 (White, 1995) into the
framework of the code FRACTure (Bachler, 2003; Bachler
and Kohl, 2005). After an initialization phase, FRACE
calculates, over each time step, the thermal and
hydrological conditions within each element volurued
determines the advective flow between each of them.
Resulting thermal and hydrological variables areestdn
arrays common to FRACTure and the geochemical
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modules. At this point, the program calculatesahemical
reactions using a mass balance/mass action apprtiech
advective transport of chemical species, and thiatiens
of porosity and permeability. Once this calculatia
performed, the porosity and permeability are updiated
fed into the FRACTure part of the code. The prograent
returns to the start of the loop until the endhef simulation
time (sequential noniterative approach, SNIA) (Fé&gR-1).

FRACHEM has been developed specially for the granitic
reservoir of Soultz-sous-Foréts and consequenpligcific
implementations have been added to the chemicalqgbar
this code. The reservoir, at a depth of 5,000 m{ains a
brine with about 100,000 ppm total dissolved so(itBS)
and a temperature of 200°C. Considering the higmisali
of the geofluid, the Debye-Hiickel model, initially
implemented in the CHEMTOUGH2 routines to determine
the activity coefficients, has been replaced by izeP
activity model. It should be mentioned here that dativity
coefficients calculations are carried out in an irect
manner by means of another code, TEQUIL model ef th
Na-K-H-Ca-CI-SQ-HCO5;-CO5-CO,-H, system for 0 to
250°C (Moller et al., 1998). The TEQUIL application
package includes chemical models based on therPitze
formalism, and calculates liquid-solid-gas equifibrin
complex brine systems by globally minimizing theefr
energy of a system at constant temperature andyees
Using this model, total concentrations obtainedmfro
chemical analyses (Table 3) were input into TEQUIL,
which then computed speciation and corresponditigityc
coefficients. Computations were done using a tydealltz
fluid at a temperature of 200°C. This fluid was iadly
equilibrated with calcite and anhydrite at 200°C,ickh
resulted in a decrease of and SG concentrations
(compared to input concentrations) due to predipitaof
calcite and anhydrite. The pH value of 4.9 at 20078
calculated from the equilibration with calcite angut total
aqueous carbonate concentration. Using the fluid
composition at 200°C, TEQUIL was then used to
numerically cool the solution, recompute pH, antedaine
activity coefficients at temperatures down to 20°C.
should be noted that the cooling simulation wa$opered
without allowing reactions with gases or mineralg, Fe,
and Al are not included in the TEQUIL database. s
reason, the geochemical program EQ3nr (Wolery, 1992
was applied to determine the activity coefficieofsMg?",
Fe&* and AF* by using the Pitzer model and the EQ3nr
thermodynamic database data0.hmw (Harvie et al4)198
Activity coefficients determined in this way weteen input
into FRACHEM as polynomial functions of temperature,
for the specific ionic strength of the fluid. Thagpproach
works well for the case of Soultz simulations beeathe
ionic strength of the circulated fluid remains mareless
constant.

Presently, a limited number of minerals are conside
which correspond to the minerals constituting tteil&
granite. The precipitation/dissolution reactions of
carbonates (calcite, dolomite), quartz, amorphoilisas
pyrite, and some aluminosilicates (K-feldspar, talbillite)
can be modeled under kinetic constraints. Rate fallsy
more or less the transition state theory (TST)weti
equation (e.g., Lasaga et al., 1994). The impleettnt
kinetic-rate laws are specific to each mineral aakien
from published experiments conducted at high teatpes
in NaCl brines.

Thermodynamic data (equilibrium constants) are riake
mostly from SUPCRT92 (Johnson et al., 1992) and
Helgeson et al. (1978) and are functions of tentpezaand
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pressure. The effect of pressure on equilibriunmstamts is
explicitly taken into account. The equilibrium ctersts
input into FRACHEM were initially computed along the
water-saturation pressure curve, however, thesstaois
are recomputed with changes in pressure duringime

Finally, a supplementary module allows the deteatiim
of porosity and permeability variations linked with
chemical processes occurring in the reservoir. Cienisig
the alteration of the Soultz granite, the flow ssamed to
circulate in a medium composed of fractures andngra
Therefore, a combination of fracture model (Nortmd
Knapp, 1977; Steefel and Lasaga, 1994) and graidemo
(Bolton et al., 1996) is used to determine the peiiitity
evolution. In this model, we assume that the fractu
aperture and the thickness of the mineral layefovol
Gaussian distributions (Durst, 2002).

4. SIMULATION RESULTS

This paper describes the application of the modeiwio
simple cases: single 1-D fracture and two 1-D frees
models. First, mesh discretization, geometrical ehod
models parameters and initial- and boundary camthitiare
described. Then, results of simulations are desdrib test

if the fracture geometry has an impact on the chami
model results. Thermal and chemical processes were
coupled and the porosity and permeability chandéscta

the hydraulic field. The simulations time was 6@yl

The model consists of a 750*300 m granitic matrine
(Fig. 1). An injection and a production well segadhby
650 m have been set. Because of symmetry, only(thedf
upper part) of fractured zones and of the adjapenbus
matrix is modelled, by subdividing them into 502raknts
(Fig. 1). The size of the elements ranges from mimim
of 0.5 m x 0.05 m near the injection and the prtidac
wells to a maximum of 50 m x 35 m. The fracturedes
are located between 50 and 700 m; injection is naads0
m and production occurs at point 750m (Fig. 1).
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Figure 1. Whole model spatial discretization (dis&s are

in m). The y-axis represents model width and tlexis-is

along the fractured zone between injection andywton
wells, located at x=50m and x=700m, respectively.

The initial temperature in the model was set to °200
which corresponds to the temperature at 5000 mhdiept
the reservoir. The pressure at the production peat held
constant at 50 MPa (bottom well pressure at GPIKR2).

constant over-pressure of 8 MPa was assumed at the

injection well. In each of the fractured zones,idlwas
injected at ginj= 4*18 L.s! in the first volume element of

the fractured zones. The injection rate for eaabtéire was
based on the fluid production rate qtot= 50 L.and
assuming 1250 fractured zones (qtot/qinj= 1250tdracl
zones) consisting of 200 fractures. The fluid flogviout of
the last volume element is reinjected in the firs¢ through

a buffer of 2000 rhrepresenting the fluid volume contained
in wells and surface installation.

The fluid density is 1000 kg.fh the rock density 2650
kg.m?, the heat capacity of the rock is 1000 3.kg* and

the heat capacity of the fluid is 4200 J™¢>. No

radiogenic heat production was integrated in thedeho
Only heat transfer between the matrix and the dirack

zones is allowed.

The fluid flow in the matrix is negligible due tow
hydraulic conductivity and zero matrix porosity. ush all
chemical reactions happen in the fractures, wheiredise
matrix no reactions take place. Though, we assumaé t
major circulation occurs in hydrothermally altergéhnite.
Cooled brine interacts with quartz, carbonates, Isfears,
sulfides and clays. Secondary precipitation of ghous
silica was considered.

Initial water chemistry was obtained by equilibnatithe
sample water of formation fluid (Table 2) with the
corresponding mineral compositions (Table 3) at°@00
The initial fluid pH computed with the code, assogi
saturation with respect to calcite, was 4.95. loheaf the
fractured zones fluid was injected at a temperadfigs°C.

Finally, three types of injection waters were cdesed, and
were held constant over time. The first is the pioed
reservoir water (base case). The second was obtdipe
mixing one unit of reservoir water with one unit foésh
water (mixing case). The third was obtained byatidition
of concentrated HCI in formation brine (acidificatioase).

4.1 Fracture geometry effect

4.1.1 Models description

The first complete application of FRACHEM code was a
single fracture model. The model consists of aleiB§0 m
long, 0.1 m wide and 10 m deep fractured zone snded

by rock matrix.

The second application consisted in a more compiedel

with two fractured zones of different widths. Theotwells

are linked by two types of fracture: a 0.1 m widacfure
going directly from injection to production andet sf 0.05
m wide fracture traversing 1050 m between the tvetisi
The model, which is set up, is only the upper ludlthe

overall model. The lower part of the model, whismot set
up, is mirror-inverted along the x-axis. Therefordy half

the fracture (0.05 m) along the x-axis is takero ithe
model. The model is discretized finer along thetiiees as
shown in Figure 1 which illustrates the model. Tl is

injected at the beginning of both fracture, anddpieed at
the end of both fractures.

4.1.2 Reservoir temperature

Before fluid circulation in the fractured zone, tilé system
(rock and brine) is chemically and thermally atiégdum.
The brine is in chemical equilibrium with the granand
these two components are at a constant temperafure
200°C. But, during the injection of cold fluid at €& the
reservoir, the system is disturbed and the rocignassively
cools down (Fig. 2 and Fig. 3).
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Figure 2: Temperature of rock around the singleténaed
zone after one year of forced fluid circulation.
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Figure 3: Temperature of rock around the two freedu
zones after one year of fluid circulation. a) Whiledel.
b) 50*750 m zone around the injection point.

For the first application, all along the fracturedne, we
observe a global decrease of temperature, especiedr
the injection well, due to the temperature of thénjected
fluid (Fig. 2). After one year of fluid circulationthe
temperature in the vicinity of the production wislklose to
180°C. The development of this thermal front dughe
thermal diffusion from rock to fluid affects a zon&10 to
20 meters around the fractured zone (Figure 2).s Thi
temperature decrease of the produced fluid is quaatily
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important but it is strongly dependent of the getime
model.

In the second application, we consider two parallel
pathways. The temperature distribution in the freetand
the matrix after one year is shown in Figure 3. The
temperature was decreased from 200°C to 65°C near th
injection well. Along the fractured zones it incsea to
190°C towards the production point. Due to thermal
diffusion, the temperature of the matrix is deceebaround
the fractured zones.

As a consequence, the cooling effect on the pratitioe
modeled, when we consider a direct flow, in strhigfe,
between injection and production wells, withoutitakin
consideration parallel pathways, is most probably
overvalued compared to the real reservoir.

4.1.3 Mineral-brine interactions

The two fractures simulation results are concordaniose
of the single fracture simulation. Calcite dissohaisthe
vicinity of the injection zone and reprecipitatebem the
temperature rises. With time, the calcite dissolutiate in
the injection elements decreases due to the dimimuf
available calcite that is almost totally dissolvaitier one
year. Dolomite shows a similar dissolution trend [mi
removed faster at the injection point. The quareipitate
in the low temperature zone and dissolves whenflthe
warms up. Due to the relatively low reaction rabegh
precipitation and dissolution occur on a wide portof the
fracture. The pyrite does not present significartations.

The injection of cold fluid creates a chemical non-
equilibrium, which induces dissolution of calcitenda
dolomite as well as precipitation of quartz anditeyrThe
results show that the main chemical process ardluite
calcite reactions that lead to porosity and peritigab
increases near the injection point, due to caftigsolution.
Because of the progressive temperature increasg #fen
fracture, precipitation of calcite occurs towardke t
production point.

Calcite dissolves near the injection point at a mmaxh rate
of 2.7.10" mol.m®.s* and precipitates at maximum 7.65.0
mol.m3.s? at the production well (Fig. 4). With increasing
simulation time, the dissolution zone moves towattus
production point. Near the injection well all caédcihas
dissolved after one year with a reaction rate reduc
correspondingly to zero. In contrast, dolomite meve
precipitates (Fig. 5). At the beginning of the slation,
dissolution only takes place near the injectionnpait a
maximum rate of 6.10 mol.m®s'. After one year, the
dissolution zone moves slightly towards the proigdunct
point and the reaction rate increases to 1.2.m6l.m>.s™.

These results show the interdependence of the pH,
temperature and carbonate behaviour: the cold &tidw
pH dissolves calcite and dolomite near the injectiell at
a high rate (Fig. 6). Reheating the fluid causestieite to
precipitate and the pH to rise. Since the caldiezipitation
rate is higher than that of dolomite, calcite ppéeiion
prevents the precipitation of dolomite. According the
temperature evolution in the fracture, this process/es
towards the production well and the reaction rdexease.
With increasing reaction time, the reaction rateduce
strongly due to the decrease of available carbenétethe
beginning, the dissolution of dolomite is contrdlldy
temperature, whereas with time it depends moreatcite
precipitation.



Portier et al.

3.0E-04
\ model 2F 100 days

4 25E-04 4 \ — — model 2F 300 days
A \ — — model 2F 600 days
e \ model 1F 100 days
© 2.0E-04 \ model 1F 300 days
é \)("‘ model 1F 600 days
QL 15E-04 A \

o

c

S 10E-04 -

o

@

2

o 5.0E-05 -

3

8 0.0E+00

-5.0E-05 T T T
0.1 1 10 100 1000
Fractured zone length (m)

Figure 4: Calcite reaction rate along the fracturede at
different times (positive values indicate dissanji

1.6E-05
model 2F 100 days
o R \ — — model 2F 300 days
?_ 1.2E-05 - \ — — model 2F 600 days
model 1F 100 days
\\ model 1F 300 days

model 1F 600 days

Dolomite reaction rate (mol.m
N IS o o] -
o ©o © o o
m m m m m
o o o o o
(@] ()] ()] (@] o

0.0E+00 -

-2.0E-06 T T T
0.1 1 10 100 1000

Fractured zone length (m)

Figure 5: Dolomite reaction rate along the fraetlzone at

different times (positive values indicate dissanji

5.6
547
5.2 1
5.0 1
I
Q model 2F 100 days
4.8 — — model 2F 300 days
— — model 2F 600 days
46 - model 1F 100 days
model 1F 300 days
a4 model 1F 600 days
4.2 T T T
0.1 1 10 100 1000
Fractured zone length (m)

Figure 6: pH evolution along the fractured zonditierent
times.

The most reactive of the silicates are amorpholisasilt
precipitates near the injection well at a maximuate rof
2.8.10° mol.m®s? (Fig. 7). With increasing circulation
time, the zone of amorphous silica precipitatiomeags
towards the production well. Quartz precipitatdsaidng
the fracture at a maximum rate of 5.51QFig. 8) mol.m
35!, Depending on the temperature evolution, with titee
maximum reaction rate moves towards the produgi@nt
and decreases. K-feldspar and pyrite have similar
behaviour. Precipitation of K-feldspar occurs clasethe
injection point. Unlike quartz, some punctual diation
events of pyrite occur. These differences are dubé fact
that even if the pyrite reaction depends on theptature
evolution, there is still an influence from the pH.

The differences in the reaction rates result inyivay
porosities. This difference is expected to increfasther
when calculating more than one year.
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Figure 7: Amorphous silica reaction rate alongfthetured

zone at different times (negative values indicate
precipitation).
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Figure 8: Quartz reaction rate along the fractuaue at
different times (negative values indicate precints).



4.1.4 Evolution of reservoir properties

In both cases, porosity and permeability increasar rthe
injection point due to dissolution of carbonatesd an
decrease near the production point due to -calcite
precipitation (Fig. 9).

After one year the porosity at the injection poieaches
0.13 and goes down to 0.09 and 0.1 respectiveiyararge
and thin fracture. The more porous zone extends 20 m
in the large fracture and 10 m in the thin fractuxiter 600
days, the area affected by the porosity reductomidler.

The differences in the reaction rates result inyivnay
porosities. This difference is expected to increasther
when calculating more than one year.

Considering that there are only two fluid pathwaryd ¢hat
the value of the permeability reduction in these fpaths
are small and close to each other, the geocherngaations
do not significantly modify the thermal-hydrauliafameter
in the model.
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Figure 9: Porosity evolution along the fracturedeafter
five years of forced fluid circulation.

4.2 Effect of fluid chemistry on fracture porosity

To explore chemically-induced effects of fluid ciation

in the system, we examine ways in which the chemica
composition of reinjected waters can be modified to
improve reservoir performance.

Two types of injection waters were considered, amde
held constant over time. The first was obtainedhying

one unit of reservoir water with one unit of fregakater
(mixing case). The second was obtained by the iadddf
concentrated HCI in formation brine (acidificatioase).
The pH of the third injected solution was close3ta. In
each of the fractured zones fluid was injected at a
temperature of 65°C.

4.2.1 Chemistry evolution of the produced fluid

Concerning the evolution of the fluid concentratianthe
whole model, one major evolution appears (Figu@srid
11). In the acidification case, pH of the produdtdd
decreases. Consequently, the total calcium condimiraf
the produced fluid decreases from 0.12 mot.kgnd
stabilizes at 0.09 mol.Kgafter 20 days. This illustrates the
dissolution of calcite.
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Figure 10: pH evolution in the produced fluid asiaction
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Figure 11: Calcium concentration evolution in the
produced fluid as a function of injection time.

4.2.2 Evolution of fracture porosity

The mixing water is less prone to precipitatingcital (Fig.
12), and therefore is favorable for porosity depetent
and maintaining injectivity. Though, alteration iofection

water chemistry, for example by dilution with freskater,
can greatly alter precipitation and dissolutioreef$ along
the entire flow paths, and can offer a powerfull téor

operating EGS reservoirs in a sustainable manner.

Another possible means to reduce the tendency tswvar
calcite precipitation is to add HCI acid to injectiavater.
Variations of the initial pH (3.2) have a signifiteeffect on
the reaction rates of carbonates (Fig. 12), bt #ifect
should disappear during the first months of sinioigt
when the system will tend to recover equilibriund amill
not have significant effects for long time simutais. The
acidified brine injection water contributes to arqmity
increase of about 0.035 in the vicinity of injectiovell (Fig.
13). Short injection of acidified water is favorabfor
porosity development and maintaining injectivity.
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Figure 13: Porosity evolution along the fracturede after
100 days of injection. Initial porosity was 0.1.

5. CONCLUSIONS

A more complex model consisted of two fracture zog
different widths. The model results are similatttose from
the single fracture model with both fractures shagthe
same behaviour.

The first application of the new code FRACHEM coregist
of the modelling of a simplified system, includiagcooled
fluid reinjected in a hot reservoir composed o68-6n long

by 0.1-m wide fracture surrounded by an impermeable
matrix. The results show that at the beginning loé t
simulation, calcite and dolomite are rapidly disedl near
the injection point. Then, warming up induces cadies
precipitation on a wider zone. Later, the carbondteing
less available in the injection area, reactionsgatecrease
significantly. Amorphous silica, K-feldspar, Quarand
pyrite precipitate in the fracture. Moreover, some
exceptional events of pyrite dissolution are albsesved.
Porosity evolution mainly shows a high increaser niba
injection point, due to carbonates dissolution. tia other
hand, a small decrease of porosity is observed, ldte to
calcite re-precipitation. The second applicatiors \ea2-D
model with the dimension of the upper Soultz resierv

This model includes two fractures of different st
following two different paths. The geochemical extan is
similar to the previous simulation with carbonates
dissolving near the injection point and re-precifitg
further in the fracture. During the first 600 daks lead to

a porosity increase of 0.04 following by a decrease
0.005. The variations are similar in both fractueesd
affected the first 10 m of the thin fracture and finst 20 m

of the large one.

Both models are still simple and clearly do not espnt the
situation at Soultz. However, fully coupled modefsthe
Soultz EGS reservoir were developed and the model
sensitivity can be tested. No true sensitivity gsial has
been made concerning the spatial discretizationfractlire
network density, but the comparison between theltesf
the two simulations indicates that the permeabilégiation
depends principally on the evolution of the tempem
field calculated by FRACTure and not much on thetiapa
discretization or the fluid flow rate. But changes the
porosity/permeability, and thus in the hydraulic
conductivity, impact the fluid velocity and the psere
distribution in the fracture: mineral precipitaticauses the
porosity and therefore also the permeability ané th
hydraulic conductivity to decrease. Lower hydraulic
conductivity results in lower fluid velocities. S the fluid
velocities are smaller, the rate of temperatureatse in
the fractured zone is lower

In the mixing and acidification cases, the resuliffer
much from the basic model: the largest porositjedince

in the fractured zone is 0.015. This is more tha% bf the
initial porosity. Various reacting fluids can bgected to
enhance fracture permeability in the vicinity o€ ttvells.
the FRACHEM code could be used to identify the most
efficient chemical stimulation for EGS projects.

Finally, fluid-rock interactions may have a longrteeffect
on reservoir operation. While more or less detagedlies
of the interaction of the reservoir rock with thgeicted
fluid have been made at most of the sites where B&S
been tested, there is still a good deal to leaougbow the
injected fluid will interact with the rock over theng term.
The most conductive fractures often show evideridkiiol
flow in earlier geologic time such as hydrothermal
alteration and secondary mineral deposition. This i
encouraging in that it suggests that the most acede
pathways will already have experienced some reactio
between water and the rock fracture surface. Fresk
surfaces will not have the protection of a layedeposited
minerals or alteration products. The amount of auef
water (which cannot be in equilibrium with the nessr
rock) required to add to the system over the l@rgntis
although unknown. The longest field tests have smene
evidence for dissolution of rock leading to devetemt of
preferred pathways and short circuits. Regardleks, t
produced fluid will be cooled through surface equént,
possibly resulting in precipitation of scale orrosion.

To conclude, despite efforts to model fluid-rock
interactions, there are still major questions t@abswered.
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