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SUMMARY - SHEMAT is a new finite difference code for simulating hydro-geothermal reservoirs.
Flow, heat transfer, transport of dissolved substances, and geochemical reactions are mutually coupled.
Dissolution and precipitation of matrix minerals are calculated by an extended version of the geochemical
modeling code PHRQPITZ (Plummer et al., 1988). Chemical water-rock interactions change the porosity
which influences flow and transport properties of the reservoir. In SHEMAT this is taken into account by
a fractal model of the pore space structure.A case study of the injection well of a geothermal installation
has been carried out, focussing on the near vicinity of the borehole. The injection of cool water exerts a
great influence on the hydraulic conductivity of the aquifer indicating continuous head pressure increase
at the well. Dissolution and precipitation of anhydrite induced by the temperature changes increase the
permeability of the formation in a growing region around the borehole and decrease it at the temperature
front. In the initial period of aquifer exploitation considered here the negative effect of the cold water on
the injectivity is partially compensated by the relocation of anhydrite.

1 INTRODUCTION e Dblocking of pore throats by gas bubbles
formed due to degassing of the injected water

Due to geological circumstances the exploitation !
(Boisdet et al., 1989);

of hydro-geothermal energy in Germany for space

and district heating is mainly provided from deep * precipitation of dissolved solids due to the
sandstone aquifers. The common arrangement of mixing of injected water and formation water
boreholes is the doublet, consisting of one well or due to temperature effects (Potter et al,
for hot water production and one well for cool 1981).

water reinjection. One reason for water injection In this paper we deal exclusively with the chemi-
is to maintain the reservoir pressure, but the more cal water-rock interaction of a high salinity brine
important reason is to avoid contamination of  and sandstone containing the mineral anhydrite.
aquifers near the surface by the geothermal Anhydrite has been found in some hydrogeother-
brines. mal reservoirs in NE-Germany which have been

investigated with respect to their geothermal
potential. In these aquifers anhydrite cementation
by diagenetic processes was the reason for a sub-
stantial reduction of permeability.

Prerequisites for the formation properties are
temperatures as high as possible and sufficiently
large flow rates. Therefore depth and permeabil-
ity are the key parameters for reservoir perform-

ance. During the reinjection of water into geo- Reservoir fluids are often brines which are, in
thermal reservoirs it has been observed, that the respect to particular mineral phases, in equilib-
injectivity of a well decreases as a result of for- rium or even close to saturation for the given
mation damage. The problems culminate in an formation temperature. In the north German
increase of pressure at constant flow rate, while sedimentary basin, this is the case for earth alka-
the productivity remains unchanged. The practical line sulfates and carbonates. When cool water is
consequences are a limitation of the flow rate, reinjected into the hot reservoir the equilibrium
and a reduced operation period or a low viability between the injected water and the reactive min-
of the geothermal plant. The major processes erals is disturbed. This may cause temperature
known to cause formation damage during rein- induced dissolution or precipitation. To predict
jection are: the permeability development of these aquifers

one needs to understand the complex interaction

in the formation by the injected water, or by of the involved processes -flow, heat transfer,
fines which are eroded by the injected water transport of dissolved species, and chemical reac-

(Vernoux and Ochi, 1994; Kiihn et al., 1998); tions - over the entire period of operation, which
can be analyzed by numerical simulation only.

Presently available numerical models (e.g. Cheng

e plugging of pore throats by fines introduced
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and Yeh, 1998; Ondrak and Moller, 1999; Sand-
ford and Konikow, 1989) do not meet all of the
requirements of a suitable numerical code for two
reasons: 1.The theoretical approaches on which
their chemical model components are based do
not describe correctly the situation at high salini-
ties and temperatures observed in the geothermal
brines. 2. The permeability-porosity-relation
applied in these models has been derived from a
pore space geometry which is too simple for the
most real sandstones. Laboratory measurements
of core samples show a large degree of variation
in the sensitivity of permeability to porosity
changes (Pape at al., 1999). Therefore, a new
relationship between porosity and permeability
and a new chemical reaction model were imple-
mented in the numerical code SHEMAT (Clauser
and Villinger, 1990). Due to the fact that the
injectivity is most sensitive to formation damage
in the near vicinity of the injection well (% 1-
10 m, Boisdet et al., 1989), this new simulation
tool has been applied for a numerical case study
of such a well. The objective of the present study
was to concentrate on mineral reaction processes
and resulting changes of well properties in a lim-
ited area around the well.

Chemical reactions taking place in a production
aquifer are strongly coupled to species transport
as well as to the development of temperature in
the formation. For a better understanding of these
complex interactions, firstly the fluid-flow re-
gime is described, secondly the temperature effect
on the fluid-flow properties is investigated, and
finally results are presented showing the anhy-
drite dissolution and precipitation reactions de-
pendent on the injection temperature. Reservoir
properties of a typical aquifer suitable for geo-
thermal utilization are assumed.

2. NUMERICALMODEL AND CASE
STUDY

2.1 Model Components and

Numerical Methods

In the simulation code SHEMAT the partial dif-
ferential equations for flow, heat transfer and
multi-component transport are solved numerically
by a finite difference approximation. A pure up-
wind scheme, the Il'in-flux-blending scheme
(Clauser and Kiesner, 1987), and the Smo-
larkiewicz method (Smolarkiewicz, 1983) are
implemented for solving the equations for heat
and species transport.

The chemical reaction model is a modification of
the geochemical simulation code, PHRQPITZ
(Plummer et al., 1988) and calculates the pre-
cipitated or dissolved amount of mineral species
for high temperature and salinity. It permits cal-
culations of geochemical reactions in brines and
other highly concentrated electrolyte solutions
using the Pitzer virial coefficient approach for the
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correction of activity coefficients. Reaction-
modeling capabilities include the calculation of
aqueous speciation and the mineral-saturation
index as well as mineral solubility. A data base
valid for temperatures from O to 150 °C of Pitzer
interaction parameters is provided for the system
Na-K-Mg-Ca-H-C1-SO, -OH- (HCO0,-C0,-C0, )-
H,0. The Pitzer treatment of the aqueous model is
largely based on the equations presented by Har-
vie et al. (1984), and the data of Greenberg and
Moller (1989). Data for the incorporated carbonic
acid system (set in parentheses in the list above)
are valid for temperatures from O to 90°C ac-
cording to He and Morse (1993). PHRQPITZ was
developed by Plummer et al. (1988) incorporating
the Pitzer virial coefficient approach (Pitzer,
1973). We extended the PHRQPITZ code to in-
clude the calculation of temperature dependent
Pitzer coefficients.

All the processes involved, i.e. flow, heat transfer,
multi-component transport, and geochemical
reactions, are coupled (1) via the dependence of
the material and thermodynamic properties on
temperature, pressure and species concentrations,
and (2) by solving simultaneously the flow, trans-
port, and reaction equations for these quantities.
The first way of coupling accounts for the:

o dependence of fluid properties (viscosity,
density, heat capacity, thermal conductivity,
compressibility) on temperature;

dependence of fluid density on species con-
centrations (i.e. density driven flow is possi-
ble);

dependence of rock thermal conductivity on
temperature;

dependence of the chemical equilibrium on
temperature and species concentration;
changes in porosity due to the precipitation
and dissolution of minerals;

fractal relationship between permeability and
porosity changes.

The second way of coupling refers to the fact that
chemical reactions act as a source or sink in re-
spect to the transport of dissolved species. In our
model this is approximated at each time step by
subsequently calculating the transport of dis-
solved species and then the change in their con-
centrations due to mineral reactions between the
reservoir rock and the fluid.

The relationship between permeability and po-
rosity, implemented in the numerical code, is
based on the assumption that the shape of the
internal surface of rock pores follows a rule of
self-similarity. Thus the theory of fractals can be
applied. The fractal relationship between perme-
ability k and porosity ¢ was expressed by Pape et
al. (1999) as a general three-term power series in
porosity:
k=A¢ +B ¢ +C(109)™* (1)

where the exponents expl and exp2 depend on
the fractal dimension of the internal surface of the



pore space. The coefficients A, B, and C, in tum,
need to be calibrated for each type of sedimentary
basin or pore space modification, i.e. porosity
change, due to chemical reactions. Equation 1
reflects the fact that in different porosity regions
different processes are responsible for porosity
and permeability changes. In SHEMAT this is
approximated by Equation 2 and the possibility
for the modeler to prescribe different exponents
for three porosity intervals. ko, §g denote the ini-
tial values containing the same information like
the coefficients in Equation 1:

k=ko(9/¢0) . 2)

The single modules of the numerical model were
tested against different standard benchmarks and
literature data in order to verify that the various
implemented components work correctly and that
the code yields results of sufficient quality. The
coupling aspects were validated by a successful
simulation of the permeability evolution observed
during a core flooding laboratory experiment
under aquifer conditions. Permeability changes in
this experiment where due to internal anhydrite
dissolution, transport, and subsequent precipita-
tion (Bartelset al., in prep.).

2.2 Numerical Case Study

The investigated area measures 51*51 m with a
layer thickness of 30 m discretisized by an equi-
distant grid of 1m* node distance. This is big
enough to exclude boundary effects in the time
period considered. For the two dimensional
simulations we chose an imaginary formation
which reflects a typical production aquifer in
Germany located in 1500m depth with the ap-
propriate properties (Table 1).

Table 1: Formation properties (isotropic)
Prop EER—TTT | i b—T =

1 Anhydrite 108 1 [Weight %)

, Porosity 015 [

. Permeability ]0.5%10" . (m? _

y Thermal Capacity ;0.7 L DkgK)

"Therm. Conductivitv 2.5 [W/mK]
Temperature 100 [°C]

Fractal Exponents 1/3/4.85/7

A sensitivity analysis of the permeability-porosity
relationship has been done by simulations carried
out with varying exponents related to fractal di-
mension. Equation 2 applied with an exponent of
1.0 describes permeability changes of average
sandstones in the porosity range between 0-1 %.
The exponent 3.0 is often used, when no detailed
information of the material is available. It is typi-
cal for a matrix composed of grains with smooth
surfaces. This can be assumed only for clean
quartz cemented sandstones (e.g. Fontainebleau
sandstone). The exponent4.85 was obtained from
a data set from petrophysical investigations of a
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sandstone with anhydrite cement, thus we use it
to calculate permeability changes caused by an-
hydrite dissolution and precipitation. In addition
the simulations has been repeated with an expo-
nent of 7.0 in which case porosity changes due to
chemical reactions cause larger permeability
changes compared to smaller exponents.

A dispersion length of 0.5 m is used for transport
and the injection well is assumed to be fully
penetrated. The injected brine is a solution of
1.7 mol/L sodium chloride with a pH of 7.

3. RESULTS

3.1 Isothermal Flow

The catchment area of the injection well is as-
sumed to be homogeneous and isotropic (Ta-
ble 1). The aquifer is set to be impermeable at the
top and the bottom and to have constant hydraulic
head at all four sides. The boundary head value is
fixed to coincide with an aquifer depth of 1500m.
The injection well is located in the center of the
model area with an injection rate of 50 m*/h.

Simulations yield that the fluid flow in the inves-
tigated area remains unchanged after an injection
time of 10hours. The flow velocities are varying
between 7.27 m/day in the near vicinity of the
well and 0.33 mlday at the edges of the investiga-
tion catchment. After 4 days the-front of a tracer,
injected for diagnostic reasons, reaches the edges
of the investigation area. Therefore, in the fol-
lowing the simulation time is limited to this pe-
riod.

3.2 Non Isothermal Flow

The temporal development of the hydraulic head
is shown in Figure 1 for the first four days at an
observation point located 2.5 m firam the well.
The head increases even in the second half of the
period when temperature remains constant. In
comparison with the tracer the temperature front,
propagating firam the injection well, runs behind
the tracer front (Fig. 1).

For a more detailed examination of the tempera-
ture dependency of the hydraulic head, simula-
tions have been run with varying injection tem-
peratures between 20°C and 100°C. In Figure 2
the hydraulic head, after four days of simulation,
significantly depends on the injection tempera-
ture. The lower the temperature, the higher the
hydraulic head required to maintain a fixed injec-
tion rate. The hydraulic head at the well, risen
from the initial value of 1500 m to 1560 m at
20°C, corresponds with an excess pressure of
0.6 MPa,



120 1520
| :Tempcramre / _
100 Tracer 1518
S | Hydraulic Head | =
29 1516 3
=} (]
£E i\ / 1514 5
B 60 = £
g8 40 FA L 1512 &
1.

20 1510

0 ; : ; 1508

0.0 10 20 3.0 40

Time [days]
Figure 1: Hydraulic head, temperature and tracer
concentration versus time at the
monitoring point located 2.5 m fimam

the well.
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Figure 2: Hydraulic head versus distance from
the well after four days of simulation.

33 Chemical Reactions

The reservoir sandstone is assumed to be ce-
mented with 0.8 weight % anhydrite, which reacts
with the injected water depending on the tem
perature conditions. This amount corresponds to
8.16 g anhydrite per kg of rock material, which is
used as initial value. The mineral is homogene-
ously distributed over the entire area of simula-
tion. The temporal development of anhydrite,
temperature, and calcium concentration, moni-
tored 2.5 m from the well, is shown in Figure 3.
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Figure 3: Temperature, amount of anhydrite, and
calcium concentration versus time
2.5 m from the well.

The amount of anhydrite at this distance increases
during the first day. From then on it reduces until
it reaches a value of zero after about two days.
The temperature decreases from 100 to 20°C
during the first 1.5 days. The calcium concentra-
tion of the water in the observed cell rises from
25 to 66 mmol/L during the first two days. At the
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moment the amount of anhydrite has decreased to
zero, the calcium concentration sharply dimin-
ishes to 25 mmol/L. Two further steep depletions
of calcium occur after about 2.75 and 3.75 days.

Figure4 depicts the spatial distribution of anhy-
drite after four days of simulation. The amount of
anhydrite is reduced to zero in a cylinder with a
radius of about 3 m around the well. In a distance
of about 5 meters an annulus of nearly 5 meters
width can be seen which is enriched with anhy-
drite. The maximum enrichment of the mineral is
10.7 g/kg risen from the initial value of 8.16 g/kg.

Anhydrite [g/kg]

Distance [m] 23

[D0-2 024 M4-6 B6-8 M5-10 W10-12

Figure 4: Anhydrite distribution after a time
period of 4 days.
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Figure 5: Permeability versus time 2.5 m firan
the well for varying exponents related
to different fractal dimensions of the
permeability-porosity relationship.

In Figure 5 the temporal permeability changes are
shown in dependency on the applied "fractal"
exponent (compare Eq. 2). Simulations have been
carried out with exponents of 1, 3, 4.85, and 7.
The permeability decreases slightly during the
first day of simulation. Between the first and
second day the permeability increases and de-
pends on the exponent. In comparison with Fig-
ure 3 it can be seen that the permeability evolu-
tion reflects the temporal changes of the anhydrite
amount.

In Table?2 the resulting hydraulic heads at the
injection well are shown after the simulation



period of four days. The injectivity of the
formation layer is increased compared to the non-
isothermal case of reinjection in Section 3.2. The
higher the exponent for the permeability-porosity
relationship, the lower the hydraulic head.

Table 2:Resulting hydraulic heads at the well
after four days of simulation.

no Chemical reaction 1560
Exponent 1.0 1559
Exponent 3.0 1556

4. DISCUSSION

This case study has investigated the evolution of
the hydraulic conductivity in the formation layer
and the hydraulic head at the well under the
guideline of constant reinjection rates. The
propagation of the temperature front spreading is
much slower than the propagation of the tracer
front (Figure 1) due to the fact, that the water has
to cool the rock material. In this term the front
velocity depends on the thermal capacity of the
formation and the flow velocity of the water (Ta-
ble 1). The excess pressure necessary for the
reinjection strongly depends on the reinjection
temperature (Figure 2). With increasing tem-
perature the viscosity 1 of the water decreases
and the hydraulic conductivity k; of the formation
layer increases, which can be understood via its
definition:
ke=(k*p*g)/m, 3)

with the density of water p, and the acceleration
of gravity g. This is the reason why the hydraulic
head does not reach a stationary state during the
simulation period (Figure1). The area already
filled with cool water is increasing with time and
with it the hydraulic conductivity of the whole
aquifer is getting continuously smaller.

Temperature conditions during the injection proc-
ess control the chemical reactions in the vicinity
of the well. We have to be aware of the fact that
anhydrite (CaSOy) is more soluble in cold water
than in hot water. Thus, in Figure 3 the calcium
concentration increases with decreasing tem-
perature. The equilibrium concentration of about
25 mmol/L at 100°C grows during the first
1.5 days to 66 mmol/L at 20°C. After two days
anhydrite is totally dissolved and the calcium
concentration rapidly decreases. The two further
rapid Ca depletions observed have to be ex-
plained by the numerics. Near the injection well
the rectangular discretisation is too coarse com-
pared to the curvature of the temperature front.
Diffusion and dispersion from neighbouring
nodes lead to a non-zero calcium concentration
even if anhydrite is completely dissolved at this
node. The second and third decreases mark the
moments when anhydrite disappears at the neigh-
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bouring nodes. The depletions are comparatively
rapid because we assume no kinetic hindrance of
the dissolution and no reduction of the reactive
mineral surface.

The injection of 20°C cold water in an aquifer
with a formation temperature of 100°C causes
dissolution of anhydrite at the injection well (Fig-
ure 4), and transport of dissolved anhydrite
through the aquifer. The transport process is
faster than the spreading of the lower temperature
into the aquifer (Figure 1). Therefore, water
which is equilibrated at 20°C with higher
amounts of Ca and SOy reaches the temperature
front from behind. At higher temperatures lower
amounts of CaSQOy are soluble in the brine. Con-
sequently, anhydrite has to precipitate again be-
cause the temperature increases (Fig. 4). This
process is accompanied by a reduction of perme-
ability. Finally the anhydrite is dissolved again as
the cooling front propagates further. As shown in
Figure5 the permeability depends on the actual
porosity-permeability relationship. The greater
the applied exponent of the fractal dimension, the
more sensible is the permeability change due to
anhydrite dissolution or precipitation. The in-
crease of the permeability remains zero when the
mineral is totally dissolved. As a result of the
anhydrite dissolution around the injection well,
the injectivity of the layer grows compared to the
non reactive case of flow. This is shown by the
resulting hydraulic heads at the well (Table 1). In
the period considered, the negative effect of the
cold water on the injectivity is partially compen-
sated by the relocation of anhydrite in the forma-
tion. Consequently the influence of mineral dis-
solution around the well predominates the pre-
cipitation at the temperature front. Remarkably
great amounts of anhydrite are dissolved and
removed from the near vicinity of the well in a
relatively short period of time.

5. CONCLUSION

The presented simulations of an idealized injec-
tion well belonging to the geothermal doublet
installation are referring to a short time scale (first
days of heat production) and the near vicinity of
the borehole (25 m in radius). In this special case
the fluid-flow development was studied depend-
ent on temperature as well as on chemical proc-
esses.

The temperature of the reinjected water exerts a
great influence on the hydraulic conductivity of
the aquifer and thus on the pressure development
at the well. The lower the temperature the lower
the injectivity of the formation layer. A constant
pressure distribution can not be reached in the
layer, because the amount of injected cool water
is continuously increasing.

The dissolution of anhydrite in the area around
the well, induced by temperature changes, in-
creases the permeability, whereas the precipita-



tion of anhydrite at the temperature front reduces
it. Relatively large mineral amounts are relocated
in time under realistic conditions of a geothermal
aquifer. It can be concluded that the negative
effect of the temperature on the injectivity is
partially compensated by the anhydrite reactions,
because the permeability increase predominates
the decrease.

Numerical simulation of the complex behaviour
of a utilized hydro-geothermal reservoir leads to
reliable results only if the processes solved are
fully coupled. SHEMAT is a comprehensive tool
which meets the requirement and is suitable to
carry out substantial parameter studies on geo-
thermally aquifers.
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