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Exploration and exploitation of geothermal resources require the estimation of important physical
characteristics of reservoirs including temperatures, pressures and in situ two-phase conditions, in order
to evaluate possible uses and/or investigate changes due to exploitation. As at relatively high tempera-
tures ( > 150 °C) reservoir fluids usually attain chemical equilibrium in contact with hot rocks, different
models based on the chemistry of fluids have been developed that allow deep conditions to be estimated.
Currently either in water-dominated or steam-dominated reservoirs the chemistry of steam has been
useful for working out reservoir conditions. In this context, three methods based on the Fischer-Tropsch
(FT) and combined H,S-H, (HSH) mineral-gas reactions have been developed for estimating tempera-
tures and the quality of the in situ two-phase mixture prevailing in the reservoir. For these methods the
mineral buffers considered to be controlling H,S-H, composition of fluids are as follows. The pyrite-
magnetite buffer (FT-HSH1); the pyrite-hematite buffer (FT-HSH2) and the pyrite-pyrrhotite buffer (FT-
HSH3). Currently from such models the estimations of both, temperature and steam fraction in the two-
phase fluid are obtained graphically by using a blank diagram with a background theoretical solution as
reference. Thus large errors are involved since the isotherms are highly nonlinear functions while re-
servoir steam fractions are taken from a logarithmic scale. In order to facilitate the use of the three FT-
HSH methods and minimize visual interpolation errors, the EQUILGAS program that numerically solves
the equations of the FT-HSH methods was developed. In this work the FT-HSH methods and the
EQUILGAS program are described. Illustrative examples for Mexican fields are also given in order to help
the users in deciding which method could be more suitable for every specific data set.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

the two-phase original fluid, should be investigated (D’Amore and
Pruess, 1986; D’Amore, 1992; D’Amore and Truesdell, 1995). When

Geothermal reservoirs can be considered closed systems in
which fluid-rock interaction processes take place at relatively high
temperatures (> 150 °C) and hence the assumption of chemical
equilibrium is justified (Truesdell et al., 1987). For this reason the
chemistry of fluids discharged by geothermal wells reflects im-
portant characteristics of the deep conditions, which are useful for
evaluating the resource and deciding on its optimal utilization. In
order to estimate the capacity of liquid and steam-dominated re-
servoirs to produce power the volumetric liquid saturation, which
is defined in terms of temperature and in situ amount of steam in
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the liquid saturation is close to zero in a reservoir, in most cases
the flow will decrease rapidly and will not support electric power
generation. In two-phase reservoirs when water is produced this is
taken as a good indication of relatively high liquid saturations in
the reservoir. Besides, the chemical composition of water helps in
estimating reservoir conditions like deep temperatures through
liquid geothermometers. By contrast, in steam-dominated re-
servoirs the liquid remains in the rock as an immobile phase and
no water is produced to give an indication of actual liquid sa-
turation conditions at the reservoir which are needed to evaluate
the resource potential. For both wet two-phase and dry geother-
mal wells the chemistry of steam through the modeling of mi-
neral-gas reactions allows estimation of deep conditions in terms
of reservoir temperatures and in situ two-phase conditions.
Among a number of existing steam models (D’Amore and Panichi,
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1980; Giggenbach, 1980; Nieva et al., 1987) those based on the
Fischer-Tropsch reaction together with H,S-H, gas-mineral reac-
tions have been documented and are readily available (D’Amore
and Truesdell, 1985; D’Amore, 1992; 1998; Siega et al., 1999). Such
methods named FT-HSH1, FT-HSH2 and FT-HSH3 consider com-
bined pyrite-magnetite, pyrite-hematite and pyrite-pyrrhotite
mineral buffers respectively, to be controlling the H,S concentra-
tion in fluids (D’Amore and Truesdell, 1985; D’Amore, 1998; Siega
et al., 1999, Arellano et al., 2003; Salonga et al., 2004). According to
such methods, both the reservoir temperatures and the quality of
the mixture in two-phase reservoirs can be estimated by calcu-
lating two parameters from gas equilibria: FT and HSH. These
parameters are then represented graphically on suitable back-
ground grids as reference, which contain theoretical curves cal-
culated for both parameters for specific temperatures and steam
contents. However, although results can be inferred from the
graphical method, large errors may occur since the steam fractions
are taken from a logarithmic scale while isotherms from which
temperatures are obtained are highly non-linear functions. Then,
in order to allow better estimations of reservoir temperatures and
steam fractions from FT-HSH1, FT-HSH2 and FT-HSH3 methods,
the EQUILGAS program, that numerically solves the non-linear
equations on which the methods are based, was developed. In this
work the three FT-HSH methods and the EQUILGAS program are
described. Some examples for Mexican fields are also included.

2. Description of the FT-HSH gas equilibrium methods (Siega
et al. 1999)

For the three equilibrium models FT-HSH1, FT-HSH2 and FT-
HSH3, the Fisher-Tropsch reaction (FT) which is given in Eq. (1) is
considered.

(FT): CO,+4H,=CH,4+2H,0 (1)

For the FT-HSH1 method, the pyrite-magnetite (HSH1) mineral
buffer is considered to be controlling the concentration of H,S in
fluids. This reaction is given in Eq. (2):

(HSH1) Hy+2H;0+ 3/2FeS,=3H,S +Y2Fe504 (2)

While for the FT-HSH2 method, the concentration of H,S in
fluids is considered to be controlled by a mineral buffer resulting
from the combined pyrite-magnetite and pyrite-hematite equili-
bria, according to Eq. (3):

(HSHZ) 5/4H2 +34Fe,05 +3/2FESZ + 7/4H20=3H25 +Fe304 (3)

And for the FT-HSH3 method, the concentration of H,S in fluids
is considered to be controlled by a mineral buffer resulting from
the combined pyrite-magnetite and pyrite-pyrrothite equilibria,
according to Eq. (4):

(HSH3) H, + FeS,=H,S+ FeS (4)

Thermodynamic equilibrium constants for the reactions given
in Egs. (1)-(4) expressed in molar proportion with respect to H,O
are given as follows:

Log KFT = 4 log Py, + log Pcoz — 1og Pcha — 2 log Py,o @)
Log KHSH1 = 3 log Py,s — log Py, — 2 log Pu,0 ©6)
Log KHSH2 = 3 log Py,s — 5/4 log Py, — 7/4 10g Pu,0 @)
Log KHSH3 = log Py,s — log Py, ®)

and writing the constants in terms of the water partial

pressure, according to (D’Amore, 1992):
log P; = log (ni/nuy0)-log A; + log Pyyo 9)

where (n;/nyy0) is the molar ratio of “i” component regarding the
total water. The coefficient A for every species “i” is defined as a
function of temperature and the steam fraction “y”. In following
equations y > 0 refers to vapor gain while y <0 refers to vapor
loss:

Ify >0: Aj=y + (1-y)/B; (10)

Ify <0:Ai =1/(Bi(1 +y-yBi)) an

B; is the distribution coefficient for every gas which is a func-
tion of temperature (Giggenbach, 1980; D’Amore, 1992). For tem-
peratures between 100 and 340 °C, (¢t in °C):

log Bco, = 4. 7593-0. 01092¢ (12)
log By,s = 4. 0547-0. 00981 ¢ (13)
log Bcy, = 6. 0783-0. 01383 ¢ (14)
log By, = 6. 2283-0. 01403 t (15)
Thus, equilibrium equations for every reaction are as follows.
FT = logyer + 4 log Ay, + log Aco,—Log Acn,—2 Log Puyo (16)
HSH1 = log Kusui + 3 log Ay,s—log Ay, 17
HSH2 = log Kustz + 3 1og Ays —5/4 log An, (18)
HSH3 = log Kusuz + log Anys—log An, 19

Equilibrium constants of the general form, where T is in K:
log K= a+ b/(T) + c log(T) (20)

Table 1 gives the constants a, b and c for every reaction.

The equilibrium equations can be expressed as a molar pro-
portion of every species with respect to H,O. The logarithm used is
base 10.

FT =4 log(H,/H,0)+log (CO/H,0)— log (CH4/H,0) 1)
HSH1 =3log (H,S/H,0) — log (H,/H,0) (22)
HSH2 =3log (H,S/H,0) — 5/4log (H,/H,0) (23)
HSH3 =log (H,S/H,0) — log (Ha/H,0) (24)

The graphical solutions of (Egs. (16) and 17); (16) and (18) and
(16) and (19) provide the theoretical grids in the coordinates
(HSH1, FT), (HSH2, FT) and (HSH3, FT), given in Figs. 1-3 respec-
tively, to be used as frame references. The parameters FT, HSH1,
HSH2 and HSH3 are obtained from the gas compositions according
to Egs. (21-24) where concentrations of gas species are taken in

Table 1
Coefficients a, b and c for the reactions (Siega et al., 1999).

Equilibrium constant K a b c

Ker —4.330 —8048 4.635
Khsni 6.449 —6150 —-0.412
Khstz 7.609 —6087 —-0.412
Khishs 4.940 —2874 -

P20 5.510 —2048 -
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Fig. 1. Theoretical FT-HSH1 grid.
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Fig. 2. Theoretical FT-HSH2 grid.

the total discharge fluid.

Alternatively, (Eqgs. (21) and 22), (21) and (23) and (21)-(24)
can be solved numerically to provide the temperature and the
steam fraction, according to methods FT-HSH1, FT-HSH2 and FT-
HSH3, respectively. This is automatically performed by the
EQUILGAS program. The following considerations should be taken
into account when these methods are used (D’Amore, 1998):

(1) Thermodynamic equilibrium must be attained in the con-
sidered reactions.

(2) All the considered chemical species (including water) must be
in both chemical and phase equilibrium.

(3) No water gain or loss is allowed after the original equilibration
of the system.

(4) The fluid at wellhead generally consists of fluids coming from

2.5 A5 0.5 0.5 15
HSH3
Fig. 3. Theoretical FT-HSH3 grid.

various sources in the reservoir with different chemical and
physical characteristics. Then what it is obtained through the
application of this method are integrated values of the steam
fraction and temperature for all these different sources. This is
important when the different sources have different gas/water
ratios. When a deep hot zone of the reservoir located below
the exploited reservoir, rich in reactive gas species and CO5,
supplies an important fraction of the total produced gas, an
overestimation of the local reservoir temperature and y values
are obtained.

(5) It is assumed that there is no re-equilibration of the chemical
species from the source or sources to wellhead.

Siega et al. (1999) provided the following criteria for deciding
which of the FT-HSH methods is more appropriate for a specific
application.

(1) FT-HSH1 method is suitable for mature, equilibrated, liquid-
dominant systems, in which the steam is produced by boiling
of the deep liquid.

(2) FT-HSH2 method considers more oxidizing conditions at the
reservoir and is suitable for steam-dominated systems and
two phase reservoirs with relatively high contents of non-
condensable gases in steam. FT-HSH2 method is useful when
the gas compositions show relatively high H,S but minimum
H, concentrations.

(3) FT-HSH3 method is suitable in steam-dominated reservoirs
containing magmatic constituents and usually gas discharges
containing relatively high contents of H,.

When the reservoir temperature and the fraction of steam in
the two-phase mixture are estimated the liquid saturation at the
reservoir (S.) can be obtained from Eq. (25) (D’Amore and Trues-
dell, 1995):

SL=A-VH{A-»WVL + yW} (25)

where V| and Vy are the specific volumes of liquid and steam at the
reservoir temperature respectively and y is the fraction of steam in
the two-phase fluid at the reservoir.
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3. Total discharge fluid calculations

The chemical composition of the gas species in geothermal
fluids is determined in steam samples collected from geothermal
wells by using standard procedures (Giggenbach, 1980; Arnérsson
et al,, 2006). When the wells produce only steam, it is assumed
that the steam, as collected, is representative of the fluid flowing
from the reservoir to the wellhead through the pipe, which is
usually called the total discharge fluid. However when wells pro-
duce two-phase fluids, the gas concentrations in the total dis-
charge fluid should be calculated taking into account the amount
of steam removed due to the (liquid-steam) separation process.
This separation of phases occurs because of the fluid pressure-
drop during the ascent from the reservoir to the wellhead.

The concentrations of gas species “i” (¢;) in the total discharge
(TD) fluid are calculated according to Henley et al. (1984):

(¢)tp = ys(ci)s + (1=ys)(cih (26)

where “ys” represents the steam fraction removed at sampling
conditions and subscripts s and I refer to steam and liquid phases.

For a specific separation temperature (Ts), the steam fraction
removed (ys) from the total fluid is calculated from an enthalpy
(H) balance:

Hrp = ys(Hs)y, + (1=ys)(Hi)q, 27

where Hrp refers to the wellhead enthalpy while Hs and H; re-
present the enthalpies of steam and liquid phases at the given
temperature and are taken from the steam tables. The steam
fraction at sampling, “ys”, is obtained from Eq. (28):

ys = (HTD_(HI)TS)/(HS_HI)TS (28)

4. Program description

The EQUILGAS program was written in Visual Fortran for
Windows (Lawrence, 2002), it was developed for calculating both
the temperatures and two-phase conditions of reservoirs using FT-
HSH gas equilibrium models by a numerical approach. The flow-
chart of EQUILGAS is given in Fig. 4.

For the FT-HSH1 method the constant parameters FT and HSH1
are obtained from the chemical composition of gas samples and
referred to the total discharge fluid, (Eq. (26)) as it is the fluid that
ascends to the wellhead before separation of steam due to de-
compression (Eq. (28)). FT and HSH1 parameters are related to the
reservoir temperature (T) and the steam fraction (y) according to
Egs. (16), (17) and (21), (22). Thus, T and y can be obtained by
solving the following system of non-linear equations:

FT[T, y1 = FTq 29

HSH1[T, y] = HSH1, (30

Newton’s method is widely used to find the root x of a non-
linear function f{x) (Weihong et al., 2009). The iterative process is
given by:

s 31

In vector notation the system of equations can be expressed by:

=/

F(X)=0 (32)
Where X is the vector whose components are:

X=(x1, X)=(T, y) 33)

Reservoir
data entry

Data File

Model

Selection

Run

Newton solver

Display Results

Fig. 4. Flowchart of EQUILGAS program.

and F is the vector whose components are:
F,=FTIT, y] - FI, (34)

F, = HSH1[T, y] — HSH1, 35)

The Newton method for systems of non-linear equations is
given by equation:

- - ~ N1 o
Xn+1=xn—|:1(xn)] F(Xn) (36)
Where ] X,) is the Jacobian matrix defined by:
oF O
S 0X; OX:
] ( X)= 1 2

o, o
ox;  0Xp 37

In order to obtain the derivatives of the Jacobian matrix a
central differences approach was used. A modified Powell algo-
rithm was used to solve the nonlinear system of equations (Powell,
1970).

As an example, Table 2 shows the results from the Newton
method for a specific data where FT,= —15 and HSH1,= —10; for
this example, initial values for Ty and yo of 300 and O were taken.
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Table 2
Iterative results.

Iteration T y IF 7 (X ~_n)l

0 300.000000 0.000000 3.879001

1 237.943586 0.042750 1.360111

2 187.650990 0.094714 0.665191

3 170.453581 0.153162 0.267302

4 169.819707 0.176247 0.019694

5 169.800275 0.178113 0.000106

6 169.800192 0.178124 4198543 x 10~°

z EquilGas g@@

File Edit Project Help

D] @@ &|Bl@ -

Data

Fig. 5. Screen displayed by EQUILGAS.

The solution is given at the 6th iteration, t=169.8 and y=0.178124.

The EQUILGAS program is provided through the journal web-
site. The program can be installed on a Windows PC by using a
friendly interface. Fig. 5 shows the screen displayed by EQUILGAS.
Input data can be either typed when running the program or can
be provided by an external file. In the same way, results are given
through the screen and subsequently they can be saved.

The following steps are followed in running the program once
the file is opened by clicking the menu File.

Input data should be given as follows: Sample code, separation
temperature (°C), steam fraction at sampling, (gas/water) ratio in
steam (%o.mol), gas concentrations in the following order CO,, H,S,
H,, CH4, N3 and NH3 in (%o.mol, dry basis), reservoir temperature in
K (an arbitrary value, a constant value of 573 can be used) and
date, leaving a blank space between day, month and year (DD MM
YY). This file should be saved in Notepad format with [.txt] ex-
tension with no headlines (Fig. 6).

Then select the equilibrium model to be used by clicking the
option (Fig. 7).

The option “Run” appears in active mode (in the first line), this
option should be selected in order to run the program. Fig. 8 shows
the results: sample code, date, FT, HSH, reservoir temperature,
fraction of reservoir steam and the value of the minimized error
function IF (X,)!.

5. Examples for Mexican fields

In order to illustrate the use of FT-HSH methods, examples for
Mexican geothermal fields are given as follows.

The Cerro Prieto geothermal field, located in Baja California,
northwestern México, is the largest liquid-dominated resource
developed in the world (Truesdell et al., 2003). Cerro Prieto I (CP I)
sector was the first production area in which the well discharges
were representative of a 260-300 °C liquid-dominated reservoir

EIBX

z EquilGas - gast
File Edit Project Help

J =(d| 4|sl@f o

182.0 0.712 8.56 970.6 19.98 4.698 0.673 3.457 0.563 573.0 24 04 8!~
A 5 180.0 0.713 10.75 975.9 16.77 2.980 1.149 2.773 0.437573.02506 8
A5 180.00.701 19.75 988.1 7.05 1.792 0.349 1.822 0.927573.012098'
A5 179.00.716 9.27 974.8 17.58 2.859 0.490 2.425 1.892 573.0 25 2 86
A5 165.0 0.727 8.21 970.0 19.45 3.497 0.902 3.903 2.208 573.0 13 05 8(
A5 179.00.717 8.27 984.0 9.34 2.664 0.593 2.530 0.891 573.0 24 9 86
A5 180.00.716 14.18 984.5 9.03 2.041 1.313 2.349 0.803573.0 1 487

A5 180.00.725 9.12 972.6 16.80 3.563 0.759 4.095 2.209573.017 6 87
A5 179.00.727 9.72 973.4 17.84 3.970 0.823 2.741 1.271573.022 7 87
A5 179.0 0.727 10.30 973.0 17.23 4.854 0.627 2.892 1.422573.022 78
A5 182.00.721 10.17 968.6 16.64 5.577 1.156 5.538 2.475573.025 8 8’

A5 17450.728 7.46 960.3 26.16 5.073 1.119 4.878 2.471573.02910 8"
A5 178.50.726 10.44 976.9 16.02 2.211 0.705 2.925 1.207573.01401 8
A5 17450.684 5.75 942.7 37.75 7.321 1.615 7.040 3.566 573.0 2910 8.
A5 178.20.72710.44 976.9 16.02 2.211 0.705 2.925 1.207573.01401 Bv
< | >

Data

/4

Fig. 6. Example of data file for well A-5 from Los Azufres geothermal field.
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Fig. 7. Screen displayed by EQUILGAS to select the model to be used.
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A5 24 485 -15.01350784  0.62868249 313.78231812 0.0166026 ~
A5 25 685 -15.63605785 0.75031698 312.89154053 0.0067192
A5 12 985 -14.96953106  0.59485096 312.49642944  0.0186181
A5 25 286 -15.58845329  0.78880483 315.32797241 0.0054006
A5 13 586 -15.69014072  0.74522376 312.01638794  0.0065001
A5 24 986 -15.98582458 0.54481280 298.84841919  0.0109515
A5 1 487 -15.85931873  0.64584452 305.22662354  0.0088490.
A5 17 687 -15.40371323  0.67349362 311.71051025 0.0111282
A5 22 787 -15.13514328  0.65260416 313.66415405  0.0143098
A5 22 787 -14.56726837 0.55018538 314.91931152  0.0230137
A5 25 887 -14.63018703  0.47475287 309.65170288  0.0292231
A5 2910 87 -15.30588341 0.71237296 314.77990723  0.010335!
A5 14 188 -15.96143532  0.86007363 314.43286133  0.0015247
A5 2910 87 -15.39662170  0.71234661 313.74459839  0.009669'v
< | >
Results 4

Fig. 8. Results displayed by EQUILGAS in the following order: sample code, date, FT,
HSH, reservoir temperature, fraction of steam in the reservoir and the value of the
function to be minimized.

(Portugal et al., 2005). In this work the wells 131 (data for 2004-
2006) and 138 (data for 2004) were used to investigate deep
conditions by using the FT-HSH1 method.

To illustrate thee use of the FT-HSH2 method, samples from the
Los Azufres and the Los Humeros (México) geothermal fields,
(both located at about 3000 m. a. s. l.) with typical two-phase
characteristics at reservoir have been selected as examples
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Table 3

Chemical compositions of steam samples of representative Cerro Prieto I, Los Azufres, Los Humeros and Cerro Prieto IV wells. Ts: Separation temperature; ys: steam fraction
at sampling; XG: nc gas/water in steam (%.mol); Gas concentrations (%ovol) dry basis; Tg: Guess for reservoir temperature, it could be 573 K for geothermal reservoirs and

Hrp: measured enthalpy.

Well Ts (°C) ys XG CO, H,S H, CHy4 N3 NH; Tk (K) Date Hrp (KJ/kg)
131 189.1 0.210 3.834 822.617 46.444 15.810 46.770 41.906 25.862 573 08 09 04 1221
131 189.4 0.217 4.408 864.461 52.395 11.998 46.043 10.987 13.898 573 10 08 05 1235
131 191.9 0.200 3.499 870.151 45.629 15.669 45.593 11.561 11.206 573 12 07 06 1210
138 192.4 0.278 5.226 875.260 39.080 21.144 41.761 8.383 14.215 573 09 09 04 1367

LA-5 179.2 1.000 7.923 965.777 22.263 2.676 0.759 6.880 1.482 573 15 01 05 2877

LA-5 180.1 1.000 8.449 964.660 21.131 2.867 0.786 7.462 2.935 573 15 02 05 2877

LA-5 181.5 1.000 8.579 963.014 23.460 2.996 0.758 7.804 1.931 573 15 03 05 2877

LH-6 143.0 0.918 17.871 835.132 75.862 35.976 4.660 29.706 18.447 573 01 01 87 2630

LH-6 147.5 0.756 13.080 859.931 67.548 23.289 7.630 33.456 8.120 573 010188 2167

LH-6 141.3 0.836 13.373 881.013 63.521 14.158 15.066 12.378 13.863 573 010189 2405

LH-6 1203 0.805 14.898 850.605 72.492 25.938 38.595 8.497 3.335 573 010192 2279
404 214.0 0.542 10.160 894.465 39.299 29.089 22.669 1.078 13.331 573 1112 02 1930
404 219.0 0.550 12.465 859.667 36.355 70.098 19.377 1.623 12.831 573 20 05 03 1956
404 219.9 0.553 9.350 887.719 32.613 38.269 27.584 2.787 10.987 573 15 09 04 1965

(Barragan et al., 2002; 2005; 2006; 2011; Arellano et al., 2003;
2015). Data for Los Azufres well LA-5 (2005) that produces dry
steam and for the Los Humeros two-phase well LH-6 (data for
1987-1992) with a high steam fraction at separation conditions
were used.

The FT-HSH3 method has been used to study the Cerro Prieto
IV (CP IV) sector deep characteristics (Barragan et al., 2006; Are-
llano et al.,, 2011). CP IV is located to the NE of the Cerro Prieto
geothermal field, not far from the location of the gases upflow of
the field (Truesdell et al., 2003), thus the presence of magmatic
species has been noticed in well discharges. The behavior of well
404 (data for 2002-2004) is discussed as an example.

Table 3 shows chemical compositions of steam samples of re-
presentative wells of Cerro Prieto I (CPI), Los Azufres (LA), Los
Humeros (LH) and Cerro Prieto IV (CPIV). Depending on the
measured enthalpies at wellhead, the wells listed in Table 3 have
different steam fractions at separation conditions (ys) given by Eq.
(28) as follows. The CPI wells 131 and 138 are characterized by
relatively low total discharge enthalpies and a low fraction of non-
condensable gases in steam (XG) denoting largely a water-domi-
nated reservoir and hence relatively low ys (of between 0.2 and
0.3). In contrast, very high total discharge enthalpies measured in
the dry steam well LA-5 provide a ys of 1; while intermediate
discharge enthalpies in the two-phase wells LH-6 and 404 produce
ys of >0.75 and ~0.55, respectively. As shown by the data in
Table 3, in all the wells the CO, is the major component while H,S
is the second in Los Azufres and Los Humeros wells but H, is the
second in the CP IV well (for 2003 and 2004 data) and for CP I

Table 4

wells H,S concentrations compare well with these of CH,4.

Numerical results for FT, HSH, reservoir temperatures and
fractions of steam provided by EQUILGAS program and the results
for volumetric liquid saturations at the reservoir are given in Ta-
ble 4. Graphical results on a FT-HSH1 theoretical grid for Cerro
Prieto I data are given in Fig. 9, results for Los Azufres and Los
Humeros data on a FT-HSH2 grid are shown in Fig. 10 while results
for Cerro Prieto IV data on a FT-HSH3 grid are seen in Fig. 11.

For the well 131 from Cerro Prieto I, the FT-HSH1 method with
2005 gas data provided almost negligible reservoir steam fractions
(of 0.002) indicating that it produces from an equilibrated liquid
phase at a reservoir temperature of 269 °C (Table 4). From these
data rather high liquid saturations (up to 0.95) for the well were
estimated. In contrast, for the well 138 producing from the same
aquifer than well 131, the FT-HSH1 results indicate a reservoir
temperature of 266 °C and moderate liquid saturations (of 0.674)
due to the presence of relatively low reservoir steam fractions
(0.016) in Table 4. In order to explain the results, it is necessary to
recognize what is the source or the nature of the reservoir steam.
In geothermal reservoirs, the in situ reservoir steam could be
originated from the production of preexisting reservoir steam or
from vaporization of water in the reservoir either by near-well
boiling and heat transfer from the rock, or by general boiling and
preferential flow of steam to the well. In order to identify the
possible sources of the reservoir steam it is useful to investigate
the chemistry of fluids along with the total discharge enthalpy of
the wells. Previous studies in Cerro Prieto I wells (Truesdell et al.,
1987) have suggested that the reservoir steam originates from

Numerical results provided by EQUILGAS in the following order: Code sample, date, FT, HSH, Tg: Reservoir temperature; y: Fraction of reservoir steam and error. The

volumetric liquid saturation at reservoir (S;) was also included.

Well Date FT HSH1 HSH2 HSH3 Tr (°C) y (fraction) Error
131 08 09 04 —18.33556 —8.386 260.5 0.005 0
131 10 08 05 —18.48718 —7.96 269 0.002 0
131 12 07 06 —18.55924 —8.527 256.9 0.004 0
138 09 09 04 —16.72903 —8.225 266.3 0.016 0

LA-5 15 01 05 —15.58986 —5.419 296.2 0.018 0

LA-5 15 02 05 —15.37412 —5.475 295.2 0.023 0

LA-5 15 03 05 —15.25612 —5.351 298.7 0.023 0

LH-6 01 01 87 —10.66333 —4.679 293.9 0.523 0

LH-6 0101 88 —12.49846 —4.978 306.3 0.15 0

LH-6 010189 —13.43505 —4.695 319.6 0.062 0

LH-6 0101 92 —12.68428 —4.798 314.8 0.118 0
404 1112 02 —13.58538 0.131 298.2 0.082 0
404 20 05 03 —11.62591 —0.285 2739 0.362 0
404 15 09 04 —13.30685 —0.069 285.6 0.116 0




R.M. Barragdn et al. / Computers & Geosciences 88 (2016) 1-8 7

Cerro Prieto | wells

FT

HSH1
Fig. 9. Graphical results for Cerro Prieto I data on a FT-HSH1 grid.
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Fig. 10. Graphical results for Los Azufres (LA-5) and Los Humeros (LH-6) re-
presentative wells in a FT-HSH2 grid.

near-well boiling with all fluid moving to the well, being this the
possible explanation for the moderate liquid saturation found in
well 138. In fact the near-well boiling process has dropped the
temperature of well 138 with regard to the aquifer temperature
given by 2005 more representative data of well 131 (269 °C).
The results of EQUILGAS for 2005 data of the Los Azufres steam
well LA-5 (1 740 m. a. s. 1.) using the FTI-HSH2 method in Table 4
indicate high reservoir temperatures (295-299 °C) and relatively
low steam fractions at the reservoir (0.018-0.023). Currently it is
accepted that in the Los Azufres reservoir gas geothermometers
indicate little reservoir steam while the high enthalpy of wells are
due to boiling and heat transfer (Nieva et al., 1987; Truesdell et al.,
1987). By using the EQUILGAS results for well LA-5, relatively high

Well 404 CP IV
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Fig. 11. Graphical results for Cerro Prieto IV (well 404) in a FT-HSH3 grid.

liquid saturations for the reservoir are calculated (0.71-0.77)
which compare well with these reported for the well in 1987
(Nieva et al., 1987). However, in this well two-phase fluids were
produced at the beginning while after some years of exploitation
boiling increased and the well became a steam producer (Arellano
et al., 2005, 2015).

Results of EQUILGAS for well LH-6 (340 m. a. s. l.) from Los
Humeros geothermal field using the FT-HSH2 method indicate
very high reservoir temperatures (up to 320 °C) and very variable
fractions of steam in the reservoir, (from 0.06 to 0.52) in Table 4.
These large variations are due to multiple fluid entries to the well,
in agreement with the conceptual model that proposes the ex-
istence of at least two reservoirs in the system (Arellano et al.,
2003). According to this, a relatively shallow liquid-dominant re-
servoir and a deeper low-liquid-saturation reservoir with tem-
peratures between 300 and 400 °C occur. Thus, both reservoir
temperatures and steam fractions will depend on the amount of
fluid that each reservoir contributes to the well discharge. In this
case, the reservoir liquid saturations were also variable, from 0.05
to 0.59. According to Table 3 the well LH-6 in 1987 produced a
relatively high proportion of deeper fluids since the higher steam
fraction at separation conditions (ys) and a high value of non-
condensable gases (XG) were found. Data for 1988-1992 indicate
higher liquid saturations at reservoir which could be due to the
entry of higher proportions of shallower fluids, as compared with
1987 data. Other studies have concluded that the proportion of
fluids from every reservoir entering the wells depends on the
production orifice.

In Table 4, the results of EQUILGAS for the well 404 from Cerro
Prieto IV reservoir using the FT-HSH3 method indicate high re-
servoir temperatures (274-298 °C) and moderate and variable
steam fractions at the reservoir (from 0.08 to 0.36). The higher
liquid saturation for this well (0.41) was calculated for initial
(2002) data. Soon, after production, liquid saturations decreased
indicating first a poor liquid saturation in 2003 (0.065) and then in
2004 a partial recovery (0.274) due to the entry of lower tem-
perature waters to the reservoir induced by exploitation (Arellano
et al., 2011).
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6. Conclusions

The chemical composition of the steam produced by geother-
mal wells is useful for investigating reservoir conditions by using
gas equilibrium models. FT-HSH methods are based on the FT re-
action combined with gas-mineral reactions that control the
H,S-H, concentrations of geothermal fluids. Three FT-HSH meth-
ods which allow the estimation of reservoir temperatures and the
in situ amount of steam of the two-phase mixture of fluids based
on different mineral buffers have been developed. However, for all
of them graphical solutions are involved and hence, relatively
large errors in estimations occur. To facilitate the use of the FT-
HSH methods and minimize errors in estimations the program
EQUILGAS was written. The program solves the three FT-HSH gas
equilibria methods numerically. Some examples for Mexican fields
were also provided to illustrate its use. The EQUILGAS program is
available through the journal website.
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