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A key uncertainty in the design and long-time behavior of EGS reservoirs, and their management, is
the fracture surface area that controls the rate of heat transfer between the host rock and the circulating
injected water. A workflow is developed that uses analytic solutions to estimate this surface area. We first
analyze a tracer test to estimate the fracture pore volume swept, the flow geometry, and the presence of
multiple fractures (or damage zones around the primary fracture). Using this information about fracture
properties, an analytic solution describing produced temperature vs. time can be solving iteratively to
estimate surface area. In the case of multiple fractures, we show that the equation governing the produced
fluids’ temperature is superposed to estimate the surface area. The workflow is shown to be robust, even
in the presence of heterogeneity.

The workflow is then used to make design decisions and predictions about the sustainably of areservoir.
Also shown is the use of the workflow to estimate power generation as a function of fracture properties
(measured) and flow rates (controlled), and show how to scale up to multiple production wells and

fracture packs. Assumptions used, and limitations of the method are discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Engineered Geothermal Systems (EGS) rely on the injection of
cold water into one or more fractures in hot, low permeability host
rock to “mine” the heat from the rock and produce hot water in
one or more production wells. A key uncertainty is the fracture
surface area that controls the rate of heat transfer between the
host rock and the circulating injected water (Carslaw and Jaeger,
1959; Gringarten et al., 1975; Gringarten and Sauty, 1975); the
method also relies on thermal properties of the rock and water
(heat capacity, thermal diffusivity, etc.) but these properties can be
measured or estimated easily. If estimated, the work by Stopa and
Wojnarowski (2004) shows that the use of constant thermal prop-
erties introduced approximately 10% errors compared to analytic
solutions.

Carslaw and Jaeger (1959) show analytic solutions for heat
exchangers with 1-D flow in the “fracture” and no flow in the
“matrix.” Robinson and Tester (1984) and Robinson et al. (1988)
used similar equations in matching production temperature his-
tories for two EGS projects by adjusting the surface area of the
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fracture, but note the problem in using tracers to determine the
distribution of fractures in space. Shan and Pruess (2005) use a 2-D
geometry with uniform flow per fracture to show the specific sur-
face area (A/Vg) can be estimated using a diffusing tracer. Pruess
and Doughty (2010) show that matching huff-n-puff tests using
temperature as a tracer is useful to estimate changes in heat trans-
fer area but show no explicit calculation for surface area. Dean et al.
(2015) showed the use of cation exchange and numerical simula-
tion to estimate fracture surface area, but the method relies on the
accuracy of the reservoir properties used in the simulation.

Robinson and Tester (1984) also showed a relationship between
heat exchange surface area and reservoir volume for two EGS reser-
voirs. This correlation demonstrates the need to estimate both
fracture volume and surface area to optimize EGS heat extraction
over reservoir life. The purpose of this work is to develop a method
to simultaneously estimate fracture pore volume, flow geometry,
and fracture surface area using conservative tracers and tempera-
ture in analytic solutions.
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Nomenclature

A Surface area [m?2]

A; Surface area of the “i” fracture [m?2]

b Half aperture of the fracture [m]

C Concentration of tracer [kg/m?3]

(o Heat capacity [J/kg/K]

F Cumulative flow capacity of the fracture set
f Flow capacity of the “i” fracture [m3/s]

Kfract Permeability of the fracture [m?]

Kg Thermal conductivity of the rock [J/s/m/K]
L Minimum spacing between “fracture packs” [m]
Mg Mass of tracer injected [kg]

mp Mass of tracer produced [kg]

m; The mass flow rate in the jth production well
OF Objective function

q Volumetric rate [m3/s]

q Volumetric injection rate [m3/s]

qgi Volumetric rate of the “i” fracture [m3/s]

qp Volumetric production rate [m?3/s]

S Surface area of the fracture [m?]

t Time [s]

t Tracer mean residence time [s]

Tamb Reinjection (or ambient) temperature [°C]
Tp Dimensionless temperature [—]

Tk Field temperature [°C]

T; Temperature of the “i” fracture [°C]

T; Initial temperature [°C]

T Injected temperature [°C]

Ty Model temperature [°C]

Ty Model temperature of the “i” fracture [°C]
Tr Temperature in the rock matrix [°C]

tsiug Time over which tracer is injected [s]

Tw Temperature in the fracture [°C]

Vp Pore volume [m?]

Vi Pore volume of the “i” fracture [m3]

Vs Total pore volume swept [m3]

w Fracture width [m]

z Axis perpendicular to the fracture [m]
Greek

n Thermal to electric power conversion efficiency
Pi Density (i =water w, but rock, R) [kg/m3]

T Residence time of a flowpath [s]

¢ Porosity [-]

Dfract Porosity of the fracture [-]

D Cumulative storage capacity of the fracture set
O The storage capacity of the “i” fracture [m?3]

2. Proposed method
2.1. Estimating temperature

The governing equations in Gringarten and Sauty (1975), which
are similar to that by Lauwerier (1955) and Carslaw and Jaeger
(1959), can be written for flow in a fracture with conduction of
heat in the surrounding rock

b dTy dTy aT,
2 (0G0)y ¢ + 5 (0%0),, 5" — K, by, =0 ®

for the fracture (see Nomenclature for a definition of variables)
with (0C)r = ¢(0Cpw + (1 — ¢)(0Cp)r. The surrounding rock matrix
temperature is governed by the following equation.

(PCo)y 0T _ 3Ty -0 )
Kr 0t 022
The temperatures also satisfy the following initial and boundary
conditions.

PbS

Tw(S, t) =Tg(S,z,t)=T; t< T (3a)
Tw(0,t)=T; t>0 (3b)
Tw(S,t) =Tg(S,b/2,t) VS, t (30)
lim; oo TR(S,z,t) =T, VS, z,t (3d)

Gringarten and Sauty (1975) show the solution of Egs. (1) and
(2), subject to constraints Eq. (3), is

-1/2
Ty — Tw(t) _ erfe (0Cp)2, (g)z . (0Gp), bs @)
T -Ty Kr(pCp)g \ S (,on)W q
We use the following identities to write Eq. (4) in terms the sur-

face area of the fracture and other variables more easily measured
or controlled.

Vp = bWLg = bS¢ (5)
A=2S (6)

And multiplying the last term in Eq. (4) by ¢/¢ and simplifying,
we get

1 A 1
=/ Kr(PCp Yy ———————
(rGo),, 24 K (c- i vl)l/2

(pCp)y ¥4

(7)

Tw(L, t) =T; — (T; - Ty)erfc

The utility of Eq. (7) above consists of writing the equation in
variables that can be measured (e.g., T, Kg, Cp, V) — see below) or
controlled (q) except the fracture surface area, A. Thus, by mea-
suring the thermal properties of the rock and water as a function
of temperature and measuring the produced temperature, we can
solve Eq. (7) for surface area using a non-linear solver (in our case,
we use Excel).

There is one more “unknowable” that shows up in Eq. (5), frac-
ture porosity ¢. Porosity is part of the total heat capacity term
(pCp)r. But from a volumetric perspective, since (1—¢@)(pCp)g is
the same magnitude as ¢(oCp)w, any errors in ¢ are second order.
The only other term containing ¢ is the time lag term but it also sec-
ond order. We have used ¢ between 0.95 and 0.7 in the examples,
without discernable differences.

2.2. Tracer testing to estimate pore volume and flow geometry

2.2.1. Total pore volume swept

Tracer interpretation methods have been developed in recent
years to offer a wide range of reservoir and flood properties. In
particular, the following properties can be determined from con-
servative tracers (Shook and Forsmann, 2005; Shook et al., 2009):

¢ Total pore volume swept, Vs:

It is the product of the tracer mean residence time, t* and inter-
well flow rate, q.

e The flow geometry of the individual flow paths, fand ¢:
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That is, the fraction of the total flow rate associated with a given
flow path, and the pore volume associated with that flow rate.
This information is used to superpose an arbitrary number of 1-D
solutions using Eq. (7) (see Example 2 below).

e The residence time distribution of the flow field, calculated as
dF/d®

This information gives an idea of the number of “fractures” in the
domain. A fracture is identified by a constancy of residence times
by the number of flowpaths.

For a conservative tracer injected as a slug over time tg,g, the
total volume swept for a given well pair, Vs, is determined from
tracer concentration histories at the production well as follows:

o0
qpCtdt
mp 0 Esiug
Vs = QJIVTK = T3 (8)
/qudt
0

where mp is the tracer mass recovered in the production well, and
M is the total mass of tracer “k” injected, gp is the production rate,
and gy is the injection rate. Thus, the first two terms in Eq. (8) rep-
resent the interwell volumetric flow rate, and the remainder of Eq.
(8) is the mean residence time of the tracer. The use of the frac-
tion of tracer produced in calculating interwell flow rate corrects
for multiple production wells and leak-off. When the injection rate
fluctuates, we have found it is best to use an average value in these
equations.

Obviously, the upper limit of integration in Eq. (8) can pose
difficulties in interwell tracer tests. Tracer tests are frequently ter-
minated before the tracer response goes to zero because the tracer
concentration decreases to values less than the detection limit, or
the concentration data become too noisy for accurate calculations,
or simply because the sampling is terminated for one reason or
another. However, failure to account for the tracer tail will under-
estimate the swept pore volume. Tracer concentrations frequently
decline exponentially, such that In(Concentration) vs. time is lin-
ear. The means of using exponential decline is given in Shook and
Forsmann (2005) and Shook et al. (2009). Other ways to extrapolate
the tail of a tracer history are given in Shook et al. (2016). Extrap-
olating the tracer curve for this application is not expected to be
needed, since the tracer is injected at the onset of injection, and
injection is expected to last long after tracer concentration goes to
zero. We are interested in the decline of the temperature history,
which lags the tracer by a factor proportional to the ratio of heat
capacities — usually a factor of 10 for EGS properties. The interested
reader is directed to the literature for methods of extrapolating the
curves.

2.2.2. Flow geometry and estimating fracture properties

Tracers can be used to estimate the flow geometry of the
fractured media as first shown by Shook (2003) and Shook and
Forsmann (2005). Flow capacity — storage capacity diagrams have
appeared in petroleum reservoir engineering literature for decades
(Stiles, 1949; Schmalz and Rahme, 1950; Lake, 1989; Gunter et al.,
1997). Also known as F-C curves, they were originally derived for
2-D, vertical cross section, non-communicating, layered reservoirs.
Shook and Forsmann (2005) and Shook et al. (2009) generalized F-
C curves to use dynamic data e.g. tracers and termed the dynamic
Flow capacity — Storage capacity curve (F-® curve). Briefly, the
flow capacity of an arbitrary flowpath, f; is the volumetric rate of

the flowpath divided by the total flow rate, and the storage capacity,
;, is the fraction of pore volume associated with the flowpath:

f= 49 _ 4 (9)

Ve _ Vn
N Vs

> Ve

j=1

The F-® curve is simply a cumulative curve of the individual
flowpaths’ fand ¢. Shook (2003) and Shook and Forsmann (2005)
show the F-® curve can be estimated from tracer data as shown in
Egs.(11)and (12) below.

Qi = (10)

t
/qur
F(t) = = (11)
/qut
0
t
/qudr
o(t) = (12)

0
oo
/thdt
0

F-® curves are used qualitatively and quantitatively, for exam-
ple “60% of the flow is coming from 12% of the pore volume.” We
also show the F-® curve is useful in estimating the number of “frac-
tures” in a reservoir (defined by the same residence time). This is
the characteristic property of F-® curves that is valuable in the
present context.

Wu et al. (2008) showed for a case of constant injection and
production rates, the slope of the F- ® curve is

Ctdt

0\8

AT

dF 1
-1 (13)

Cdt

0\8

where T is the residence time of a given streamline and t" is the
mean residence time. So the relative slope gives insight into the
number of fractures (or, more generally, the presence of different
permeabilities - in the case of one fracture with damaged zones
around it) seen by the tracer. We can estimate the fraction of the
flow rate and pore volume associated with individual fractures by
noting the breaks in the F-® curve slope. We use this property of F-
& curves to superpose analytic temperature solutions in Example
2 below.

2.2.3. Workflow

The previous sections show that, by writing the solution for
producer temperature vs. time in terms of variables that can be
measured (including pore volume from tracer testing) or can be
controlled (total injection rate), we can estimate the surface area
that controls conduction in EGS reservoirs. In the case of damage
zones around the fracture (a result of the stimulation job), we use
the F-® curve to estimate the fraction of volumetric rate (Eq. (11))
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Fig.1. Aschematic of the EGS reservoir used in this study. Example 1 below assumes

the fracture is uniform and encompasses the two “damage zones.” Example 2
assumes the damage zones have different permeability and porosity, see Table 1.

and pore volume associated with these fractures (Eq. (12)). In this
case, Eq. (7) written for all fractures (using the individual fractures’
Vyi and ¢;) and the results are summed. We show an example of
this in Example 2 below.

Our workflow to estimate surface area in EGS reservoirs pro-
ceeds as follows. Given injection and production wells, both
stimulated to insure good connectability:

1. Run a tracer test; estimate total pore volume swept using Eq.
(8) and the flow geometry using Egs. (11) and (12). Based on the
number of abrupt breaks in the F-® curve slope estimate the
number of “fractures” and the fraction of the total rate and frac-
tion of the pore volume associated with each fracture. Convert
these to the fractures’ pore volume and rate.

2. Based on the number of fractures, write the production temper-
ature as a sum of the solution of Eq. (7) for every fracture. If we
denote the model temperature Ty; =Ty + Tz + . . . Ty, NEXt we
compare field temperatures Tr with Ty, at every time field data is
collected. We now define an Objective Function, OF = X(Tf — Ty )?
where the errors are summed over time. We have N unknowns
where N is the number of fractures. We next provide an initial
estimate for the fracture surface area A; and use a non-linear
solver to minimize OF by changing the A;.

In what follows, we restrict our calculations to a single well pair,
but we consider first one fracture, and then one fracture with dam-
age on either side, and show the benefits of using the workflow. We
then show some examples of the use of such information, show
scaleup to field scale (multiple well pairs and multiple fractures)
and implications of the study results.

3. Verification
3.1. Model description

The model used for this study was a single well pair completed
in a single vertical fracture set in non-fractured native rock. The
half-length of the fracture is 99 m with a height of 75 m and an aper-
ture of 0.02 m. The matrix width is 642.66 m to ensure semi-infinite
media over the time scale of interest, with grid block sizes increas-
ing by a factor of 2 away from the fracture to ensure numerical error
is controlled. The wells are completed only in the fracture. See Fig. 1
for a schematic of the model. Thermal and physical properties of the
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Fig. 2. Injection Pressure vs. time for Example 1 (base case).

rock were taken from the literature and are summarized in Table 1.
The matrix is assumed to have no permeability and the fracture
permeability depends on the example number.

The initial temperature is 200°C, and the initial pressure is set
to 9800 kPa, about the hydrostatic pressure gradient assuming the
fracture is at 1 km depth. At t=0, water at 25°C is injected for 1h,
followed with 25 °C water with 10% tracer for one hour and then
with 25 °C water without tracer for the balance of the simulation.
All injection and production rates are 2 kg/s. For reasons of sym-
metry we simulated a half-space solution, but the results showed
below are for the full solution for a single well pair with rock sur-
rounding the fracture. The results are scaled up to field scale in a
following section (multiple production wells, and multiple fracture
packs, etc.).

For the examples showed here, we use TOUGH2 (Pruess, 1991)
to simulate the “true” reservoir and displacement properties
(including pore volume swept, surface area, and temperature his-
tories), and then calculate the pore volume swept using the tracer
and the temperature history to estimate the fracture surface area.
An acceptable comparison of surface area validates the method
and gives us confidence in predicting the performance of the EGS
reservoir. Of course, these predictions are only valid for the specific
reservoir properties we used in our study; the calculations would
need to the performed anew for a specific EGS field test. The main
objective of the paper is to introduce the workflow needed to make
these predictions.

3.2. Example 1: single fracture

For our first case, we assume the fracture permeability is a con-
stant 1.0 x 10~ m2 (~10 D) and an injection rate of 2 kg/s. Tracer
is injected for one hour at a concentration of 10% by weight. After
injecting tracer, injection is switched to chase fluids (water without
tracer) for the duration of the field test. One of our concerns in start-
ing these simulations was to choose an injection rate sufficiently
low such that injection pressure stays below the parting pressure.
We use arate of 2 kg/s for the complete field test; the injection pres-
sure history is given in Fig. 2. As can be seen, the injection pressure
grows to 23,500 kPa or about lithostatic pressure at 620 days, sug-
gesting our flow rates may be little high. This is an issue for field
experiments, but it is acceptable for our purposes here.

The tracer test is only done to estimate the fracture pore volume,
so we first analyze the tracer data. The tracer history is shown in
Fig. 3 below. From Eq. (8), we can calculate the swept volume as
130.76 m3. From Table 1, the true pore volume is 133.65 m? giving
an error of 2.2%. We then can use the pore volume in Eq. (7) to
estimate fracture surface area.

From Fig. 4, we can see the method presented can match the
field temperatures well. Table 2 shows the estimated surface area,
maximum error, and the objective function for the three times at
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Table 1

A summary of EGS field properties used, including calculated values of fracture pore volume and surface area to verify the accuracy of the method.

Thermal Properties

Petrophysical Properties

or (kg/m?) 2569 Example 1 Example 2
Cpr (J/kgC) 803 1 fracture 1 fracture between 2 damage zones
Kg (W/mC) 2.569 Siract
ow (25C) (kg/m3) 997.1 Damage zone 1 0.9 0.75
ow(200C) (kg/m3) 864 Fracture 0.5
Gow (25°C) (J/kg K) 4180 Damage zone 2 0.95
Cow (200°C) (J/kg K) 4510 Kerace (1012 m2, ~D)
Initial and Injection Conditions Damage zone 1 10
Initial pressure@ 1 km, (kPa) 9800 Fracture 10
Initial temperature (°C) 200 Damage zone 2
Injection mass rate (kg/s) 2 “Truth”
Injection temperature (°C) 25 Vp (m3)
Grid Properties Damage zone 1 133.65 37.125
Model dimensions (m) 99 x 75 x 643 Fracture 24.75
Grid dimensions 33x15x3 Damage zone 2 47.025
DX (m) 3 Surface area (m?)
DY (m) 0.01,0.02,0.04, ... Damage zone 1 14,850 4950
DZ (m) 25 Fracture 4950
Damage zone 2 4950
4.0E+04 T T perature falls to close to the injected temperature. We define the
35£400 t*=0.724d dimensionless temperature as:
T [ Vp = 130.7 m?
S 3.0e+04
= " f ‘x Tp = m (14)
S 256+04 5 T, -T,
@
S 20804 | .‘1 . . ) .
g ’8 't where T; is the initial temperature and Ty is the injected. So, Tp =1
G 1sEs \ is the full dataset, Tp = 0.1 is a 10% change in temperature, and 0.05
o . .
§ 108404 is a 5% change. The change in the curves from markers to dashed
T soers line represents the final time at which the field data is used in the
0.08+00 _j estimate. Depending on the relative importance of time spent vs.
000 025 050 075 100 125 150 175 200 accuracy the relative error is bounded by 0.025-0.095. The maxi-

Time (d)

Fig. 3. Tracer history (tracer concentration vs. time) for Example 1.
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Fig. 4. “True” and Estimated Temperature Histories for Example 1. The start of the
dotted line portion of the curves denotes the time at which the estimate of surface
area is done for two extrapolation times.

Table 2
A summary of estimations of surface area and error for three termination tempera-
ture, compared with the value from the simulation inputs for Example 1.

Termination temperature

Tp=1.0 Tp=0.1 Tp=0.05
Estimated surface area (m?) 14492.8 13727.5 134423
Objective Function 3903.8 2421 72.9
Max error 3.86 0.55 0.33
Relative error 0.0241 0.0756 0.0948
True surface area (m?2) 14,850

which the field test could be terminated. The first analytic curve
assumes the field test was not terminated until the produced tem-

mum error in Table 2 is maximum difference between the field data
and the estimates, using an arbitrary final temperature change of
10°C. Of course, the only time the full dataset is useful is if the
injection rate is far larger than the reservoir can generate sustain-
able electricity from. This method can be used for a field test at rates
such that the test is done before much heat is mined but still col-
lects the data needed to calculate sustainable rates for the design
requirements. We believe the value of this workflow is to conduct
a field experiment at rates just below parting pressure as long as
feasible to collect information to design a long-term EGS project.

3.3. Example 2: 1 fracture with 2 damage zones

Our first simulation assumes the stimulation job is perfect - the
full fracture is one permeability with no damage zones. In Example
2 we acknowledge the possibility of a (smaller) fracture with dam-
age zones on either side. This scenario uses the F-® curve to divide
the pore volume swept and the injection rate between the three
zones and superposition of the temperature solutions to arrive at
the estimate of surface area.

Everything except the fracture permeability and porosity is the
same as in Example 1 (see Table 1), including the tracer injection
time and concentration. So we start with the tracer interpretation
as usual, but we need the F-® curve here (we calculating the F-
® curve for Example 1, but as expected it showed no effects of
multiple flow paths). The tracer history for Example 2 is plotted in
Fig. 5 and the resulting F-® curve in Fig. 6.

As we saw in the Example 1 tracer test, the results agree
well with the true pore volume given in Table 1 (the relative
error=2.66%). The presence of multiple permeability flow paths
does nothing to invalidate the use of tracer analyses to estimate
pore volume swept, and in fact, the presence of three flow paths
is evident in the history. Allocating flow and pore volume between
the flow paths is most easily done with the F-® curve as shown in
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Fig. 5. The tracer history for Example 2. Notice the presence of the three fracture
zones.
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Fig.6. The F-® for Example 2, showing the flow geometry and the apportioned rates
and pore volumes between the three flow paths.

Table 3

Rates and Pore Volumes for the three flow paths from Fig. 6.
Zone i (fraction of V) F; (fractionof g;) ~ Vp; (m?)  g; (m3/s)
Fracture 0.234 0.598 24.8 1.20
Damage zone1 0.4 0.291 42.4 0.58
Damage zone2  0.366 0.111 38.8 0.22

Fig. 6. This can also be done by plotting the derivative - dF/d® vs.
®, as shown in Nalla and Shook (2005).

As mentioned previously, constancy in the slope of the F-®
curve denotes the presence of a flow path (or a number of paths)
with a single residence time (we have taken the liberty to also draw
tangents to illustrate). Because we set the injection rate and we
know the total pore volume from Fig. 5 above, we can use the F-
® curve to apportion these properties between the flow paths, as
shown in Table 3 below.

We then use the individual fracture properties to estimate the
total surface area. Owing to the form of Eq. (7), we can use super-
position for our three flow paths (using q and V}, from Table 3 for
each path) and sum up the temperature histories:

Tv = (45T + 9p1Tp1 + qp2Tp2)/qp (15)

where the subscripts denote the fracture and damage zones. The
temperature history for Example 2 is shown in Fig. 7, and the esti-
mations of surface area and errors using cutoff analysis times are
given in Table 4. The accuracy of this method in the presence of
heterogeneity is outstanding. Note we have used more of the data
in the extrapolation due to the obvious variable residence times
observed in Fig. 5, compared to Example 1.

For confirmation of the need for more data in the presence of
heterogeneity, we also show the extrapolated temperature history
calculated using only a 25% change in produced temperature in
Fig. 7. Failure to conduct the field experiment long enough to see
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Fig. 7. The temperature history for Example 2 with three analytic estimates for
Example 2 with extrapolation. Also shown is the ramifications of terminating the
experiment early.

Table 4
A summary of estimations of surface area and error for three termination tempera-
ture, compared with the value from the simulation inputs for Example 2.

Termination temperature

Tp=1.0 Tp=0.75 Tp=0.5
Estimated surface area (m?) 15623.4 15295.7 15269.1
Objective function 1142249 42981.3 300.3
Max error 35.36 18.53 0.99
Relative error —0.0521 —0.0300 —0.0282
True surface area (m?) 14850

the contributions of all fractures over-predicts late time temper-
atures. This also shows the value of our methodology in using a
sufficiently large rate in the experiment to get the information in
a timely fashion. This information is then used to design the EGS
operations. We next show various uses of the workflow and scale
up to field conditions.

4. Uses of the workflow
4.1. Optimization uses

Having conducted our “field experiment” to estimate surface
area of the EGS reservoir, we are now able to use the workflow to
answer questions about the design of an EGS project. We restrict
these questions to our single well pair here, and scale up to more
realistic field scale in the next section. The questions are also
restricted to variables we have control over — injected tempera-
ture or injection rate. Any changes to the reservoir or injected fluid
properties would need another tracer test, followed by injection of
chase fluids to estimate the new surface area or pore volume.

For this example of using the workflow, we use the estimated
reservoir properties from Tables 3 and 4 above and maximize the
injection rate subjected to some field constraint. One question of
interest might be: what maximum rate can we inject for no more
than a 10% drop in producer temperature over 2 years? How about
over 1year? These two results are shown in Fig. 8 below. We also
show the “true” temperature histories from running Tough2 on
Example 2 reservoir properties but using the rates that give no
more than 10% drop in temperature at the time of interest (1 or
2 years, for this example).

We can use the workflow to answer more relevant questions
about the EGS operations but we need to scale up to field scale first.
These questions will be illustrated in the following section.

4.2. Scale-up and implications for EGS

The examples above used a single well pair to show the utility of
the workflow, but it seems obvious that the simplest well configura-
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Fig. 8. Temperature histories for two prediction runs vs. “truth” for two optimized
injection rates.

Cumdative Power (WW-hours)
\
\
\

o 200 400 600 800 1000 1200 1400 1600 1800 2000
Time (Days)

Fig.9. A comparison in Cumulative Power Generated for 3 injection rates, 1 fracture
but 2 wells.

tion in the field is one injection well between two production wells,
with all wells having been stimulated to ensure good connectivity
between injection and production. For this case, the tracer analysis
is done in both well pairs and the workflow proceeds for each well
pair.

For the purposes of this example, we assume the fracture prop-
erties are the same on either side of the injector. Thermal power
produced is the sum of the two well pairs’ production:

E(t) = 11 Cpw (T1 — Tamp) + 12Cpw (T2 = Tamp) (16)

where 1 and 2 refer to the producers (for our example, the rates
and temperature histories are the same, otherwise the rates and the
temperature histories come from the use of this workflow on the
two well pairs) and Ty, is the rejection (or ambient) temperature.
Electric power is the product of thermal power and efficiency, 7,
We use the following equation for efficiency (Moon and Zarrouk,
2012):

1 = 6.9681 In(T) — 29.713 (17)

Eq. (17) is based on binary plants installed between 1984 and
2008, and so represents an average efficiency, implicitly averag-
ing working fluid properties, turbine and generator efficiencies,
inlet temperature, and vintage, for some examples of variables that
influence efficiency. If the rejection temperature is 40°C, we can
deduce the electric capacity of the EGS reservoir studied here. We
use Example 2 properties (and surface area estimates), and then
run the workflow for different injection rates (and therefore differ-
ent temperature histories). Four such cumulative power histories
are shown in Fig. 9 below.

These solutions raise an interesting point: the higher rate can
generate more electricity at early time, but the produced tempera-
ture falls quicker and so is not sustainable. If cumulative electricity
generated is the screening criterion, it is obvious there is a balance
betweenrate and the time necessary for the working fluid to “mine”

the reservoir heat. This workflow could be used to optimize the EGS
operations.

Of course there is no reason to limit the EGS development to
only one fracture and two well pairs. By having two or more “frac-
ture packs” within each well, the power output can be increased
without drilling more wells, and so at a smaller cost. If the frac-
tures are placed at least far enough away from each other so the
temperature fronts do not interfere, this workflow can be used
easily. The tracers in every production well will detect the pres-
ence of multiple fractures, and the F-® plot is used to apportion
the flow and pore volume fractions as above. But, if the fracture
sets are too close together and the temperature fronts interact,
the semi-infinite boundary condition above (Eq. (3a)) is violated
and the solution is artificially optimistic. The minimum spacing is
a function of rock properties and time, as shown below (Bird et al.,
1960 p. 354).

Kyt

L=4
(oCp)r

(18)

There are other ways to make EGS projects seem more palat-
able; for example, the use of supercritical CO, (Pruess, 2006) as the
working fluid (and the attendant tax breaks) seems worthwhile to
consider but is out of scope for this paper. The workflow could be
used with the appropriate changes in working fluid properties.

5. Summary and conclusions

We have presented a workflow that uses analytic solutions to
estimate surface area available for heat conduction to working fluid
in EGS environments. The novel contribution of the work is to write
the temperature equation in terms that are either easily measured
or controlled, including the fracture pore volume and the flow
geometry. By using tracer testing and the F-& plot, we can deduce
the presence of multiple fractures (or damage zones around the
primary fracture) and use that information to superpose solutions
and estimate the total surface area for an EGS reservoir. We also
show how to use the workflow to estimate power generation as
a function of fracture properties (measured) and flow rates (con-
trolled), and show how to scale up to multiple production wells and
“fracture packs.”

The two most important limitations of the method are as fol-
lows. Any multiple “fracture packs” need to be placed far enough
away so the temperature fronts do not interfere. The other (and
maybe the most important) is the field test has to be conducted
at rates such that the test is done before much heat is mined but
still collects the data needed to calculate sustainable rates for the
design requirements.

The most important assumption used in this work is the absence
of permeability in the matrix (i.e. no fluid leakoff); further work
is needed to relax this assumption. We also think (but have not
proven) the method could be used in “enhanced” EGS reservoirs;
that is, EGS reservoirs located on the flanks for hydrothermal reser-
voirs. There may be pre-existing fractures that may allow for larger
flow rates. By using the F-® curve to identify “batches” of fractures
that can be lumped together in the workflow. This too needs work
to be established.
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