
GRC Transactions, Vol. 38, 2014

313

Thermal Breakthrough Calculations to Optimize Design  
of a Multiple-Stage Enhanced Geothermal System

Tianyu Li, Sogo Shiozawa, and Mark McClure

The University of Texas at Austin 
Department of Petroleum and Geosystems Engineering, Austin, TX

mcclure@austin.utexas.edu

Keywords

EGS, multiple stages, thermal breakthrough, optimization, 
horizontal wells

ABSTRACT

vertical and stimulated in openhole sections in a single stage. 

We investigated a design involving two parallel horizontal wells. 

rated to high temperature). The second well would be drilled 

openhole. For different combinations of well spacing, fracture 

not considered). The calculations showed that stimulating with 

-

breakthrough. With greater well spacing and with more stages, 

-

limited effect on NPV. Most thermal drawdown calculations were 

1. Introduction

1.1 Premise

-

between injection and production wells. Cold water is injected and 

-

Economic success for EGS requires that the time-discounted 

change over time. Over the long term, the temperature of produced 

-

simple calculations to calculate optimal injection rates and well 

parameters and gives insight into the behavior of the optimiza-

tion problem. 

of multiple stage simulation on the economic performance of an 

EGS doublet. To date, most EGS projects have been performed 
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as shown in Figure 1. In this design, a zonal isolation technol-

stimulation). The laterals are oriented so that the stimulated region 

In prior work, we discussed how using multiple stages would 

-

tiple stages on thermal breakthrough. Thermal breakthrough is a 

of stages along the wells. We calculated the present value of the 

1.2 Conceptual Models for an EGS Reservoir
The classical EGS design has been based on the concept of 

-

Numerical simulations based on continuum models of the res-

-

-

-

The Soultz EGS project has achieved the highest circulating 

-

that can be created in the reservoir.

few fractures that form or that are stimulated at the wellbore. As 

stimulation is performed with multiple stages, fractures are forced 

fracture stages has enabled a huge amount of new production from 

An objection to the use of multiple stages in EGS has been that 

openhole packers have not been proven to work at high tempera-

Figure 1. An EGS doublet of horizontal wells connected by vertical frac-
ture stages (normal or strike-slip faulting regime). The wells are oriented 
toe to heel in order to encourage equal flow rates between stages.
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of a perforated, cased well at 190°C.

Furthermore, we do not believe that shear stimulation is nec-

stimulation is dependent on the local details of the natural fracture 

-

There are several operational decisions that could be made 

injection is performed into a perforated, cased hole, new fractures 

-

A “simple” fracture at each stage might appear to be unde-

“simple” fractures using multiple stages, rather than attempting 

to create a single massive fracture network from a single stage. 

fractures would be capable of self-propping. The concept of shear 

stimulation relies on the mismatch of asperities to hold open 

Regardless of stimulation mechanism, either new fractures or 

shear stimulation of natural fractures, it is clear that having ad-

ditional fracture stages would permit the formation of additional 

small number of features at the wellbore.

2. Methodology

used to calculate the temperature of produced water over time. 

These values were converted into thermal production and electric-

instead of NPV.

2.1 Flow Rate Calculation

-

cluded pressure gradient in the injection well, the reservoir, and 

the injection and production wells was based on the deep wells 

Soultz, we assumed that at the target depth, the wells deviated to 

become horizontal. The wells were oriented toe-to-heel, as shown 

production well, and the reservoir were assumed to be constant 

The wellhead pressure of the injector, WHPinj, and the wellhead 

pressure of the producer, WHPprod

-

involve additional cost and parasitic power loss. In practice, it 

but we chose these values in order to give conservative estimates.

For the calculation of pressure drop in the wells, it was as-

-

eled as four nodes connected in series: WHPinj, BHPinj, BHPprod, 

and WHPprod, where BHPinj and BHPprod are the bottomhole pres-

Pinj, equal to 

WHPinj - BHPinj Pprod, equal to WHPprod - BHPprod 

Pres, equal to BHPinj - BHPprod. All 

q, as the unknown:

WHP
prod

=WHP
inj
+ P

inj
(q) + P

res
(q) + P

prod
(q)

2.1.1 Pressure Change Calculation in the  
Injection Well and the Production Well

Pinj q( )  and Pprod q( )  were 

dp/dz) can be calculated as 

dp/dz)F -

dp/dz)H dp/dz)A

(dp / dz) = (dp / dz)
F
+ (dp / dz)

H
+ (dp / dz)

A



316

Li, et al.

-

(dp / dz)
H
= g sin

(dp / dz)
A
= (w / A)dv / dz = vdv / dz

where  is the wellbore angle from hori-

zontal line, w A is cross-sectional 

area of casing, and v
The frictional pressure gradient is:

(dp / dz)
F
= fv

2
/ 2d

where d is well or pipe diameter and f is friction factor, which de-

Fanning friction factor:

f =
1

2 log(
/d

3.7065

5.0452

Re
log )

2

where  is pipe roughness, and A is the dimensionless parameter 

=
( /d )1.1098

2.8257
+
7.149

Re( )
0.8981

Fluid properties were chosen for fresh water and are given in 

Table 1. The temperature in the injection well was assumed to be 

60°C, and the temperature in the production well was assumed to 

and bottomhole pressure during injection.

-

The horizontal lateral of the production well was assumed to be 

openhole. The roughness of the formation in the openhole was 

assumed to be 2000 microns. Pressure drop in the perforations 

was not included in the calculation.

molecule of water will pass through the same length of wellbore 

a stage was added, the length of the horizontal lateral in both the 

2.1.2 Pressure Change Calculation in the Reservoir
P
res
q( )  was calculated. The pres-

height h T ): 

P
res

=
qµD

Th

where res is BHPinj - BHPprod q -

D is the distance between the injector 

The Soultz project was used to make a baseline estimate for 

-

parameters, and using the reservoir and wellbore properties given 

-

m

for a single stage.

is not important for the calculation. We are using a single number, 

of the created fracture network, whether it was a single, planar 

Table 2. Geometry and well head pressures of the injection well and 
production well.

Wellbore MD (m)

Pipe  
Diameter 

(in)

Wellbore 
Angle From 
Horizontal 

(°)
WHP  
(MPa)

Injector

0-2373

9

83.7

4

2373-3449 70.9

3449-4282 70.9

4282-4550 90

4550-4610 75

Injector  
possible  
extension  
(cased hole)

4610 
– 

[4760-6110]
9 0

Producer

0-534 13
90

0.75

534-4084
7

4084-4638 79.2

Producer  
possible  
extension  
(openhole)

4638 
–

[4788-6138]
8½ 0

Table 1. Properties used in the flow rate calculations. The reservoir trans-
missivity shown is the “baseline” transmissivity.

Properties Injector Reservoir Producer

Temperature (°C) 60 190 180

Fluid density (kg/m^3) 983.2 873.9 885

Fluid viscosity (cp) 0.466 0.142 0.151

Transmissivity (m^3)   3.07E-13  
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a large, thick, shear stimulated fault zone, or network of both new 

h to be 200 m. 

The wellbore spacing is a design parameter. When there were 

q/S, 

where S

TS

properties used in the calculations.

2.2 Heat Extraction from the Fractured Rock

function of time. This solution assumes a series of parallel planar 

distance between the fractures is twice the half fracture spacing, 

e 

-

tion well. Figure 2 shows a schematic of the problem setup.

In most of the calculations in this paper, we assumed that the 

half fracture spacing for our model was large enough that the spac-

idealized equation to calculate the water temperature at producer 

Two for injecting temperature, Tro for original forma-

tion temperature, Kr and Kw 
cr and cw 

water, Q for the water injection rate per fracture per unit height, 

r and w  t for production time, 

the following equation gives the water outlet temperature, Tw , 

T
w
= T

WO
+ T

RO
T
WO

( )*erf
L* K

R
*c

R
*

R
) / (t( )

c
W
*

W
*Q

,

Q =
q

N *
R
*h

 .

The values of the properties we put in the previous equations 

-

Table 3. Properties used in heat extraction calculations.

Properties Symbols Values Units Comments

Production time t 946080000 s
Equivalent  
to 30 years

Fracture height h 200 m -

Formation  
temperature

TRO 190 °C -

Injecting temperature TWO 60 °C -

Thermal conductivity  
of rock

KR 3.01248 J/(m*s*°C) For granite

Heat capacity of rock cR 1000 J/(kg*°C) -

Heat capacity of water cW 4420 J/(kg*°C) -

Rock density R 2500 kg/m3 -

Water density W 873.9 kg/m3 In formation

Number of stages N Varies - -

Well spacing L Varies m -

Injection rate q Varies kg/s -

2.3 Conversion to Electricity Production

was calculated with the following equation:

Q = qC
W
T ,

where the  
Cw  is the 

could be produced. 

-

eff:

E td( ) = 
i=0

n

(Q* t
i
*eff ) ,

2.4 Present Value (PV) Calculation

equation:

L 

h

Q Q

Xe
Cold water injection

Hot water production

q

q

Figure 2. Illustration of the Gringarten et al. (1975) analytical solution.



318

Li, et al.

NPV i,n( ) =
td=0

td=T
P*E td( )

1+ i( )
td

 ,

where i is the discount rate, P  td is the 

T is the total production time for the 

per kWh and the discount rate to be 16%.

2.5 Present Value (PV) Optimization 
We calculated the NPV for different combinations of pa-

rameters. The optimization algorithm was simple. Values were 

-

bination of parameters that gave the highest NPV was selected. 

of parameters are given in Table 4.

Several separate optimization calculations were performed. 

-

m

using the optimal rate and spacing.

In the third set of calculations, the optimization was performed 

instead of NPV. These calculations used the baseline value for 

of 1000 m.

Table 4. The ranges of parameters in the optimization process.

Parameters
Minimum  

Value
Maximum  

Value

Total 
Number of 

Values Distribution

Flow rate qmax*log(-4) qmax 40 log

Well spacing 100 m 800m 8 linear

Stages 1 30 30 linear

Transmissivity 1.02333E-13 9.21E-13 3 linear

3. Results

3.1 Maximum Flow Rate 

 3.07*10
13

 m
3 .

3.2 Temperature and Cumulative Electricity  
Production Profile

and 400 m spacing. 

3.3 Optimal NPV and Flow Rate for Different Well 
Spacing

Figure 5 shows NPV versus circulation rate for 400 meter spac-

to achieve the optimal NPV for different values of wells spacing 

and number of stages. The optimal NPV for multiple well spacing 

3.4 Optimal NPV for Different Transmissivity

Figure 3. The maximum flow rate for wells with different spacing and 
stages.

Figure 4. Typical temperature and cumulative production profile.

Figure 5. Net present value versus flow rate for 400 meter well spacing 
and 5, 15, and 25 stages.
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3.5 Maximum NPV and Optimal Combination of 
Flow Rate and Well Spacing  

-

combination of parameters is given in Figure 11. 

3.6 Comparison Between Optimizing NPV and 
Maximizing Heat Production

-

tion.

Figure 6. The rates to achieve optimal NPV for different spacing settings.

Figure 7. Optimal NPV for different spacing setting.

Figure 9. The optimal NPV for wells with 800 m spacing and different 
transmissivity.

Figure 8. The optimal NPV for wells with 200 m spacing and different 
transmissivity. 

Figure 10. Maximum NPV with optimal combinations of flow rate and 
well spacing. 

Figure 11. Optimal rates for each number of stages.

Figure 12. Comparison of the NPV between optimizing NPV and maxi-
mizing heat production.
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3.7 Effect on Finite Fracture Spacing

In the previous sections, spacing between the fracture stages 

-

sumption, we repeated the optimization using the full Gringarten 

The total lateral length was assumed to be 1000 m. The spacing 

between stages was assumed to be the total lateral length, 1000 

4. Discussion

4.1 Maximum Flow Rate

as a function of the number of stages and for different values of 

in the wellbore and in the reservoir. At low numbers of stages, 

rates are possible with lower spacing. The pressure drop in the 

number of stages grows larger, the proportion of pressure drop in 

fewer stages and greater well separation. As the overall pressure 

drop in the reservoir increases, the marginal effect of adding 

stages increases, as the pressure drop in the wellbore limits further 

4.2 Thermal Drawdown

time for a particular combination of parameters. In this case, 

is more gradual, but for higher rates, thermal decline can be 

rather abrupt.

4.3 Optimal Flow Rate
Figure 5 shows NPV as a function of circulation rate for 400 

meter well spacing and 5, 15, and 25 stages. If circulation rate 

is too high, thermal breakthrough is too rapid and NPV is not 

Figure 6 shows the NPV-optimizing circulation rate as a func-

spacing. Two distinct trends are apparent. 

Figure 13. Comparison of the heat production between optimizing NPV 
and maximizing heat production. 

Figure 14. Comparison of the well spacing between optimizing NPV and 
maximizing heat production.

Figure 15. NPV versus number of stages with different values of fracture 
spacing using the finite fracture spacing Gringarten solution.

Figure 16. Optimal flow rate versus number of stages with different values 
of fracture spacing using the finite fracture spacing Gringarten solution.
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In cases with smaller number of stages and shorter well 

14 kg/s, but Figure 6 shows that the optimal rate is around to 2 kg/s. 

This is not an optimal design, because if the wells were spaced 

NPV would be increased. Increasing the spacing would lower the 

higher total rate to be used without accelerating thermal break-

In cases with a greater number of stages and greater well 

rate. In these cases, increasing the number of stages increases 

further would not be advantageous because it would lower the 

the largest number of stages, the highest NPV is reached with the 

600 meter well spacing. For 25 stages and larger, the 400 meter 

well spacing has higher NPV. With such a large number of stages, 

breakthrough, and lowering the spacing allows rate to be increased.

4.4 Effect of Reservoir Transmissivity

number of stages for three different values of reservoir transmis-

-

-

-

m spacing, and the largest number of stages, the marginal NPV 

for adding stages is limited.

4.5 Optimal Parameters
Figure 10 shows the optimal NPV as a function of the num-

cases, increasing the number of stages increases NPV. At lower 

circulation rate, increasing the number of stages results in a lin-

ear increase in NPV. Some diminishing return is seen, but even 

stages, assuming the optimal well spacing. The optimal rate in-

creases, as the addition of further stages increases the volume of 

4.6 Optimizing NPV Versus Optimizing Cumulative 
Heat Extraction of 30 Years

production. An optimization based on NPV will favor higher rates 

12 compares the NPV depending on if the rate and spacing are 

-

-

greater well spacing to be optimal. The abrupt difference in total 

because the optimization algorithm chooses to use a lower well 

increase in NPV, but a substantial drop in total heat production.

4.7 Finite Fracture Spacing
Figures 15 and 16 show the NPV versus number of stages and 

optimal rate versus number of stages for four values of well spac-

-

of stages, when the spacing between each stage is smallest. The 

optimal fracture spacing is a bit greater. In this case, the 600 m 

-

tion was used, the calculations of pressure loss in the wellbore 
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fracture spacing calculation. This indicates that a lateral length 

-

A back of the envelope calculation can be performed to check 

1.2×10  m
9 kWhr of heat. With a 

10 kWhr. The latter value repre-

stage, 600 m spacing case shown in Figures 15 and 16, the total 
9 kWhr. This 

-

the other hand, the assumption of a “formation” height of 200 m 

a large number of stimulated fractures to be formed. If a cased 

hole completion were used in one of the wells, packers could 

be used to isolate sections of the wellbore and pump diverting 

Flow through perforations from the cased hole would serve as 

4.8 Practical Issues Affecting Well Spacing

the stimulated region increases, the volume of water required for 

increased height growth. The greater the distance between the 

to establish a good connection between the wells. On the other 

in a greater effective fracture height than the 200 m assumed in 

our calculations.

5. Conclusions

Our most important result, consistent with the results of Shio-

improved economic performance relative to conventional designs 

with a single stage and a vertical wellbore. Increasing the num-

breakthrough. 

The optimal wellbore spacing occurs at the lowest possible 

a good connection between the wellbores.

the well spacing is low. 

not too different. In some cases, it appeared that decreasing well-

with minimal improvement of NPV. 

For design of an actual multiple stage EGS doublet, a more 

needed. In addition, optimal parameters would need to be cal-

a greater volume of water during stimulation. Increasing well 

spacing would increase water consumption needed per stage. In 

addition to marginal costs, a go/no go decision on a commercial 

EGS project would require considering of all costs associated 

decline at a timescale shorter than the life span of the power plant.  

The calculations show that a lateral length of 1000 m is 

resources. 

fracturing and horizontal drilling for EGS needs to be a high 
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