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ABSTRACT 

The major purpose of this work was to estimate the 

impacts of heterogeneous conditions on the heat 

extraction from EGS. These impacts were estimated 

based on a comparison of the heterogeneous reservoir 

responses with the response of an equivalent isotropic 

homogeneous reservoir. Multiple representations of a 

heterogeneous reservoir were considered in this 

analysis. The heterogeneity is a result of different 

fracture orientation, spacing, aperture, and length. 

These fracture properties were defined based on an 

extensive literature review and translated into the 

stochastic permeability fields using Fractured 

Continuum Model (FCM) approach. The effects of 

heterogeneity were quantified for a typical granite 

rock reservoir and for some limiting conditions 

leading to minimum and maximum heat extraction. 

The particle tracking analysis was conducted for the 

two representative cases to define the major factors 

affecting heat extraction.    

INTRODUCTION 

In our previous work (Kalinina et al., 2010) we 

developed a series of dimensionless temperature 

drawdown curves describing heat extraction from a 

homogeneous enhanced geothermal reservoir. Each 

curve represents a specific effective permeability 

(typical for EGS range was considered) and can be 

used to predict temperatures in the producer using 

given production rate, injection temperature, 

reservoir temperature, and well separation distance. 

This approach is applicable to both, 5-point and 3-

point injection schemes and is being incorporated in a 

system dynamics model (integrated systems 

modeling tool for accessing multiple aspects of 

geothermal energy. 

 

In our current work we are extending this approach to 

heterogeneous conditions. An extensive literature 

review was conducted to develop an adequate 

representation of fracture granite rocks, which 

represent the “host” media for the geothermal 

reservoirs. The information on a number of granite 

sites around the world was used in developing 

common fracture parameters, such as fracture 

orientation, spacing, aperture, and length.  

Our first goal was to determine how the fracture 

parameters affect the reservoir behavior predicted 

with our homogeneous reservoir model. Our second 

goal was to understand the major factors controlling 

the differences in heterogeneous versus homogeneous 

reservoir predictions. Ultimately, this study will be 

used to develop a simplified method of adjusting the 

dimensionless temperature drawdown curves to 

account for reservoir heterogeneity.  

METHOD 

To investigate the effect of heterogeneity we used the 

same numerical model as in the case of homogeneous 

reservoir, except the grid block size in the vertical 

direction was smaller. The ¼ of the modeling domain 

(representing a 5-point injection scheme) was 300 m 

by 300 m in horizontal directions and 200 m in 

vertical direction with the grid block size 5 m by 5 m 

by 5 m. The injection well was located in the south-

west corner of the modeling domain. The production 

well was located 417 m from the injection well along 

the model diagonal. The same injection rate was 

specified in each node representing the injection with 

the total injection of 7.5 kg/sec (30 kg/sec for the 

overall scheme).   

 

The fractured reservoir was represented using 

Fractured Continuum Model (FCM) developed in 

McKenna (2005).  At the grid block scale, FCM is an 



effective parameter model derived from knowledge 

of fracture network properties. The effective 

permeability and porosity were specified for each 

block as a function of fracture aperture and number 

of fractures in the grid block derived from 

geostatistical simulations. The maximum continuity 

was defined along the line between the injector and 

producer and the amount of continuity normal to that 

line is varied to change the anisotropy.   

 

The parameters for geostatistical simulations were 

derived from the literature review of the fracture 

properties common for granite rocks.  Multiple 

permeability fields were generated for the different 

distributions of the fracture aperture and spacing. 

While the grid block permeability values were unique 

for each case, the mean permeability of the modeling 

domain remained the same. The fracture length was 

not specifically incorporated in these simulations, 

except in two cases. These two cases considered 

continuous parallel fractures throughout the modeling 

domain, 10 fractures in the first case and 30 fractures 

in the second case.  

 

The results of the heterogeneous simulations were 

compared to the results for an equivalent 

homogeneous reservoir (with and without vertical 

anisotropy in permeability) with permeability and 

porosity (3.5x10
-12

 m
2
 and 0.001 respectively) equal 

to the mean values used in heterogeneous 

simulations.   

 

The heterogeneous reservoir representative cases 

were developed based on the fracture data obtained 

from the literature review. The fracture data available 

for the existing geothermal sites are not extensive and 

the number of these sites is still limited. We believed 

that a general conceptual model of granite bedrock 

would provide an additional benefit to this study. The 

discussion of the different sites is provided below and 

is concluded with our generic conceptual model of 

granite rocks.      

Fracture Properties in Granite Rocks 

 

The granite rocks have been studied worldwide for 

many different purposes. One of the purposes was 

considering potential disposal of radioactive wastes. 

The other purposes included mining (quarry 

development), contaminant transport, oil and gas 

exploration and others. A literature review was 

conducted to compile the fracture data from these 

various studies. `When possible, the information on 

fracture orientation, dip, spacing, aperture and length 

was collected. The summary provided below discuss 

the data from the granite sites in US, Czech Republic, 

France, Spain, Portugal, Sweden, Egypt, and Japan.   

Jizera Granite, Czech Republic (Zak, 2009)  

The data below are based on the observations in the 

underground tunnel (Bedrichov tunnel) and the 

surface outcrops.  
 Two regional sets of sub- vertical (70–90 

dip) nearly perpendicular to each fractures 

are observed. 

 Fractures are approximately planar and sub-

parallel to each other 

 The first set (NW-SE) has mean spacing of 

1.3 m and median of 0.56 m. 

 The second set (NE-SW) has mean spacing 

of 4.15 m and median of 2.04 m. 

 

Based on the data reproduced from (Zak, 2009) in 

Figure 1 below, the first set spacing is close to a 

power law or exponential distribution and the second 

set spacing is close to a uniform  distribution. 

Soultz Geothermal Site, France (Dezayes, 2000 and 

Massart, 2010) 

The different aspects of this site were considered in 

many publications. The information below is the 

summary of the fracture properties that are important 

for the generic conceptual model.  

 Two regional sets of sub-vertical fractures 

were observed:  North-South direction with 

east dip and North-South direction with west 

dip. 

 Fracture spacing changes in vertical and 

horizontal planes.  

 Fracture spacing in vertical direction is 0.7 
m to 3.3 m (Borehole GPK3) and 0.35 m to 
4.3 m (Borehole GPK4). 

 Mean fracture aperture: 518±0.257μm  
 Fracture length: 11 m to 76 m. 

 

The fracture spacing distribution based on the three 

Soultz wells is defined as follows (Massart, 2010): 

 

                          Eq. (1)     
 
where Ns is the cumulative number of fractures, S is 

fracture spacing, and D is the fractal dimension of the 

fractures set. The best fitting value of D is 1.04.  

 

The fracture spacing distribution based on Equation 

(1) was added to the distributions in Figure 1. As it 

can be seen from this figure this distribution is a good 

fit for the Jizera granites. 



 

NOTE: This figure was reproduced from (Zak, 2009). The 

blue curve was added to the original figure to show the fit 

to the distribution described by Equation (1).  

 

Figure 1. Fracture Spacing Cumulative Distribution 

in Jizera Granite 

Granite Site in Northern Spain (Klint, 2004) 

The following fracture properties are common for 

this site: 

 Two or three predominant fracture sets 

depending on location.  

 The average fracture spacing is: 0.25–0.50 

m (outside the fracture zones); 0.10–0.30 m 

(inside the fracture zones); and 0.40–0.70 m 

(in fresh granite) 

 The distance between the fracture zones is 

30 m to 60 m  

 The width of the fracture-zones is 10–40 m. 

 Average fracture aperture: 147 μm (3rd 

order fractures);  463 μm (2nd order 

fractures);  and 937 μm (1st order fractures). 

Kakkonda Granite, Kakkonda Geothermal Field, 

Northern Japan (Kato, 1999) 

The granite rocks described below are located 

beneath the existing geothermal field. 

 Two fracture sets: the NE set has 20-50°SE 

dip, the ENE set consists of sub-vertical 

fractures. 

 The fracture density is mostly less than 10 

fractures/10m (spacing greater than 1m) 

 the fracture density at the margin of the 

Kakkonda granite is 24 fractures/10 m (0.4 

m spacing) 

Gebel El Zeit Basement Block, Egypt (Younes, 

1998) 

The pre-cambrian granite rocks were studied at this 

site as a part of oil and gas exploration. The 

following fracture properties were observed. 

 The predominant fractures form three nearly 

orthogonal fracture sets. Two sets are sub-

vertical and one set is horizontal.  

 Two sub-vertical sets are: SE-dipping cross-

rift set and NE-dipping, rift-parallel set. 

 The horizontal fractures are only present at 

shallow depths and are not developed in 

deep basement.  

 The cross-rift set is well-developed and has 

a uniform fracture spacing of 0.5 m.  

 The rift-parallel set shows an increase in 

spacing with distance from the fault and 

variations due to location. Minimum spacing 

is 0.3 m and the maximum spacing is 1.5 m.   

 Fracture apertures range from 10μm to 3 

mm, averaging 300 μm. 

Stripa Granite Site, Sweden (Rouleau, 1985) 

This site was studied as a part of the radioactive 

waste disposal program. 

 Four fracture sets were observed.   

 The mean fracture spacing is: 0.93 m (Set 

1); 0.36 m (Set 2); 0.79 m (Set 3), and 0.51 

m (Set 4).  

 The maximum fracture spacing is: 7.08 m 

(Set 1); 4.42 m (Set 2); 8.59 m (Set 3), and 

9.59 m (Set 4).  

 

The spacing distributions provided in (Rouleau, 

1985) resemble exponential or power law 

distributions.  

Aspo Granite Site, Sweden (Talbot, 2001) 

The granite bedrock was extensively studied in 

relation with the long term isolation of spent nuclear 

fuel  by Aspo Hard Rock Laboratory. About 11,000 

fractures were documented. 

 5 sets of sub-vertical fractures and 1 set of 

sub-horizontal fractures were documented. 

 The sub-horizontal fractures are present only 

at the depths less than 100 m. 

 The fractures in six sets are up to 20 m long 

with most fractures between 1.5 m long and 

4 m long. 

Ten Granite Sites in North Eastern Portugal 

(Sousa, 2007) 

These sites were study to define fracture patterns 

favorable for quarrying. 



 Two sets of fractures are present:  N40°–

60°W, parallel to the magmatic lineation, 

and 

N30°–50°E, perpendicular to the magmatic 

lineation. 

 The average fracture length ranges from 4.6 

m in syntectonic granites to 11.1 m in post-

tectonics granites. 

 The average fracture spacing varies from 

0.98 to 2.8 m with higher values in post-

tectonic granites. 

 Fractures spacing distributions best-fit to 

log-normal and exponential distributions. 

The distributions for all 10 sites are 

provided. The maximum spacing observed 

based on these data is 15 m. 

 The mean fracture length is from 5.1 to 10.4 

m. The relationship between the average 

fracture spacing (Js) and average fracture 

length (Jl) is described as: Jl=2.52xJs+2.63 

(R
2
=0.5). The observed fracture length 

varies from 2 to 16 m. 

Vinalhaven Island Granite Site, Maine (Lorenz, 

2007) 

This granite site was studied in relation with the salt 

water intrusion. 

 Three fracture sets are present: a high-angle 

set striking ENE and dipping NNW; a 

second high angle set striking SE and 

dipping NE or SW, and a sub-horizontal set 

with highly variable strike and dip.   

 The ENE-striking high-angle fractures occur 

twice as often as the SE-striking high angle 

fractures and are generally of greater length 

and aperture.  

 Fracture length varied from less than one 

meter to greater than 10 meters. Only about 

10% of fractures persisted longer than 10 m.  

Generic Conceptual Model of a Granite Site 

 

The fracture properties at the different granite sites 

showed many common features, which can be used to 

define a generic conceptual model (Figure 2).  

In most cases, there are two predominant sets of sub-

vertical fractures orthogonal to each other.  Three or 

more sets were observed in some cases and are 

related to more complex tectonic (stress) history of 

the region.  The sub-horizontal fractures are only 

observed at the shallow depths and are due to erosion 

and stress release. These fractures are not expected to 

be present at greater depth intervals common for 

EGS.   

 

The variations of the fracture spacing at the different 

sites are relatively small given the variety of site-

specific conditions considered. These differences 

appear to be more set specific than site specific. The 

mean fracture spacing is from 0.3 m to 3.0 m. In most 

cases, the fracture spacing distribution follows either 

power law or exponential distribution. The maximum 

fracture spacing is less than 10 m. The greater than 

10 m spacing was observed only in a few cases. Due 

to the exponential (power law) shape of distribution, 

90-95% of fractures have spacing from 0.3 to 4 m 

with median of 1.0-1.5 m.   

 

Figure 2. Generic Conceptual Model of Granite 

Rocks 

 

The fracture spacing might be different for the 

different sets. One set can have smaller spacing (2-3 

times smaller based on the existing data) than the 

other.  The fracture spacing varies with the distance 

from the faults (smaller spacing closer to the fault). 

The fracture spacing may vary with depth due to the 

different granite rock types and ages (old versus 

young) and stress history.  

 

The observed fracture apertures range from 100 μm 

to 1,000 μm, except the fractures associated with 

faults with the larger (up to 3,000 μm) apertures.  

 

The fracture length data are less extensive. However, 

there is some evidence that the length may follow a 

power law distribution. This suggests that most of the 

fractures will be small (less than 20 m). Only 5-10% 

of fractures will be long (greater than 20 m with the 

maximum length of a few hundred meters). The 

fracture length and fracture spacing might have a 

positive correlation.  

Heterogeneous Simulations with FCM Model 

 



The parameters for the heterogeneous simulations 

were developed based on simplification of a generic 

granite model. The vertical fractures were assumed to 

be 5 m (grid block size) long. The maximum fracture 

continuity was assumed in the direction between the 

injection and production well. The spacing 

distribution was assumed to follow the power law. 

Two cases shown in Figure 3 were considered. The 

first case represents a more typical reservoir with 

median spacing of 1.25 m. The second case 

represents less common conditions with larger 

spacing (median spacing of 5 m). The fracture 

aperture was assumed to be normally distributed. The 

mean aperture was 335 μm in the first case and 500 

μm in the second case. Note that the different mean 

aperture values were required to maintain the same 

average permeability of the overall modeling domain 

(3.5x10
-12

m
2
).  

 

 
 

Figure 3. Fracture Spacing Distributions Used in 

Heterogeneous Simulations 

 

This simplified conceptual model was translated into 

the geostatistical model. The fracture spacing was 

implemented by defining two parameters: number of 

fractures in each grid block (stochastic parameter) 

and percent of grid blocks for each number of 

fractures (case-specific constant number). This 

includes the “background” grid blocks with 0 

fractures and the permeability equal to the primary 

(not enhanced) permeability of granite (1x10
-16

 m
2
). 

 

The fracture continuity was simulated by specifying 

different amounts of anisotropy in the spatial 

correlation. The direction of maximum continuity 

was defined along the line between the injection and 

production wells. This is implemented via anisotropy 

ratios. The following ratios were used: 1:1 (no 

anisotropy); 2:1; 5:1; 10:1: and 20:1.   

 

The vertical correlation model kept any two adjacent 

layers similar to each other and maintains vertical 

orientation of fractures. 

 
For each fracture in a grid block, an aperture was 

drawn at random from a specified normal 

distribution.  The grid block permeability was 

calculated using Snow's equation (Snow, 1969) 

assuming parallel plate flow.  

Two additional cases were considered to estimate the 

effects of long fractures on heat extraction.  In the 

first case, ten equally spaced 300 m long vertical 

fractures were incorporated in  X direction. In the 

second case, 30 equally spaced 300 m long vertical 

fractures were incorporated in  X direction.   

 

The stochastically generated permeability fields (with 

and without long fractures) were considered in the 

multiple heat transport simulations using computer 

code FEHM (Zyvoloski, 1997).  An example of a 

permeability field is shown in Figure 4.  

 

 
 

Figure 4. Permeability Field for Case 1 in Figure 3 

(10:1 Anisotropy, Realization 3). 

 

The major outputs of the heat transport simulations 

used in the analysis are: (1) average temperature 

versus time in the grid blocks representing the 

producing well and (2) net energy generated versus 

time. The impacts of heterogeneity were estimated by 

comparing these outputs with the corresponding 

outputs from the simulation of the equivalent 

homogeneous reservoir with and without (base case) 

vertical anisotropy in permeability.  

 

The average temperatures in the producing well 

versus time are shown in Figure 5 for Case 1 fracture 

spacing distribution (median fracture spacing of 5 m). 



Five stochastic permeability fields were generated for 

each of 5 anisotropy factor. The resulting 25 

simulations are shown as solid curves in Figure 5. 

The equivalent isotropic homogeneous aquifer is 

shown with the dashed curve.  

 

Figure 5 demonstrate the impacts of the reservoir 

heterogeneity on the temperature drawdowns in the 

producing well. The difference between the final (30 

years) temperatures obtained with the lower and the 

upper curve is about 100C. Three out of 25 

heterogeneous reservoir average temperature curves 

(12%) fall below the equivalent homogeneous 

reservoir curve.  

 

 
 

Figure 5. Average Temperatures in Producing Well 

in Heterogeneous (Case 1) and 

Homogeneous (Equivalent Isotropic 

Reservoir) Simulations. 

 

The average temperatures in the producing well 

versus time for Case 2 fracture spacing distribution 

(median fracture spacing of 1.25 m) are shown in 

Figure 6. Five stochastic permeability fields were 

generated for the case with anisotropy factor 20:1. 

The resulting 5 simulations are shown as solid curves 

in Figure 6. The equivalent isotropic homogeneous 

reservoir is shown with the dashed curve. The 

impacts of heterogeneity in this case are insignificant 

and the reservoir response is the same as the 

homogeneous. 

The average temperatures in the producing well 

versus time for Case 2 fracture spacing distribution 

are shown in Figure 7 for 10 and 30 long fractures. 

The impacts due to the presence of long continuous 

fractures are insignificant.   

Figure 8 shows the effects of vertical anisotropy in 

permeability on the average temperatures in the 

producing well. Increasing vertical permeability does 

not affect the reservoir response. Decreasing vertical 

permeability results in higher average temperature. 

Note that the effects of the vertical anisotropy 

becomes significant only when the vertical 

permeability is two orders of magnitude (or more) 

smaller than the horizontal permeability.    

 

 

Figure 6. Average Temperatures in Producing Well 

in Heterogeneous (Case 2) and 

Homogeneous (Equivalent Isotropic 

Reservoir) Simulations. 

 

Figure 7. Average Temperatures in Producing Well 

in Heterogeneous (Case 2 with Long 

Fractures) and Homogeneous (Equivalent 

Isotropic Reservoir) Simulations. 

 

The average temperature in the producing well is an 

approximate indicator of the system response. This is 

due to a complex temperature and discharge rate 

distribution with depth. As a result, simple 

temperature averaging may not accurately reproduce 

heat extraction in the system.  An example of a 

temperature distribution in a heterogeneous reservoir  

shown in Figure 4 by the end of 30 year injection is 

presented in Figure 9.  

 

 



 
 

Figure 8. Average Temperatures in Producing Well 

in Homogeneous Isotropic and 

Homogeneous Anisotropic Reservoir 

Simulations 

 

 
Figure 9. Temperature Distribution in heterogeneous 

Reservoir (Case 1, Anisotropy Factor 

10:1, Realization 3).  

 

Figure 10 shows temperatures and net energy versus 

time for the isotropic homogeneous reservoir and for 

the two simulations of heterogeneous reservoir. 

These two simulations are: (1) Case 1, anisotropy 

factor 5:1, realization 5 and (2) Case 1, anisotropy 

factor 10:1, realization 5.  The average temperature in 

simulation (1) is lower than in the homogeneous 

reservoir, but the total heat extracted is higher.  The 

average temperature in simulation (2) is higher than 

in the homogeneous reservoir, but the total heat 

extracted is lower.  Note that these two simulations 

represent the best and the worst cases with regard to 

the heat extraction.  All the other simulations fall in 

between these two.  

 

 
 

Figure 10. Net Energy and Average Temperature in 

Producing Well Comparison 

 

Figure 11 shows the heat extraction in two extreme 

cases. The first case represents anisotropic 

homogeneous reservoir with the vertical permeability 

3 times lower than horizontal permeability. This case 

results in noticeably greater heat extraction compared 

to the homogeneous reservoir. The second case 

represents heterogeneous reservoir with the median 

fracture spacing of 10 m. This case results in 

noticeably smaller heat extraction compared to the 

homogeneous reservoir. These cases are considered 

to be extreme because the parameters used lay 

outside the limits common for granite rocks.  

 

 

Figure 11. Net Energy in Extreme Parameters Cases 

 

The distributions of temperatures within the vertical 

cross section are shown in Figure 12 for isotropic and 

anisotropic homogeneous reservoirs and for two 

heterogeneous reservoirs with heat extraction greater 

than and similar to the isotropic homogeneous 

reservoir. Qualitative interpretation of the results 

shown in this figure suggests that the maximum heat 

extraction occurs when either heterogeneity or 

anisotropy causes the flow to spread over a larger 



reservoir volume. In the case of an isotropic 

homogeneous reservoir, the cold water descends to 

the bottom and the heat extraction is limited to a 

narrow depth interval.    

 

To add quantitative aspect to this comparison, a 

particle tracking analysis was conducted for the two 

heterogeneous cases shown in Figure 12. Four 

particles were specified in each of 40 layers around 

the injection well as shown in Figure 13. The total 

number of particles was 160. The time of travel to the 

producing well and the flowpath length were 

calculated for each particle. Note that not every 

particle arrived to the producing well. These 

parameters and the number of particles that arrived to 

the producer are summarized in Table 1. 

  

Figure 12. Temperature Distribution in Vertical Cross 

Section by the End of 30 Year Injection. 

As expected, the larger is the average time of travel 

and the longer are average flowpath between the 

injector and producer the greater is the heat 

extraction.  Another important parameter is the 

“connectivity” between the injector and producer, 

which can be characterized using the percentage of 

particles that arrive to the producer. The better is the 

connectivity, the larger is this percentage and the 

great is the heat extraction. 



 
Figure 13. Particle Tracking Analysis Setup 

 

Table 1. Summary of the Particle Tracking Analysis 

 

SUMMARY 

 

The analysis of the effects of heterogeneity on heat 

extraction in an EGS was performed using Fractured 

Continuum Model (FCM). The FCM allows for 

generating multiple stochastic permeability fields 

based on the major fracture parameters.  An extensive 

literature review was conducted to define a generic 

conceptual model of granite rocks. As a result, the 

major fracture parameters, such fracture orientation, 

spacing, aperture, and length were defined and used 

in heterogeneous reservoir simulations.  

 

The cases considered included the typical reservoir 

(median spacing 1.25 m) and less common reservoir 

(median spacing 5.0 m). The continuous fractures 

crossing the overall modeling domain (10 fractures 

and 30 fractures) were added to the typical reservoir 

to evaluate the effects due to long fractures.  

 

The heterogeneous simulations were compared to the 

equivalent isotropic homogeneous reservoir 

simulation. The comparison was done with regard to 

the average temperature in the producing well and net 

energy generated in the system. It was demonstrated 

that the average temperature in the producing well is 

only approximate indicator of heat extraction. This is 

due to a complex distribution of discharge rates and 

temperatures with depth in the producing well under 

the heterogeneous conditions.  

 

The response of a typical heterogeneous reservoir 

was shown to be very similar to the equivalent 

homogeneous reservoir. This is due to small fracture 

spacing. Introducing large fractures had insignificant 

impact on the reservoir response. 

 

The response of a reservoir with larger fracture 

spacing is in 80% of cases better with regard to heat 

extraction than the equivalent homogeneous 

reservoir. The greater heat extraction occurs when 

heterogeneity causes the flow to spread over a larger 

reservoir volume. In the case of an isotropic 

homogeneous reservoir, the cold water descends to 

the bottom and the heat extraction is limited to a 

narrow depth interval.    

 

Two extreme cases demonstrate the limiting heat 

extraction situations. The first case considers the 

anisotropic homogeneous reservoir with the vertical 

permeability 3 orders of magnitude smaller than the 

horizontal. This case maximizes heat extraction by 

promoting flow through the overall reservoir depth. 

The second case considers very large fracture spacing 

(median spacing is 10 m) resulting in minimum heat 

extraction. The parameters used in these two cases 

lay outside the limits common for granite rocks.  

 

The particle tracking analysis was performed for two 

cases with heat extraction greater than in a 

homogeneous reservoir and similar to a 

homogeneous reservoir. This analysis demonstrated 

that the greater heat extraction is due to the larger 

average time of travel and longer average flowpath 

length.  The indirect characteristic of the connectivity 

can be expressed as a percent of particles that arrive 

to the producer. The larger is this percentage, the 

better is the connectivity and the great is the heat 

extraction. 
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