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ABSTRACT 

Renewable capacity is defined as the surface heat 

discharge rate over the entire anomaly associated 

with the reservoir and it represents the outflow rate of 

heat in the natural (pre-production) state whereas the 

sustainable heat production capacity is the sum of 

renewable capacity and the maximum heat mining 

rate. Geothermal reserves are normally expressed in 

terms of MW capacity sustainable for the life of a 

project. The sustainability factor is used to define the 

ratio of the sustainable capacity to the renewable 

capacity. The literature reports that the sustainable 

capacity is typically an order of magnitude higher 

than renewable capacity.  

 

This paper presents a comparitive discussion on the 

performances of a conventional type geothermal 

reservoir system and a sedimentary system used in a 

doublet. Lumped parameter models are used to model 

the pressure, temperature, and sustainability behavior 

of  the systems. Simple quantitative expressions are 

given for assessment of the renewable and 

sustainable capacities, the heat recovery factor, and 

the sustainability factor. The renewable capacities of 

sedimentary systems typically used in doublet 

operations are lower than the renewable capacities of 

the conventional geothermal systems. Primarily 

because of this reason, the comparison of the 

performances of the systems shows that the 

sustainability factor for a doublet system is higher 

than for the conventional geothermal system. 

INTRODUCTION 

Sedimentary formations, including aquifers, may not 

be hot enough to serve as commercial geothermal 

reservoirs. Unlike conventional geothermal reservoirs 

which  generally  occur  in  fractured     formations,  

 

sedimentary reservoirs have porosity and 

permeability, which allows hydraulic flow. In such 

systems natural hydrothermal convection is absent 

and generally they are bounded by impermeable 

overburden and underburden shale layers. 

 

The heat content of a hydrothermal aquifer can be 

utilized by producing the aquifer’s hot fluid whereas 

the waste cooled water is reinjected into the aquifer 

and such a scheme is called the doublet operation. 

After the thermal breakthrough time the temperature 

of the produced fluid decreases depending on the 

production rate, the distance between the injection 

and production wells and the physical and geometric 

properties of the reservoir. However if after a time 

the field is shut-in the natural energy flow will slowly 

replenish the geothermal system and it will again be 

available for production. Therefore when operated on 

a periodic basis, with production followed by 

recovery, doublets are renewable and sustainable. 

 

Doublets should be produced and operated at a rate 

corresponding to the installed capacity of their 

heating facilities or power plants on a continuous 

basis. Sustainability becomes a key issue in this kind 

of operations. 

 
The renewable capacity for the reservoir is 

determined using (Sanyal et al., 2004), 

 

     (
  

  
)                            (1) 

 

where k is the thermal conductivity of overburden, A 

the area of the heat flow anomaly, and dT/dz the 

average thermal vertical gradient within the anomaly. 

Sanyal et al. (2004) suggests a range of 5 to 20 for 

A/Ares with a rectangular probability distribution for 

Monte Carlo type simulations. Surface heat discharge 
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rate over the entire anomaly essentially equals the 

convective heat recharge rate into the reservoir, the 

conductive heat recharge rate being relatively small.  

 

Sanyal et al. (2004) states that “ideally, Qr  should be 

estimated from a heat budget survey of the anomaly 

including conductive heat loss at the surface, 

convective heat discharge at surface manifestations, 

and subsurface convective heat loss to regional 

aquifers”.  O’Sullivan and Mannington (2005) 

defines the surface ouflow rate of heat in the natural 

(pre-production) state being equal to the deep inflow 

rate.  

 

For a sedimentary reservoir in a doublet system, A 

can be assumed to be equal to the reservoir area 

(Ares). 

 

The rate of sustainable (or net energy production) 

capacity is given by: 

 

                                                (2) 

 

where Tp is the temperature of the produced water 

and Tref  is the reference temperature. The reinjection 

temperature, Tri, is used for Tref  for the doublets 

(Satman, 2011). 

 

Sanyal et al. (2004) defines the sustainable heat 

production capacity (Es) from a conventional 

reservoir as the sum of natural heat discharge rate 

(Qr) over the entire thermal anomaly and the 

maximum heat mining rate: 
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where  r is the heat recovery factor, L the plant life, h 

the reservoir thickness, and d the depth to the top of 

reservoir. (ρc)av is given by: 

 

                                 (4) 

 
 Their study on actual hydrothermal field cases 

indicated a r value range of 0.03 to 0.17 and a mean 

value of 0.11. Notice that if this form of the 

definition of the sustainable capacity is used, it 

requires r  to be known. Sanyal et al. (2004) indicates 

that the sustainable capacity of a hydrothermal 

reservoir is a multiple, α, termed the “Sustainability 

Factor”, of the surface heat discharge rate from the 

thermal anomaly associated with the reservoir, α 

being 5 to 45 with 10 most likely. 

PRODUCTION BEHAVIOR OF SYSTEMS  

The production behavior in terms of the mass and 

heat recovery are discussed for two cases: 1) a 

conventional geothermal system, 2) a sedimentary 

system used in a doublet. 

For A Conventional Geothermal System 

 

For simplicity, the following discussion assumes a 

single phase reservoir. 

 

For an open geothermal system (system with natural 

recharge), the average reservoir pressure is 

represented by the following expression: 
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where D = α/κ  ; α = the recharge constant, and κ = 

the storage coefficient. 

 

The cumulative water recharge mass is given by: 
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Thus for a constant production rate, the extracted 

mass from a geothermal system becomes, 
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Similarly, the total heat production, the total heat 

recharged, and the extracted heat  can be defined by 

the following expressions: 
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and 

 

                                                              (10) 

 

Here Tr represents the natural recharge temperature 

whereas the initial heat content in water is 

determined from 

 

         (         )                                   (11) 

 

and the initial heat content in the reservoir is given 

by: 

 

                              (12) 

 

Notice that if  Tp = Tini = Tr then 
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and 
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The data for a hypothetical geothermal reservoir is 

given in Table 1. The pressure, temperature, and 

sustainability behavior of this case is studied by 

Satman (2010). 

 

 

Table 1: The data for the reservoir discussed. 

Production rate = wp = 270 kg/s 

Reservoir bulk volume = V = 12x10
9
 m

3
 

Average porosity = ø = 0.05 

Initial reservoir temperature = Tini = 220 
o
C 

Initial reservoir pressure = pini = 70 bar 

Recharge temperature = Tr = 150 
o
C 

(ρc)av = 2.5x10
6
 J/(m

3
.
o
C) 

Storage coefficient = κ = Vøρwct = 4.3x10
9
 kg/bar 

Recharge constant = α = 41.22 kg/bar.s 

Reference temperature = Tref = 20 
o
C 

 

 

Assuming a constant production rate of  270 kg/s for 

a production period of 30 years, the change of the 

reservoir pressure (p), the recharge flow rate (wr), the 

cumulative mass produced (Wp), the cumulative mass 

recharged (Wr), and the cumulative mass extracted 

(Wextr) are given in Fig. 1. 

 

 

 
 

Figure 1: The constant production rate behavior of 

the geothermal system. 

 

Figure 2 is a plot of pressure versus the ratios of the 

cumulative mass produced and the cumulative mass 

extracted both with respect to the initial mass. At the 

end of 30 year-production period, the pressure drops 

to 63.45 bar and 50.7% of the initial mass is 

produced. However due to natural recharge into the 

reservoir, the cumulative mass extracted from the 

reservoir becomes only 5.58% of the initial mass. 

 

For this particular reservoir, it is assumed that the 

reservoir temperature stays constant at 220 
o
C. Figure 

3 shows the behavior of the cumulative heat 

produced (Hp), the cumulative heat recharged (Hr), 

the cumulative heat extracted (Hextr), (Hp/Hini), 

(Hextr/Hini),  and (Wextr/Wini)  as a function of time. At 

the end of 30 years of production, the cumulative 

heat produced is 50.7% of the initial heat content in 

the water whereas the cumulative heat extracted is 

23.3% of the initial heat in place, and since r = Hp/Hi, 

then the heat recovery factor is 0.039 (or 3.9%). 

Notice that  (Hp/Hini)=( Wp/Wini) whereas (Hextr/Hini) 

> (Wextr/Wini) since Tr<Tres. 

 

 
Figure  2: A plot of pressure versus the ratios of the 

cumulative mass produced and the 

cumulative mass extracted both with respect 

to the initial mass. 

 

 

 
Figure 3: The behavior of the cumulative heat 

produced (Hp), the cumulative heat recharged 

(Hr), the cumulative heat extracted (Hextr), 

(Hp/Hini) in %, and (Wextr/Wini) in % as a 

function of time. 

 



Satman (2010) assumed the renewable capacity, Qr, 

to be 30 MWt. If Eq. 1 is used with k=2 W/m.
o
C, 

Ares=6x10
6
 m

2
, A/Ares=10, and depth to the top of the 

reservoir= 1000 m, it yields Qr=25 MWt. Thus Qr 

estimated from Eq. 1 and Qr used in modeling 

(Satman, 2010) are very close to each other. 

 

The sustainable capacity is estimated from Eq. 2 (or 

from Eq. 7) to be 248 MWt assuming a cpw=4.6 

kJ/(kg.
o
C).  Thus, the sustainability factor being a 

ratio of the sustainable capacity to the renewable 

capacity is determined to be 10. Interestingly enough, 

this value of α coincides with the most likely value of 

α for the conventional geothermal systems (Sanyal et 

al., 2004). 

For A Sedimentary System Used in A Doublet 

This field case is discussed by Bjelm and Alm (2010) 

and also is studied by Satman (2011). After 25 years 

of heat extraction and reinjection of cold water in a 

confined unconsolidated sandstone  reservoir, the 

cooling was observed. The initial temparature of the 

sedimentary aquifer is 21 
o
C. The average reinjection 

temperature is 4.25 
o
C. 

 

Analysis based on matching the measured 

temperature data, Satman (2011) estimated the 

reservoir volume to be 1.8x10
9
 m

3
. Assuming a 

constant reservoir thickness of 110 m, the reservoir 

area is determined to be 1.6x10
7
 m

2
.  Furthermore, 

assuming 2 W/(m.
o
C) for k yields 0.35 MWt for the 

renewable capacity, Qr. 

 

For this confined system, the natural convective 

recharge does not exist, however the conductive 

heating of the reservoir from below becomes the 

effective heating mechanism. Natural heat recharge 

rate into the system (or renewable depletion capacity) 

(Qn) is determined using the approach given by 

Satman (2011). The natural heat recharge capacity is 

not a constant and increases as the production time 

increases. 

 

Figure 4 shows the changes in the production 

temperature, the average reservoir temperature, the 

renewable capacity, the natural heat recharge 

capacity, and the sustainable capacity.  Temperatures 

given in Fig. 4 represent the production temperature 

and the volumetric average reservoir temperature for 

the doublet with a distance of 2 km between the 

production and reinjection wells and were obtained 

from the model (Satman, 2011). Due to the decline of 

production temperature, the sustainable capacity 

decreases by time. However for the simulated 

production period of 72 years, an average value of 

the sustainable capacity equivalent to 25 MWt can be 

assumed for practical considerations. 

The sustainability factor defined as the ratio of the 

sustainable capacity to the renewable capacity for this 

doublet application is 25/0.35 = 70.  

 

The sustainability factor conventional geothermal 

reservoirs could be in a range of 5 to 45 with 10 most 

likely so that sustainable capacity is typically an 

order of magnitude higher than renewable capacity as 

indicated by Sanyal (2005). The analysis of this 

doublet case indicates that  the sustainability factor 

tends to be high for a sedimentary system used in a 

doublet. 

 

 
Figure 4: The changes in the production 

temperature, the average reservoir 

temperature, the renewable capacity, the 

natural heat recharge capacity, and the 

sustainable capacity as a function of time. 

 

The total heat produced (recovered)  can be 

calculated from, 

 

   ∫      ∑    
 

 
              (15) 

 

whereas the maximum heat available in the reservoir 

(the heat originally in place) for this reinjection based 

doublet system is 

 

                                             (16) 

 

where  (ρc)av is the volumetric heat capacity of the 

reservoir. Assuming 2.7x10
6
 J/(m

3
.
o
C) for  (ρc)av  and 

using 1.8x10
9
 m

3
 for V, 21 

o
C for Tini and 4.25 

o
C for 

Tri yields H = 8.2x10
16

 J.  

 

A term called “Heat Recovery Factor” or “Recovery 

Factor” can be defined to describe the fraction of the 

maximum heat available in the reservoir produced. In 

other words, the recovery factor, r, is defined as 

 

r = Hr/H           (17) 

 



Figure 5 shows the changes in H, Hr and r as a 

function of time. As noticed, the recovery factor for 

this kind of doublet applications in sedimentary 

systems can be as high as 0.32 (or 32%) at the end of 

30 year production period or over 0.70 (70%) at the 

end of 72 year production period.  

 

 
Figure 5: The changes in H, Hr and r as a function of 

time. 

 

DISCUSSION OF RESULTS 

 

The study of two cases discussed in this paper leads 

to the results given in Table 2. 

 

Table 2: Results obtained. 

Field Case R.C.
2
, 

MWt 

S.C.
3
, 

MWt 

H.R.F.
4
 

@t=30 years 

S.F.
5
 

Conv.
1
 

Reservoir 

25 250 0.039 10 

Doublet 0.35 25 0.32 70 
1
Conventional, 

2
Renewable Capacity, 

3
Sustainable 

Capacity, 
4
Heat Recovery Factor, 

5
Sustainability 

Factor 

 

 

The renewable capacity based on the definition by 

Eq. 1 is a constant and is determined by the the 

vertical temperature gradient and the area of the 

geothermal anomaly. Both are expected to be higher 

for the conventional geothermal reservoir so the 

renewable capacity for the conventional reservoir is 

much higher than for the doublet. 

 

The  sustainable  capacity  is  determined  by  Eq. 2, 

qi = wpcpw∆T  which means that Tp and wp are the 

controlling parameters. These two parameters are 

affected by the operating conditions applied 

throughout the life of the project. However, the 

sustainable condition requires that the operating 

conditions should be close to the maximum depletion 

conditions to be sustained throughout the life of the 

project. 

 
The analysis of the doublet project (Satman, 2011; 

Bjelm-Alm, 2010) indicates that the production 

temperature and the production flow rate determine 

the sustainable capacity.  Considerable declines are 

observed in the average reservoir temperature and in 

the produced water temperature. Thus the operating 

conditions for the doublet case discussed here are 

very close to the sustainable conditions.  

 

Greater number of parameters determines the 

sustainable capacity for the conventional geothermal 

reservoir. Besides wp and Tp, the pressure becomes 

another critical parameter to take into consideration. 

Furthermore, the natural recharge conditions (open or 

closed system), infill drilling, reinjection and 

wellbore flow conditions etc. all affect the 

sustainable capacity. 

 

The sustainable capacity for the conventional 

reservoir discussed here represents the capacity at the 

operating conditions (wp=270 kg/s, negligible drop in 

produced water temperature, and 6.55 bar drop in 

reservoir pressure). The analysis of the temperature 

and pressure behaviors of this field throughout the 

production period and simulation studies (Satman, 

2010) shows that the sustainable capacity could be 

higher by a proper combination of production and 

reinjection strategies. For example, it is possible to 

increase the water production rate by a factor of two 

or more. Thus, the sustainable capacity, the heat 

recovery factor, and the sustainability factor given in 

Table 3 could become twice or more as high. 

 

Considering the observed sustainability capacities 

given by Sanyal et al. (2004) being 5 to 45 times with 

a mean of 10 times the renewable capacity, and 

comparing the results in Table 3, it is logical to say 

that the sustainability factor for conventional systems 

is generally lower than for the doublets. 

 

As far as the heat recovery is concerned, a similar 

conclusion is also valid. The recovery factor is higher 

for the doublet case. The heat recovery factor for the 

conventional system is 0.039 as compared to 0.32 for 

the doublet case. Even if the water production rate is 

increased three times, the heat recovery factor 

reaches to 0.12 which is still below 0.32 of the 

doublet. 

CONCLUSIONS 

The results of simplified lumped-parameter type of 

approaches are discussed to understand the variation 

of the renewability factor, the sustainability factor, 

the heat recovery factor, and the sustainability factor 
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for the conventional geothermal systems and the 

doublet systems. 

 

The sustainability factor for the doublet system is 

generally higher than for the hydrothermal system. 

The primary reason for this is the lower renewable 

capacity of the doublet application. Analysis based 

on the two cases discussed here indicates that the heat 

recovery factor is also higher for the doublet system. 
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