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ABSTRACT

The Appalachian Basin was recently assessed for low temperature geothermal resources. Potential permeable 
zones were identified from existing oil and gas reservoirs, some of which may be repurposed as geothermal reservoirs. A 
key metric used to evaluate the favorability of repurposing a permeable zone is the thermal energy production potential. 
Resource assessments that employ volumetric heat in place methods are commonly used to evaluate this metric. In this 
paper, the importance of including thermal recharge from rocks surrounding the permeable zones is examined. The rocks 
that supply thermal recharge are referred to as the “skin” of the permeable zone. Volumetric heat in place methods are 
used to calculate the thermal energy in the permeable zones, and a dynamic resource assessment is used to calculate the 
heat transferred into the working fluid (water) from the skin after 50 years of production. This deterministic analysis as-
sumes purely conductive heat transfer from the impermeable skin rocks into two horizontal fractures located above and 
below the permeable zone. Under the assumption of an injection mass flow rate of 30 kg/s that is evenly distributed over 
the permeable zone, the magnitude of the skin thermal energy relative to the total thermal energy is only important for 
permeable zones that are less than 10 m thick. For these thin permeable zones, over a 50 year production timeframe the 
net pay thickness for harvesting thermal energy can be more than double the thermal energy contained within the volume 
of the permeable thickness.

Introduction

The Appalachian Basin spans an area of about 480,000 km2 along the western margin of the Appalachian Mountains 
from northern Alabama, USA to southern Ontario, Canada (Ryder, 1995). The sedimentary rocks contain siliciclastics 
and carbonates with some shales and evaporites (Roen and Walker, 1996). The sedimentary rocks are as thick as 10 km 
proximal to the Appalachian Mountains, and are at least 3 km thick in most of the New York-Pennsylvania-West Virginia 
region of interest (Patchen et al., 2006). Like many sedimentary basins, oil and gas have been resource targets within the 
Appalachian Basin for over 150 years, which has resulted in a suite of publically available data about the thermal field and 
rock properties (AASG, 2015). A recent U.S. Department of Energy funded project by Jordan et al. (2015) used this data 
to examine the risk of developing low temperature, direct-use geothermal energy in the Appalachian Basin. Two of the 
risk factors evaluated by Jordan et al. (2015) were the thermal resource quality of the basin (Whealton et al., 2015; 2016; 
Smith et al., 2015; Smith and Horowitz, 2015; Whealton and Stedinger, 2015; Smith, 2015), and the identification of per-
meable zones from existing oil and gas reservoirs and carbon sequestration analyses (Camp, 2015a; 2015b). The reservoir 
database from this work (Cornell University, 2015a) also contained data for each reservoir’s lithology and fluid flow nature 
(i.e., porous media, fractured rock, fractured porous media). These results are summarized in Figure 1 as the predicted 
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mean surface heat flow from Cornell University 
(2015b), and the thickness of permeable zones 
for potential geothermal reservoirs from Cornell 
University (2015a). These permeable zones are 
located at various depths, and more than one 
permeable zone may exist in any spatial location.

In order to evaluate the viability of re-
purposing these permeable zones as geothermal 
reservoirs, the thermal energy production poten-
tial of the permeable zones should be understood. 
This paper presents a deterministic analysis of the 
volumetric heat in place for the identified perme-
able zones in Figure 1, and an evaluation of the 
heat that would be transferred into the permeable 
zones from surrounding rocks over a production 
timeframe of 50 years. The heat from surround-
ing caprock and base rock is referred to as the 
“skin” of the permeable zone throughout this 
paper. The skin thermal energy has been shown 
to be an important thermal recharge source for 
geothermal reservoirs (e.g. for the Paris Basin, 
Lopez et al., 2010). Modeling for 50 years is 
notably longer than the 25 to 30 year timeframe 
that is commonly used for modeling geothermal 
reservoirs (O’Sullivan et al., 2000).

This paper only presents deterministic 
results because the focus is to demonstrate the importance of skin thickness in volumetric heat in place calculations. The 
uncertainty in these results should be quantified (e.g. by Monte Carlo analysis in Sarmiento et al., [2013]) but is left to 
future work.

Methods

The traditional methods for estimating the heat in place include Muffler and Cataldi (1978) and Nathenson 
(1975), which are adopted and summarized in this paper. To obtain the temperature at depth throughout the thickness 
of the permeable zones, the one dimensional heat conduction model explained in Smith and Horowitz (2015) was 
used (code available in Horowitz et al. [2015]). Inputs to this model included the predicted mean surface heat flow at 
each reservoir location at a spatial resolution of 1 km2 (Figure 1), and generalized thermal conductivity stratigraphy 
provided by the Correlation of Stratigraphic Units of North America (COSUNA) project (AAPG, 1985; data available 
in Cornell University [2015b]). The output from this model is the temperature at depth within the permeable zones at 
a vertical resolution of 1 m.

Numerical integration of the computed temperatures at depth was used to calculate the total amount of heat con-
tained within the volume of each permeable zone. The heat in place calculation for the ith 1 km2 surface area (Ai) in each 
permeable zone is provided in Equation 1:

Ei =  Ai
zt ,i

zb,i

∑ φiρwCp,w + 1−φi⎡⎣ ⎤⎦ρr,iCp,r,i( ) ∇Ti  Z+ Tzt , i − Tref( )∆Z,  Z = z − zt,i  

 ∇T =
Tz − Tzt

Z
 (1)

where E is the thermal energy, ϕ is the porosity of the rock, ρw is the density of water, ρr is the density of the rock, Cp,w 
is the heat capacity of water, Cp,r is the heat capacity of the rock, Z is the depth below the top of the permeable zone zt, 
TZt is the temperature at the top of the permeable zone, TZ is the temperature at depth z in the permeable zone, and Tref is 
the reference temperature, taken as 40 °C. For numerical integration of Equation 1, the thermal gradient, ∇T, is computed 
between each 1 m depth increment, ΔZ.

The porosity and permeability of the permeable zones were specified on a reservoir-specific basis in Cornell Uni-
versity (2015a). The density and specific heat capacity were not available in this database, so they were gathered from 
Compare Rocks (2016) according to lithology (Table 1). The thermal conductivity in Table 1 is for water saturated rock, 

Figure 1. Predicted mean surface heat flow in the Appalachian Basin from Cornell 
University (2015b), and the thickness of permeable zones in potential reservoirs 
from Cornell University (2015a). White areas are where no information is available. 
Cities and state boundaries are shown for reference.
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and represents the average for each lithology contained within Smith et al. (2015) calculated for Appalachian Basin for-
mations. No adjustments to these properties were made for temperature and pressure because these effects have not been 
well studied for the Appalachian Basin, and few of these values are specific to Appalachian Basin rocks. For simplicity, 
the properties of water were taken at 65 °C, which is a 
common temperature at 2 km depth where many perme-
able zones are located. To improve accuracy, all thermal 
properties should be calculated at their temperature and 
pressure at depth, and basin-specific values should be 
used, where possible. However, the use of generalized 
values does not limit the interpretation of the skin thick-
ness importance for heat transfer; only the accuracy of 
the results is limited to how well the values in Table 1 
represent the Appalachian Basin lithologies.

The total energy for each permeable zone is the 
summation of the energy contained within the permeable 
thickness in each 1 km2 area, Ai, times a recovery factor, 
as shown in Equation 2:

 ERes =  RRes
i=1

n

∑Ei,   n = ARes

Ai

 (2)

where ERes is the total energy in the volume of the permeable zone, RRes is the recoverable fraction of energy from the 
permeable zone, and ARes is the total spatial area of the reservoir. Muffler and Cataldi (1978) highlight the use of a re-
covery factor as a primary limitation of the volumetric resource assessment 
methodology. In this work the recovery factor is assumed based on the fluid 
flow geometry of the permeable zone, as shown in Table 2, but it would be 
more appropriately estimated by numerical analyses of thermal drawdown 
over time on a reservoir-specific basis (Muffler and Cataldi, 1978; example 
in Williams [2007]). Reservoirs in the database with an unknown fluid flow 
nature were assigned a recovery factor of 27.5, equivalent to that of a fractured 
porous medium reservoir.

Volumetric heat in place methods like these do not adequately repre-
sent the dynamics of extracting heat from the permeable zone rock over the 
lifetime of the geothermal system (Axelsson and Dong, 1998). For example, 
in this work, the recoverable fractions in Table 2 may not correspond to the 
heat that would be extracted from the permeable zone alone over the 50 year 
production timeframe that is assumed for calculating thermal recharge from the skin thickness. A more accurate evaluation 
of the thermal production from the permeable zone may be obtained from numerical modeling of the heat transfer over 
the production lifetime for these different reservoir geometries. This is beyond the scope of this paper.

Another limitation of the traditional heat in place calculations is the lack of consideration for thermal recharge 
from the skin rocks (Muffler and Cataldi, 1978). This work considers a worst-case scenario of completely impermeable 
skin rocks that provide thermal recharge by conduction. These skin rocks are assumed to have infinite thickness and the 
same geologic properties as the permeable zones because detailed lithologic information about these rocks was not readily 
available. A simple model is used to evaluate the heat transfer from the skin rocks into two natural horizontal fractures of 
2 mm aperture located at the top and bottom of the permeable zone (Figure 2). This is analogous to fracture modeling in 
enhanced geothermal systems, for which analytical solutions to the heat transfer have been derived in Bodvarsson (1969; 
1974) and more recently discussed in Sutter et al. (2011) in terms of thermal drawdown and recovery over time. A schematic 
of the permeable zone, two natural horizontal fractures, caprocks and base rocks is provided in Figure 2. This conceptual 
model is comparable to situations in nature in which there is vertical heterogeneity within a single geologic formation.

In Figure 2, the temperature at every position in the cap rock and base rock after 50 years of production is of interest 
in order to calculate the thermal energy that is recharging the permeable zone. The analytical solution for advection heat 
transfer in a fracture (Bodvarsson, 1969; 1974) is used to compute this thermal drawdown using the following equations.

In order to compute the advection heat transfer, the effective mass flow rate along the two fractures was calculated 
using an assumed injection well mass flow rate of 30 kg/s. This flow rate was assumed to be evenly distributed along the 
permeable zone, such that an effective mass flow rate through the fractures could be calculated for any permeable thick-
ness and fracture aperture using Equation 3:

Table 1. Rock properties used for calculating the heat in place. The 
thermal diffusivity was calculated from the density, the heat capacity 
(Compare Rocks, 2016), and the thermal conductivity (Smith et al., 2015).

Lithology
Density 
(kg/m3)

Specific Heat 
Capacity  
(kJ/[kg-K])

Thermal  
Conductivity  

(W/[m-K])

Thermal  
Diffusivity

(m2/s)

Limestone 2500 0.91 3.5 1.54x10-6

Dolomite 2850 0.92 3.5 1.33x10-6

Sandstone 2500 0.92 3.7 1.61x10-6

Mudstone 2600 0.31 2.4 2.98x10-6

Chert 2700 0.74 2.8 1.40x10-6

Unknown 2500 0.60 2.5 1.67x10-6

Table 2. Recoverable fractions of heat in the 
volume of permeable zone rock for different fluid 
flow geometries (Williams et al., 2008; Nathen-
son, 1975; Gringarten, 1978).

Reservoir Geometry
Recovery  
Factor (%)

Porous Medium 35

Fracture Flow 12.5

Fractured Porous Medium 27.5

Unknown 27.5
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!me =

2b !m
ResThick

 
(3)

where ṁ is the effective mass flow through 
fracture of aperture 2b, and ResThick is the 
total thickness of the permeable zone over 
which  is distributed. The same fracture ap-
erture of 2 mm was used for all permeable 
zones, regardless of the geometry specified 
in Table 2. Equation 3 assumes that the well 
is an open hole only for the thickness of the 
permeable zone and the fractures.

For each fracture, the heat transfer 
coefficient, β, was calculated as the ratio 
of the caprock or base rock conduction 
heating constants to the fracture advection 
constants, as shown in Equation 4:

       = krH
me˙ Cp, w

 (4)

where kr is the thermal conductivity of the 
rock, H is the thickness into the page (1 
km, pixel resolution), and other terms are 
as defined previously. Note that Equation 
4 only considers the heat transfer on one side of the fracture (i.e. the caprock or the base rock side) because the heat from 
the permeable zone has been accounted for as part of the volumetric heat in place assessment.

To compute the thermal drawdown at all locations in the caprock and base rock, the similarity solution to fracture 
flow provided in Nathenson (1975) was used, as reproduced in Equation 5:

 Θ x,z, t( )  ≡ T x,z, t( )− Tref

T x,z, t = 0( )− Tref
  = erf x + βz

2 α t
⎡

⎣
⎢

⎤

⎦
⎥  (5)

where T(x, z, t) is the temperature in the rock at position (x, z) after time t along the entire extent of the fracture into 
the page (H, 1 km), α is the thermal diffusivity in Table 1, and other terms have been previously defined. The interest 
in this equation is the difference between T(x, z, t) and T(x, z, t = 0), which is the temperature drawdown at time t. The 
temperature drawdown was used in place of ∇Ti  Z+ Tzt , i  in Equation 1 to calculate the energy extracted at all locations 
(x, z) in the caprock and base rock.

A separate calculation was performed for the caprock and the base rock to account for differences in their tempera-
tures at depth, T(x = 0, z = 0, t = 0). These calculations assumed that the entire volume of the caprock and base rock was 
the same temperature as the temperature at T(x = 0, z = 0, t = 0), and no thermal gradients were considered within the 
caprock and base rock. Under these assumptions, thermal energy transferred from the base rock will be less, and thermal 
energy transferred from the caprock will be greater than if thermal gradients were considered.

In order to calculate the thermal drawdown within the caprock and the base rock, the x (vertical) and z (horizontal) 
dimension were discretized into 1 m increments, and values of the thermal drawdown, T(x, z, t) - T(x, z, t = 0), were com-
puted at each (x, z) coordinate using Equation 5. These coordinates were treated as nodes, and each 1 m2 cell, composed 
of the nearest 4 surrounding nodes, was assigned the average of the temperature drawdown in those nodes. The energy 
extracted in these 1 m2 cells was calculated using Equation 1 and summed over the x and z dimension in the caprock and 
base rock to arrive at a skin thermal energy contribution for the permeable zones.

Once the skin thermal energy was calculated, the net pay thickness of the reservoir could be determined. In an ac-
tive geothermal reservoir, the net pay thickness could be evaluated through means of production history and tracer tests 
(Williams, 2014), which may implicitly capture the recharge of heat from rocks surrounding the permeable zone. In this 
work, the net pay thickness is defined as the permeable thickness plus the thickness of rock that would have to be cooled 
down to the reference temperature such that the skin thermal energy would result, had the skin rocks been a part of the 
permeable zone and considered in the volumetric heat assessment. The net pay thickness was calculated by the sum of 
the formation thickness plus this effective skin thickness, as defined in Equation 6:

L

Res
Thick

 me, Tw

 me, Tw 2b

2b

Permeable Zone

Impermeable Caprock

Impermeable Base Rockx
z

T(x, z, t)

T(x, z, t)

 m, Tw

 me, T(L, t)

 me, T(L, t)z
x

Figure 2. Schematic of the fluid flow and orientation of fractures within a permeable zone 
that is surrounded by an infinite thickness of impermeable caprock and base rock. An injec-
tion well is located on the left, and a production well is located on the right. The fracture 
half aperture is b, ṁ is the mass flow rate of the well, which is evenly distributed along the 
permeable zone, ṁe is the effective flow rate through 2b, Tw is the injection water tempera-
ture, T(L, t) is the temperature at position L after time t of production, and T(x, z, t) is the 
temperature within the caprock or base rock at position (x, z) after time t. The caprock and 
base rock are assumed to have no permeability, but otherwise the same geologic properties 
as the permeable zone because information about these rocks is not readily available.



109

Smith, et al.

 
NetPayi = ResThicki + 

Eskin, top,i

φiρwCp,w + 1−φi( )ρr,iCp,r,i( ) Tzt , i − Tref( )Ai  (6)

                                   
+ 

Eskin, bot, i

φiρwCp,w + 1−φi( )ρr,iCp,r,i( ) Tzb , i − Tref( )Ai  

where Eskin,top is the energy contributed from the 
caprock side, and Eskin,bot is the energy contributed 
from the base rock side for the ith 1 km2 area, 
Ai. The right two terms are the effective skin 
thickness portions of Equation 6, which solves 
Equation 1 for Z in the caprock and base rock.

Some locations in the basin have mul-
tiple permeable zones at depth, such that a well 
could produce in all of the permeable zones 
simultaneously. Calculations here have treated 
each permeable zone independently, such that no 
thermal interaction is considered. Additionally, 
these calculations assume that an injection and 
production well doublet is located 1 km apart, and 
each 1 km2 area of the reservoir spatial extent has 
a well doublet. This may be an optimistic scenario 
of well coverage, even if all reservoirs were fully 
developed.

Results and Discussion

The total thermal energy for each perme-
able zone is the sum of the volumetric thermal 
energy plus the skin thermal energy. The ratio of 
the skin thermal energy to the total thermal energy 
for each permeable zone is shown in Figure 3. For 
some reservoirs, the skin thermal energy contrib-
utes more than 40% of the total thermal energy 
over a 50 year production timeframe. However, 
for the majority of the reservoirs, the skin thermal 
energy contributes less than 5% of the total thermal energy. It is 
useful to examine this ratio according to the permeable thickness 
of the formation, as shown in Figure 4. 

Figure 4 shows that the skin thermal energy contribution 
is important for permeable zones that are less than 10 meters 
thick, under the assumptions of a mass flow rate of 30 kg/s and 
fracture aperture of 2 mm. As the permeable thickness decreases 
from 10 m to 1 m, the percentage of energy that is contributed 
from the skin increases from less than 10% to as great as 75%, 
with some differences in the overall trend resulting from lithol-
ogy (thermal diffusivity) and the temperature in the permeable 
zones. The spatial locations of these thinner reservoirs stand out 
in Figure 3 as those reservoirs that are not dark blue. 

Figure 3. Proportion of the total thermal energy (permeable plus skin) that results 
from the skin thickness of the reservoir. Larger numbers indicate that relatively more 
thermal energy is from the skin than from the volumetric thermal energy in the 
permeable zone.

Figure 4. The proportion of the total energy that is contributed from the 
skin thickness according to the formation thickness and lithology. Results 
are shown for a mass flow rate of 30 kg/s and a fracture aperture of 2 
mm. For reservoirs that are 10 m or thinner, the skin contribution to the 
total thermal energy is important.
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The net pay thickness relative to the per-
meable thickness is an alternative method for 
analyzing the heat contribution from the skin 
thickness, as shown in Figure 5. For most reser-
voirs the net pay thickness is no more than 5% 
greater than the permeable thickness, but some 
reservoirs are effectively more than double the 
size when the skin thermal energy is considered.

The effective skin thickness is entirely 
dependent on the thermal properties of the reser-
voir and the effective mass flow rate through the 
fractures. In this case, the effective mass flow rate 
through a fracture of 2 mm aperture is different 
for each reservoir as a result of different reservoir 
thickness, as shown in Figure 4. Another useful 
way to visualize this effect is provided in Figure 
6, which relates the effective skin thickness to 
the effective mass flow rates through the vari-
ous lithologies, and also compares the effective 
skin thickness for 2 mm fractures versus 2 cm 
fractures. An order of magnitude difference in 
fracture apertures results in an order of magnitude 
difference in the effective skin thickness and 
the effective mass flow rate. The effective skin 
thickness increases fairly linearly with increasing 
effective mass flow rate, and the more thermally 
diffuse rock experiences greater effective skin 
thickness. In both plots it appears that there is 
a minimum effective skin 
thickness at low mass flow 
rates. This may be a result 
of the discretization used in 
this analysis, but it should be 
evaluated further. Fox et al. 
(2015) evaluate some effects 
of variable fracture aperture 
and fracture orientations 
that are not considered in 
this work.

Conclusions

This paper evaluates 
the importance of including 
the thermal energy recharge 
from rocks surrounding per-
meable zones in calculations 
of the heat in place for geo-
thermal reservoirs. This “skin thickness” of permeable zones is shown to be an important contribution to the total energy 
for those permeable zones that are thin, within which the effective mass flow rate is high. For some thin reservoirs, the 
net pay thickness for thermal energy is more than double the thickness of the permeable zone. Therefore, if thermal re-
charge from surrounding rocks is not considered, the total energy extracted from these thinner reservoirs may be greatly 
underestimated. Importantly, this work only addresses a worst-case scenario of conduction heating from impermeable skin 
rocks, so the thermal energy contribution from the skin may be even greater if they are permeable. Future work should 
address the geometric complexities of geothermal reservoirs that were not considered here, and evaluate the resulting 
contribution to the total thermal energy.

Figure 5. The net pay thickness relative to the permeable thickness. Larger numbers 
indicate that more energy is contributed from the skin thickness than the volumetric 
thermal energy in the permeable zone.

Figure 6. Effective skin thickness of the reservoirs according to their lithology and mass flow rate. Left – 2 
mm aperture. Right – 2 cm aperture.
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