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Abstract. Ground-source heat pumps represent a solution to use the heat removed from the ground in order to heat 

residential or social buildings, thus reducing the greenhouse gases resulted from fossil fuel burning. When there 

are surface area constraints, borehole heat exchangers are used to extract heat from the ground. During the heat 

removal operation, the ground temperature decreases and the perturbation propagates radially around the borehole. 

It is important to assess the magnitude of this perturbation and to determine the heat removed. The paper deals with 

the calculation of the temperature distribution at different moments (1, 3, and 6 months), by using the decomposition 

finite difference technique. The model, at this stage a one-dimension one, is also used to prepare the next stage, 

which will consider two-dimension heat propagation due to the heat exchange at the ground surface in contact with 

air. 
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1. INTRODUCTION 

Renewableenergy is the clean and sustainable 
alternative to burning more fossil fuels and to 
worsen the present state of the environment that can 
be described as being on the brink of radical and 
irreversible degradation. The greenhouse effect 
already has put its fingerprint on the global climate, 
triggering extreme weather phenomena, melting of 
the polar caps and of the mountain glaciers, and 
altering the weather patterns, thus making weather 
increasingly unpredictable. These effects and 
especially the upsetting perspectives involved have 
shifted the interest towards replacing fossil fuel-
based energies with renewable energies, which do 
not require fossil fuels burning or using nuclear 
ones. 

One of the options available is to use the heat 

contained in the environment and to increase its 

temperature by means of heat pumps. The ground in 

the immediate vicinity of the Earth’s surface 

represents a heat source/sink of immense capacity at 

a quasi-constant temperature all year long and 

therefore it can be subjected to heat removal/ 

injection and thus to make possible the use of heat 

pumps in heating/cooling applications. Such heat 

pumps are called Ground-Source Heat Pumps 

                                                   
 bogdan_horbaniuc@yahoo.com 

(GSHPs) and can be utilized to heat or to cool 

individual buildings. 

Countries with rich geothermal potential (such 

as Island and in a much lesser proportion France, 

and Hungary [12]) can harness geothermal heat at 

much higher temperatures, which make GSHPs 

useless. In our continent, such fortunate regions are 

very few, almost all of the European countries being 

constrained at using the low-temperature heat 

removed from the ground.  

The installed capacity worldwide is about 12,000 

MWt and the global energy use is around 72,000 TJ 

(20,000 GWh) per year [8].  

Although the technology dates from 1852, when 

Lord Kelvin has proposed the concept that has been 

improved by Webber in the 1940’s [8], the interest 

for GSHP systems grew during the first oil crisis of 

the 1970’s, especially because of the very low 

surface area required for the boreholes, which made 

them suitable for individual houses [13].  

Presently, 80,000 units are installed annually in 

the USA, the most illustrative example being the 

Galt House Hotel (Louisville, Kentucky), which 

uses a 19.6 MW heating/15.8 MW cooling unit for 

100 apartments and 89,000 m2 of office surface area 

(161,650 m2 in total) and saves 47 percent of the 
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necessary energy, which represents $ 25,000 per 

month [8]. 

In Europe, one must mention the campus of the 

National Technical University of Athens, where the 

heating and cooling of the Mining Engineering 

Building are provided via a GSHP, as a result from 

a pilot project from 1993, accomplished with Swiss 

support [12]. 

Basically, there are three piping configurations 
for the underground heat exchangers [9], [13]: 

horizontal loop, spiral loop, and vertical loop 
(borehole). When the available surface area is small 

(which is the case in Europe), the third solution is 
recommended. A specific advantage of this 

configuration is the fact that below a depth of 15-20 
meters, the ground temperature remains practically 

constant all year long, which provides a quasi 

constant capacity heat reservoir. The depth of the 
borehole is usually in the range 23 … 100 m [9].  

The paper deals with the investigation of the 
conduction heat transfer in the ground during the 

heat extraction by a single borehole. A six months 
operation is supposed, roughly representing the cold 

season when there is a heat demand in order to 
operate a heat pump. 

The approach involves the use of finite differ-
rences, because analytical methods are very difficult 

to apply, and only in very simple situations, (which 
are not encountered in real operation) [2], [3]. 

In this line of approach one can mention Bandos et 
al., [1] and Lamarche and Beauchamp [6], who use the 

finite-source model to determine the effect of vertical 
temperature variations, and Philippe et al., [10], who 

compare the results provided by three analytical 

methods: the infinite line source, the infinite cy-
lindrical source and the finite lie source respectively. 

Actual situations involve two- or three- di-
mension transient conduction heat transfer with 

Neumann boundary conditions, imposing a 
different approach such as the use of numerical 

techniques, among which one of the most popular is 
the finite difference method [3], [7], [11]. 

Two variations of the finite difference technique 
can be used: the explicit finite difference method 

(EFD), which allows the calculation of the present 
time temperature in the current node, respectively 

the implicit scheme (IFD), where the three nodal 
temperatures are simultaneously considered at the 

present time step. The EFD determines the unknown 
temperature in a sequential manner, but the magni-

tude of the time step is drastically limited, whereas 

in the EFD such a constraint does not operate, but 
the method involves the necessity to solve a set of 

linear algebraic equations corresponding to the total 
number of nodes [4], [11].  

The paper deals with the use of the decom-

position technique (DT) of the IFD scheme, in the 

case of the one-dimension transient conduction heat 

transfer in cylindrical coordinates that models the 

heat removal from the ground by a single borehole. 

1. THE PHYSICAL MODEL 

The considered domain models the configuration 

of the borehole-ground system and consists of a 

long hollow cylinder of length L, inner radius R0, 

and outer radius Rd. The initial temperature of the 

cylinder is uniform and equal to T∞. A fluid of 

temperature TL, lower than T∞ flows along the 

central channel (tube) that represents the borehole, 

cooling the cylindrical domain (the ground). Heat is 

removed by convection with the heat transfer 

coefficient kr, via a cooling fluid. The other surfaces 

(frontal at z = 0 and in depth at z = L), respectively 

at r = Rd (the outer limit of the ground domain) are 

adiabatic - see figure 1.  
 

 
 

Fig. 1. The cylindrical domain. 

 

The essence of the decomposition approach is 

described in [4]. During a time-step of the pro-

cedure, the two-dimension conduction heat transfer 

is “decomposed” into two one-dimension heat transfer 

processes that occur sequentially: first in radial 

direction, and then axially. The start temperatures 

(known) of a new time step p of magnitude   are 

the final temperatures at the end of the previous time 

step (superscript p ‒ 1). The intermediate tempe-

ratures (superscript i) resulting from the application 
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of the decomposition procedure in its first 

(intermediate) step are the input temperatures for 

the second (final) one the output of which is 

represented by the final temperature (superscript p).  

From the standpoint of the finite difference 

approach, this “trick” leads to a significant simpli-

fication, because one only must deal with very 

simple finite difference equations, which are very 

easy to manipulate. 

The heat conduction equation in cylindrical coordi-

nates that describes the radial heat transfer is [5]: 

 
2

2
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The heat transfer equation in the axial direction 

corresponds to the one-direction heat transfer in 

Cartesian coordinates: 
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In the above equations, λ accounts for the heat 

conduction coefficient, ρ for the density, τ for time, 

c for the heat capacity, and θ for the dimensionless 

temperature defined as: 
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where TH > TL is a reference temperature, which is 

necessary to also consider the hypothetical situation 

when the heat pump injects heat into the ground 

during the air conditioning operation regime. 

The boundary conditions are: 

– at 
0r R : 
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– at 0z : 
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– at  dr R : 
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– at z L : 

 0


 
 

  z L
z
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where 
0  represents the dimensionless tempe-rature 

of the cylinder’s inner surface. 

3. FINITE DIFFERENCE APPROACH 

A mesh has been attached to the cylindrical 

domain, consisting of Nr nodes of step hr in the 

radial direction and Nz nodes of step hz in the axial 

direction respectively (see Fig. 2). 

The heat transfer equation (1) can be rewritten in 

finite difference form for a time step , by using 

the finite difference operator D2 as follows [7], [11]: 
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  stands for the thermal diffusivity of 

the cylinder material, and p for the current time step 

number. 

The operator 
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Fig. 2. The mesh attached to the domain. 

 

Equation (2) can be written in finite difference 

form as: 
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where  

  2

, , 1 , , 12
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The convergence and stability criteria of the 

finite difference scheme are: 
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After a series of manipulations, equation (8) 

becomes: 
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In a similar manner, one obtains the finite 

difference form of equation (12): 
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The temperatures on the boundaries of the 

domain result from the boundary conditions written 

in the finite difference form. 

4. RESULTS AND DISCUSSION 

The finite difference method described above 

has been applied to a single borehole consisting of a 

20 m long pipe 0.25 m across. The radius of the 

storage system boundary was Rd = 5.125 m. The 

temperatures were: TH = 100°C, T∞ = 10°C,  

TL = 5°C. The thermo-physical properties of the 

ground are: λ = 0.25 W/mK, a = 0.18∙10−6 m2s−1. 

The convection heat transfer coefficient from the 

channel to the cold fluid was kr = 1000 W/m2K. The 

grid attached to the cylindrical domain had  

Nr = 50 and Nz = 50 nodes respectively. 

A computer code was written for the algorithm 

of the decomposition technique and was run in order 

to obtain the nodal temperatures at 30, 120 and 180 

days respectively. Due to the imposed boundary 

conditions, although the finite difference scheme 

models a two-dimension unsteady heat conduction, 

the heat propagation is actually only radial (one-

dimension), and the model describes accurately this 

situation.  

Figure 3 shows the 3-D plot of the temperature 

field after 30 days and Fig. 4 represents the contour 

map for this time lapse. 
 

 
 

Fig. 3. 3-D plot of the temperature distribution  

after 30 operation days. 

 

One can see that the heat diffusion is very slow, 

only about 10 nodes being affected by the 

perturbation, which represent roughly 1 meter of 

penetration depth in the radial direction. Beyond 

radial node #10, practically there is no noticeable 

temperature variation of the ground.  

 
Fig. 4. Temperature contour map plot after 30 operation days. 
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The same trend can be noticed by analyzing 

figures 5 through 8, that illustrate the temperature 

radial distribution across the ground in terms of  

3-D representation and contour map respectively, for 

120 days (Figs. 5 and 6) and 180 days (Figs. 7 and 8). 
 

 
 

Fig. 5. 3-D plot of the temperature distribution 

after 120 operation days. 

 

As time progresses, so does the temperature 

perturbation, reaching the 30th node (3 meters) after 

120 days and the 40th node (4 meters) after 180 days 

respectively. The result might be slightly different 

if one considers the actual situation when the 

cylindrical domain is infinite (boundless) radially. 

Yet, since the finite difference approach cannot 

operate with infinite values, one is constraint to 

consider a boundary of finite radius at which an 

adiabatic boundary condition must be imposed. The 

longer this radius, the closer the considered domain 

is to the actually infinite radius domain. The results 

described by Figs. 3 through 7 show that the chosen 

value for the outer radius (5 m) was a correct 

supposition since within the 180 days interval, the 

perturbation only affects 80% of the entire radius. 

 
Fig. 6. Temperature contour map plot  

after 120 operation days. 

 
 

Fig. 7. 3-D plot of the temperature distribution after  

120 operation days. 

 
Fig. 8. Temperature contour map plot  

after 180 operation days. 

 

Figure 9 joins the three temperature plots 

allowing to better interpret the results.  

The slow propagation can be additionally ex-

plained by the low temperature differential between 

the ground and the cold fluid, which is only 

5 degrees. Thus, the temperature gradients are 

feeble, and consequently the heat diffusion is slow.   
 

 
 

Fig. 9. Temperature distributions in the ground after 30, 120, 

and 180 days. 
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The same reason (low temperature differential) 

explains the relatively low values of the heat 

removed from the ground: 2627 kJ after 30 days, 

7792 kJ after 120 days, and 10830 kJ after 180 days 

respectively. 

The above finds suggest that by merely re-

moving heat from the ground is not a very smart 

option, especially when the ground temperature is 

not re-established during the warm season by 

heating it via the heat pump that operates in the air 

conditioning (cooling) mode.  

The alternate (and much better) option is to store 

heat in the ground during the warm season and to 

remove it during the cold season, thus improving the 

effectiveness of the entire system (heat pump 

coupled with the heat reservoir/sink represented by 

the ground). 

5. CONCLUSIONS 

Borehole heat exchangers represent a good 

solution to harness heat contained in the ground via 

heat pumps in systems dubbed ground-source heat 

pumps (GSHP).  

A decomposition finite difference technique has 

been used to study the radial heat diffusion in the 

ground in order to validate the correctness of the 

model and to determine the temperature distribution 

after 30, 120, and 180 operation days.  

The model resulted in a pure one-dimension 

conduction heat transfer, the isothermal surfaces 

being cylinders co-axial with the central tube’s axis. 

The numerical results show that the heat pro-

pagation process is a slow one and that the system’s 

performance is poor, due to the low temperature 

differential between the ground and the cold fluid. 

This suggests to adopt the solution of storing 

heat in the ground and to remove it when necessary, 

thus significantly improving the performance. 

Further work will focus on considering the 

convection heat transfer through the ground surface 

to the air, which will lead to a two-dimension heat 

transfer (radial and axial). This improved model will 

be further be used to study the removal of the heat 

that has previously stored in the ground in a ground 

heat storage unit. 
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