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SUMMARY 
 
Almost any conventional heating and air-conditioning system may be satisfactorily modeled for en-

ergy analysis purposes with a steady-state analysis.  Ground source heat pump (GSHP) systems and hy-
brid GSHP (HGSHP) systems are a clear exception.  The fact that ground temperatures may change over 
a number of years adds some complexity to the modeling effort, and has delayed availability of GHSP 
and HGSHP models in building energy analysis programs. This paper gives an overview of recent re-
search and developments in ground source heat pump system simulation, design, and optimization. First, 
developments related to modeling of components of the ground source heat pump (GSHP) system are 
presented - vertical ground loop heat exchanger, water source heat pump, standing column well, and sev-
eral types of supplemental heat rejecters used in hybrid GSHP systems. Second, application of the simula-
tion for design of vertical ground loop heat exchangers (GLHE) will be introduced. Third, several appli-
cations of using system simulation in the design of GSHP systems will be presented.  Finally, preliminary 
investigations of using the simulation within an optimization procedure will be discussed. 
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1 INTRODUCTION 
 
Using the ground as a heat source or sink in an air conditioning system is attractive from a thermo-

dynamic point of view, as its temperature is generally much closer to room conditions than the ambient 
dry bulb or wet bulb temperatures over the whole year. For this reason, ground coupled heat pump sys-
tems are potentially more efficient than conventional air-to-air systems. In practice, ground-source heat 
pump systems have also proved to have lower maintenance costs due to the absence of equipment ex-
posed to the atmosphere (Cane, et al. 1998). 

 
Although some of the technology of ground source heat pump systems has been developed in Scan-

dinavia, the potential for commercial exploitation has perhaps been greatest in the USA.  This is mainly 
because of the large market that already exists for residential air conditioning systems. Systems with 
lower energy consumption and potentially lower maintenance costs have proved attractive to homeown-
ers. Peak electrical utility demands in much of the USA are determined by air conditioning usage. For this 
reason there has also been great interest in such systems from electrical utility companies wishing to re-
duce peak demand. Application of this technology has also been made in the small commercial and insti-
tutional sectors. Ground source heat pump systems have proved popular with some school authorities that 
are particularly attracted by the lower maintenance costs (Dinse 1998; Cane and Clemes 1995; GHPC 
2003a). Details of a number of case studies involving application of ground source heat pump technology 
in the United States have been given by the GHPC (GHPC 2003b, 2003c).  Despite limited use of resi-
dential cooling in Europe, significant market penetration has been made in some countries.  (Lund, et al. 
2004).  

 
In the following sections of the paper we set out firstly, developments in modeling the components 

of the GSHP system, including the vertical ground loop heat exchanger, water source heat pump, standing 
column well, and several types of supplemental heat rejecters used in the hybrid GSHP system. These 
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models may be used in component-based simulation environments such as TRNSYS (SEL 1996) and 
HVACSIM+ (Park et al. 1985). In the third section of this paper, software for sizing the vertical GLHE 
will be introduced. Then, several applications of using system simulation in the design of GSHP systems 
will be presented, including hybrid GSHP systems and a GSHP based bridge snow melting system.  Fi-
nally, preliminary investigations of automated optimization of GSHP and HGSHP system designs will be 
described. 

 

2 MODELING COMPONENTS OF GSHP SYSTEMS 
 
GSHP systems are generally comprised of water source heat pumps, ground loop heat exchangers, 

and for hybrid systems, supplemental heat rejecters or sources.  Modeling of these components is covered 
below.  

2.1. Closed-loop Ground Heat Exchangers 
 
Closed-loop ground coupled systems can use horizontal pipe loops or vertical pipe loops in bore-

holes.  Vertical closed-loop systems are the predominant system type used in commercial and institutional 
applications. Closed loop ground heat exchangers of this type consist of a borehole of diameter 75-150 
mm into which is inserted a loop of pipe with a ‘U’ bend at the bottom. The borehole is then either back-
filled or, more commonly, grouted over its full depth.  Grouting is normally required to prevent contami-
nation of the ground water and give better thermal contact between the pipe and the ground1. The pipe 
used in these systems is typically High Density Polyethylene (HDPE) of nominal diameter in the range 
22-32 mm. The depth of the borehole varies between typically 30 m and 120 m.  

 
Two levels of modeling sophistication are of interest.  First, it is desirable to have a design method-

ology that is satisfactory for sizing ground loop heat exchangers with minimal user input and computa-
tional time. Second, it is desirable to have a simulation model that can predict hour-by-hour (or shorter 
time interval) responses of the ground loop heat exchanger to continuously changing building loads. This 
approach allows the prediction of system energy consumption and electrical demand.  Since both ap-
proaches presented in this paper are based on the model developed by Eskilson (1987), Eskilson’s meth-
odology will be discussed first, followed by a description of the simulation model developed by Yavuz-
turk and Spitler (1999). 

2.1.1. Eskilson’s methodology 
 

Eskilson’s (1987) approach to the problem of determining the temperature distribution around a 
borehole is a hybrid model combining analytical and numerical solution techniques. A two-dimensional 
numerical calculation is made using transient finite-difference equations on a radial-axial coordinate sys-
tem for a single borehole in homogeneous ground with constant initial and boundary conditions. The 
thermal capacitance of the individual borehole elements such as the pipe wall and the grout are neglected. 
The temperature fields from a single borehole are superimposed in space to obtain the response from the 
whole borehole field. 

 
The temperature response of the borehole field is converted to a set of non-dimensional temperature 

response factors, called g-functions. The g-function allows the calculation of the temperature change at 
the borehole wall in response to a step heat input for a time step. Once the response of the borehole field 
to a single step heat pulse is represented with a g-function, the response to any arbitrary heat rejec-
tion/extraction profile can be determined by devolving the heat rejection/extraction profile into a series of 
step heat pulses,  and superimposing the response to each step heat pulse. 

                                                           
1 This is in contrast to the practice in Sweden where the rock is mostly saturated granite and the borehole is not 

back-filled or grouted but allowed to fill with water. 
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This process is graphically demonstrated in Figure 1 for the four months of heat rejection. 
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Figure 1: Superposition of piece-wise linear step heat inputs in time.  The step heat inputs Q2’, Q3’ and Q4’ 
are superimposed in time on to the basic heat pulse Q1’. 

  
The basic heat pulse from zero to Q1 is applied for the entire duration of the four months and is ef-

fective as Q1’=Q1.  The subsequent pulses are superimposed as Q2’=Q2-Q1 effective for 3 months, 
Q3’=Q3-Q2 effective for 2 months and finally Q4’=Q4-Q3 effective for 1 month. Thus, the borehole wall 
temperature at any time can be determined by adding the responses of the four heat pulses. Mathemati-
cally, the superposition gives the borehole wall temperature at the end of the nth time step as: 
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where:  
t   = time (s) 
ts  = time scale = H2/9α 
H  = borehole depth  (m) 
k   =ground thermal conductivity  (W/m-K) 
Tborehole = average borehole temperature (°C ) 
Tground  = undisturbed ground temperature (°C ) 
Q   = step heat rejection pulse (W/m) 
rb   = borehole radius (m) 
i   = index to denote the end of a time step. (the end of the 1st hour or 2nd month etc.) 

 
Figure 2 shows the temperature response factor curves (g-functions) plotted versus non-dimensional 

time for various multiple borehole configurations and compares them to the temperature response factor 
curve for a single borehole.  The g-functions in Figure 2 correspond to borehole configurations with a 
fixed ratio of 0.1 between the borehole spacing and the borehole depth. The thermal interaction between 
the boreholes is stronger as the number of boreholes in the field is increased and as the time of operation 
increases. 

 
The detailed numerical model used in developing the long time-step g-functions approximates the 

borehole as a line source of finite length, so that the borehole end effects can be considered. This ap-
proximation has the resultant problem that it is only valid for times greater than α25 br . For a typical 
borehole, that might imply times from 3 to 6 hours. Furthermore, much of the data developed by Eskilson 
does not cover periods of less than a month.  (For a heavy, saturated soil and a 76 m deep borehole, the g-
function for the single borehole presented in Figure 3 is only applicable for times in excess of 60 days.) 
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Figure 2: Temperature response factors (g-functions) for various multiple borehole configurations compared 

to the temperature response curve for a single borehole. 

2.1.2. Simulation Model 
 
The simulation model described here has been presented, in considerable detail, by Yavuzturk and 

Spitler (1999). A brief description will be presented in this paper. The model is primarily aimed at appli-
cations in building energy analysis, where it is desirable to be able to predict system energy consumption 
on an hourly basis. The model was developed by extending Eskilson’s g-functions down to times of less 
than one hour. Since the numerical model used by Eskilson to determine the g-functions is not suitable for 
short time steps, a more appropriate numerical model is used to estimate the temperature response of a 
single borehole for short duration of heat rejection/extraction pulses. For short duration heat pulses, heat 
transfer within the borehole and heat transfer outside the borehole, in the radial direction, are much more 
important than heat transfer in the axial direction. Hence, a two-dimensional, radial-angular, finite volume 
model has been developed. Complete details may be found in Yavuzturk, et al. (1999).     

 
The numerical model is used to calculate the average fluid temperature in the borehole.. This is then 

adjusted by the borehole resistance to determine the average temperature at the borehole wall and then 
non-dimensionalized to form a g-function. The resulting short time-step g-function curve matches well at 
the boundary to the long time-step g-functions developed by Eskilson, as shown in Figure 3.   
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Figure 3: Short time-step g-function curve as an extension of the long time-step g-functions plotted for a sin-

gle borehole and an 8 X 8 borehole field. 
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The short and long time-step g-functions are converted to a continuous set of response factors.  Al-
though they may be applied directly with hourly time-steps, and hence, hourly heat rejection/extraction 
pulses, this becomes computationally intensive when multi-year simulations are performed.  Since the 
importance of any given hour’s response decreases as the hour gets further away in time, the loads are 
aggregated such that loads that occurred more than about one month previous to the current time are ag-
gregated into 730 hour time blocks. Loads that occurred more recently are treated as hourly pulses. This 
approach gives significantly reduced computational time, while maintaining very good accuracy. The load 
aggregation procedure is given in more detail in the paper by Yavuzturk and Spitler (1999). Experimental 
validation of the model is described in detail by Yavuzturk and Spitler (2001).  

2.2. Standing Column Well 
 

Standing column wells are used for direct (i.e. open-loop) heat exchange with the earth. Figure 4 il-
lustrates the configuration of a standing column well and the heat and mass transfer mechanisms.   A nu-
merical model has been developed for studying the performance of the standing column wells, which is 
composed of two parts: a nodal model of the borehole components and a finite volume model of the 
ground-water flow and heat transfer in the surrounding rock. This model allows the explicit treatment of 
the advective heat transfer induced by the ground-water flow (Rees, et al. 2003).  More recent work  
(Deng 2004) has focused on development of a simpler, much faster model, suitable for use in energy 
analysis programs or design programs.   

 

 
 

Figure 4: Standing column well 
 

2.3. Water Source Heat Pump 
 

Jin and Spitler (2002) developed a parameter-estimation-based water-to-water heat pump model. 
This model used a thermodynamic analysis of the refrigeration cycle, simplified heat exchanger models, 
and a detailed model of the refrigerant reciprocating compressor. A second paper (Jin and Spitler 2003), 
presents some extensions, which included sub-models of scroll and rotary compressors, and a procedure 
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for adapting the model to use with anti-freeze solutions. The various parameters of the model were esti-
mated from the manufacturers’ catalog data by applying a multi-variable optimization algorithm. Jin 
(2002) described in detail the multi-variable optimization and the estimated parameters. The model’s ac-
curacy compared favorably to previously published deterministic and equation-fit type models. Jin (2002) 
also presented an analogous model for water-to-air heat pumps.  Shenoy (2004) developed a simpler but 
faster equation-fit type model for water-to-air heat pumps. 

2.4. Supplemental Heat Rejecters for Hybrid GSHP Systems 
 

The cost of drilling the borehole field for a ground-source heat pump system, although it depends 
strongly on the local geological conditions, can often be a substantial portion of the system capital cost.  
This is most likely in buildings where the demand is predominantly for cooling.  In situations like this and 
where the thermal conductivity of the ground is low or drilling conditions are poor, the cost of the bore-
hole field may make a ground-source system uneconomical. However, a compromise between first cost 
and energy efficiency may be possible by using a smaller borehole field and adding a supplemental heat 
rejecter into the heat pump water loop. Such systems have been termed ‘hybrid’ ground-source heat pump 
systems. 

 
A number of different types of heat rejecters have been suggested for inclusion in the water loop of 

hybrid systems, including cooling tower, shallow pond with heat exchanger, and hydronically heated 
pavement or bridge deck. The shallow pond model has been developed by Chiasson, et al. (2000a), which 
accounts for several natural heat transfer mechanism within a surface water body plus convective heat 
transfer due to a closed-loop heat exchanger. Chiasson, et al. (2000b) also developed a finite difference 
model for hydronically heated pavement or bridge deck. This model has been further developed to be able 
to model the snow melting process taking place on the top surface of the slab (Liu, et, al. 2003). These 
models have been validated using data from a number of experimental supplemental heat rejecters at 
Oklahoma State University.   

 
 

3 SIMULATION APPLICATIONS IN DESIGN OF VERTICAL GLHE 
Design of closed-loop ground heat exchangers is rather different from air-coupled heat exchangers in 

that the primary heat transfer mechanism is conduction rather than convection (unless the ground-water 
flow is high). The most significant implication of this is that, depending on the balance between extrac-
tion and rejection of heat from and to the ground, the ground temperature in the neighborhood of the heat 
exchanger may rise or fall over the life of the system, particularly when the annual heat rejec-
tion/extraction is significantly imbalanced. In such cases the ground temperature may rise (or fall) over a 
number of years, resulting in a decrease in the performance of the heat pump as the entering fluid tem-
perature to the heat pump rises (or falls). A design goal must therefore be to control the change in the 
temperature within acceptable limits over the life of the system. 

 
The net heating or cooling of the ground over each season clearly depends on the accumulated heat 

rejection and extraction, and therefore on the building loads throughout the whole year. The design meth-
odology has to be based then on the building loads calculated throughout the whole year, not just the peak 
heating and cooling loads. Hence more information is required regarding the building loads than for siz-
ing of a conventional system. 

 
Design methodologies available for residential ground loop heat exchangers have been reviewed by 

Cane and Forgas (1991). Yavuzturk (1999) provides a more up-to-date review of all available methodolo-
gies. Kavanaugh (1995) described a design procedure commonly used in the United States.  

 
A design methodology that utilizes the simulation procedures described in Section 2 is covered in de-

tail by Spitler (2000).  A very short summary is that the simulation methodology described in Section 2 is 
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utilized with two time steps – a monthly time step, and a shorter peak pulse type time step.  However, the 
peak heat extraction or rejection pulse has been modeled with a simpler analytical approximation.   

 
 

The design methodology has been implemented in a commercially available software package (Spit-
ler  1999, 2000). This program requires that the user provide the following information: 

• monthly heating and cooling loads on the heat pump or heat pumps, typically determined by 
a building energy analysis program; 

• monthly peak heating and cooling loads, again on the heat pumps and typically determined 
by a building energy analysis program;  

• information about the heat pump or heat pumps, from which the relationship between the en-
tering fluid temperature to the heat pump and the heat rejected to the ground for a given 
cooling load and the heat extracted from the ground for a given heating load can be deter-
mined; 

• thermal properties of the ground; 
• geometric configuration of the ground loop heat exchanger; 
• borehole diameter, U-tube diameter, grout thermal properties; 
• thermal properties of the working fluid. 

 
Assuming a given borehole depth, and the above information, the average fluid temperature in the 

GLHE at the end of each month, the entering fluid temperature at the end of each month, and the actual 
heat rejection rate for each month are determined simultaneously.  Then, the responses to the peak pulses 
are determined for each month, and the resulting peak entering fluid temperatures to the heat pump(s) for 
each month are determined. 

 
The program also has a sizing mode where the minimum borehole depth that will meet user-specified 

minimum and maximum peak temperatures is determined by searching with the simulation until the depth 
is found that is constrained by either the minimum or maximum peak entering fluid temperature. 

 

4 SIMULATION APPLICATIONS IN GSHP SYSTEM INVESTIGATIONS 
 

By coupling the component models in modular simulation environments such as TRNSYS and 
HVACSIM+, the performance of a specific GSHP system can be simulated, and the effects of component 
sizes, control strategies, etc. can be evaluated.  Hourly or shorter time steps may be used so that diurnal 
variations in loop temperature, time-of-day rates, etc. may be accounted for.  Ultimately, it is anticipated 
that this approach will be used to design GSHP systems.  To date, it has been primarily used for feasibil-
ity studies and parametric investigations.  Three types of sample applications are discussed below.   

4.1. Hybrid GSHP Systems 
Hybrid GSHP systems utilize supplemental heat rejecters to balance the annual heat rejection to the 

ground and the annual heat extraction from it. With the supplemental heat rejecter(s), the size of the 
ground loop heat exchanger may be reduced significantly. 

 
Perhaps the most obvious candidate for a supplemental heat rejecter in a hybrid system would be a 

conventional open-circuit cooling tower.   Yavuzturk and Spitler (2000) investigated a number of operat-
ing strategies for an HGSHP system with a cooling tower, using the simulation methodology described 
above.   One method investigated for controlling the cooling tower was to switch on the cooling tower 
only when a certain heat pump entering water temperature was exceeded. It was found that this simple 
strategy does not result in the cooling tower operating during the most advantageous weather conditions. 
A second strategy studied involved operating the cooling tower on a predetermined schedule. This also 
results in wasting some pump and fan energy by running the tower when little heat transfer can be ob-
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tained. The most effective strategy was found to be one where the tower was controlled by the difference 
between the heat pump entering fluid temperature and the wet bulb temperature. This allows the cooling 
tower to be used under the most advantageous weather conditions (where the potential is greatest for heat 
rejection).  For the climate conditions that were considered, this control strategy yields the lowest life cy-
cle cost.  

 
Another possible supplemental heat rejecter is a pavement heat exchanger, consisting of pipes buried 

just below a road or other paved surface.  In a recent study (Khan et al. 2003), it was shown through simu-
lation how a parking area of a medium size office building could be used as a supplemental heat rejecter 
to reduce the length of the boreholes. For the particular case examined here, the addition of a 36 m2 
heated parking lot allowed a reduction in size of the GLHE from 16 to 9 boreholes, each 73 m deep.  With 
the addition of the parking lot heating system, operating costs decreased slightly and the system also per-
formed some snow melting, reducing the number of hours that the parking lot would be snow-covered 
without other intervention from 175 to 115.   

 
Shallow ponds have also been suggested as possible heat rejecters for use in hybrid ground-source 

heat pump systems. Where ponds are required for either landscaping, irrigation or flood control purposes 
it is relatively simple and cost effective to introduce additional pipe coils at the bottom of the pond con-
nected into the loop with the borehole field.  A parametric study (Ramamoorthy et al. 2001) has shown 
that incorporating a shallow pond into the GSHP system could significantly decrease the size of the 
GLHE. 

 
Hybrid GSHP systems that use solar thermal collectors for diurnal and seasonal thermal underground 

energy storage have been studied (Chiasson and Yavuzturk 2003) for applications in cold climates. The 
study models an actual school building with typical meteorological year weather data for a number of cit-
ies with varying climates and insolation. The results of the study have shown that hybrid solar GSHP sys-
tems are a viable choice for space conditioning of heating dominated buildings. 

4.2. Direct Cooling GSHP System 
 
One form or GSHP system that appears promising for UK application is a system where building 

heating is provided via one or more water-to-water heat pumps coupled to the space heating system. 
Building cooling may be provided by circulating water directly between the ground loop heat exchanger 
and chilled ceilings or beams. In this system, the heat extracted from the ground for heating is replaced 
during the cooling season, and cooling is provided at almost no cost. Spitler and Underwood (2003) pre-
sented a simulation study of this application for a five-story office building in Newcastle. Compared to a 
conventional system with condensing gas boilers and vapor compression refrigeration, energy consump-
tion was 44% lower and carbon emissions were 57% lower for this system. 

4.3. GSHP Based Bridge Snow Melting System 
 

A GSHP-based bridge heating system has been proposed as an alternative means to prevent ice for-
mation and snow accumulation on bridge surfaces. Such a system can potentially offer improved road 
safety and increased bridge deck life. A number of heat sources have been proposed for such systems, 
including heat pipes, natural gas boilers and electric cables. GSHP systems and hydronic-heating offer 
improved energy efficiency over other systems. Such systems consist of hydronic tubing embedded in the 
bridge deck with hot water circulated from a number of water-to-water heat pumps that, in turn, extract 
heat through the ground via vertical U-tube borehole heat exchangers, as shown in Figure 6. This geo-
thermal bridge deck technology has been the subject of a recent research project at Oklahoma State Uni-
versity.  

 
Application of geothermal bridge deck snow melting technology has been discouraged by higher ini-

tial costs, but also lack of reliable design procedures, modeling methods and software tools.  
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Figure 6. Schematic diagram of a GSHP based bridge snow melting system 
 
A simulation tool for the GSHP based bridge snow melting system has been developed by incorpo-

rating the appropriate component models under the modular simulation environment of HVACSIM+ (Liu, 
et al. 2003). The simulation results have been validated with operating data and corresponding weather 
data from a medium scale experimental bridge snow melting system that employed a GSHP system as 
heat source. The validation results show the ability of this simulation approach to successfully predict the 
performance of the system under a wide range of operating and weather conditions. With this simulation 
tool, further research is ongoing, which includes optimizing the control strategies of “recharging” the 
ground in summer with the heat absorbed by the bridge deck, and developing a simulation based proce-
dure to facilitate the design of such GSHP based bridge snow melting systems. 

5. OPTIMIZATION 
 

One natural extension to the simulation work described here is optimization – e.g., automatically ad-
justing the design parameters to minimize life cycle cost.  Since the design of a ground source heat pump 
system has many degrees of freedom, and the interaction between the design variables is relatively com-
plex, automated optimization is a potentially useful tool for GSHP system design.  Some preliminary 
work in this area has been presented by Khan and Spitler (2004) and Khan (2004).  The first reference 
presents a study of residential systems, where a few variables are optimized at any one time.  The detailed 
system simulation accounts for the effects of antifreeze concentration, entering fluid temperature and flow 
rate on heat pump capacity.  Mass flow rate in the system was solved for every time step and varied with 
the fluid transport properties, which depended on temperature and antifreeze concentration. Life cycle 
cost was chosen as the objective function.  A penalty function approach was used to prevent freezing in 
the system and/or unmet loads.  Optimizing a few variables at a time allowed the determination, for ex-
ample, of optimal GLHE size and antifreeze concentration, if all other variables were held constant.   

 
Khan (2004) reported on an attempt to simultaneously optimize all variables using both a particle 

swarm optimization algorithm and the Hooke-Jeeves algorithm.  Ultimately, these attempts met with lim-
ited success – in order to be confident that the constraints on freezing and unmet loads were really and 
truly met, it was necessary to perform a multi-year (e.g. twenty-year) simulation; that long of a simulation 
combined with a  large number of objective function evaluations caused the optimization to become in-
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tractable.  Future work with larger time steps in the early years may facilitate optimization, but no conclu-
sion has yet been reached as to the potential for reductions in life cycle cost due to optimal design. 

 

6. CONCLUSIONS 
 

Ground-source heat pump technology has developed over the last two decades to a point where sys-
tems are being routinely installed on small and medium-sized projects in many parts of the U.S. Use of 
the ground as a heat sink/source rather than the air is advantageous, in terms of energy savings, through-
out the heating and cooling season. 

 
Models of the main components of the GSHP system are now available. The long-term and short-

term performance of the ground-loop heat exchanger can be predicted. The performance of the standing 
column well can be predicted with a numerical model. In addition, models of water source heat pump and 
different forms of supplemental heat rejecter have also been developed. 

 
By utilizing these component models in a modular simulation environment, a number of previously 

impractical simulations have been performed. These simulations have been applied in the design a variety 
of hybrid ground source heat pump systems.  Parametric studies performed with these simulations have 
led to new insights about system design.  

 
A procedure for the design of vertical closed-loop ground heat exchangers has been developed from 

the earlier work of Eskilson. The procedure takes account of the cumulative effect of the building loads 
rejected to and extracted from the ground loop on its long-term performance. With this procedure, the 
required length of the boreholes can be calculated to maintain the heat pump entering fluid temperature 
within its design limits over the life of the project.  

 
Preliminary attempts at automated optimization have yielded only modest successes.  Additional 

work in the near future should, at least, indicate more clearly what potential savings in life cycle cost 
might be achieved with optimal design procedures. 
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