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Abstract 

This paper introduces a method for designing vertical ground heat exchangers and heat 

pump systems, by minimizing the total cost of the project. The total cost includes an 

initial cost composed of drilling, excavation, heat pump and piping network. An 

operational cost is also included to account for the energy consumed for heating/cooling a 

building. The procedure allows determining the optimal number of boreholes, their depth 

and spacing, and the optimal size of the heat pump. The method is tested for different 

ground conductivity and heat demands. The method can also be used to determine the 

economical viability of a TRT. For tested cases, results show that the excess cost due to 

uncertainty on ground thermal conductivity increases with the number of boreholes. Also, 

a cost sensibility analysis shows that the most influential parameters are the number of 

boreholes and their depth.  

 

Keywords: ground source heat pump; borefield; optimization; cost; geothermal; thermal 

conductivity  

 

Nomenclature 

A area, m2  

B distance between boreholes, m 

C cost, $ 

c specific heat, J kg–1 K–1  

D diameter, m  

H borehole depth, m  
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j interest rate, % 

k thermal conductivity, W m–1 K–1  

L length, m 

ṁ mass flow rate, kg s–1  

N number of boreholes in x or y direction 

ΔP' pipe head loss per unit length, Pa m-1  

p percentage of total heat load 

Q thermal energy, kWh  

Q̇ heat transfer rate, W  

q heat load per length unit, W m-1 

R conduction resistance, K W–1  

T temperature, C 

t time, h 

W work energy, kWh 

Ẇ work or power, W  

X price, $ 

 

Greek Symbols 

 thermal diffusivity, m2 s–1         

μ viscosity, kg s–1 m–1  

ρ density, kg m–3  

 

1. Introduction 

Among available options, geothermal energy is known to be a particularly good 

alternative for heating and cooling buildings, in terms of energy efficiency and 

environmental impacts [1]. That explains in part why the world’s direct utilization of 

geothermal energy grew up by 43% from 2000 to 2005 [2][3]. In Canada, ground 
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temperature is relatively cold (around 6°C [4]), and therefore, building heating based on 

geothermal energy requires a ground coupled heat pump (GCHP) system. Vertical heat 

exchangers are among the most widely used configurations, but other types of ground 

heat collector designs can also be considered (e.g., horizontal heat exchangers, open loop 

systems, etc.).  

Although GCHP systems can yield significant and recurrent energy savings 

compared to “more traditional” heating/cooling systems [5], the high investment that they 

require is one of the main reasons preventing these systems to be more widely used in 

practice. Therefore, accurate and efficient sizing procedures are particularly important in 

order to avoid under or over-designs which is accompanied by a reduction of energy 

savings or by excess initial costs. On the other hand, present design and sizing strategies 

rely mostly on approximate “rules of thumbs” (e.g., specified number of meters of 

borehole per kW of heating/cooling) or on achieving an acceptable level of performance 

based on a worst case scenario. In particular, in the latter category, ASHRAE’s proposed 

method [6] is among the most widely used. Given the heating/cooling load assumed by 

the ground, the procedure essentially estimates the required length of borehole in order to 

satisfy the heating/cooling needs after ten years, in the peak period. In that procedure, a 

certain grid of borehole is assumed by the designer, and a penalty temperature is 

considered in order to account for borehole-to-borehole thermal interactions in that 

configuration [7].  

Despite their valuable and practical usefulness, current design methods for 

geothermal systems also have limitations. For example, the designer has to decide or 

impose a priori the proportion of the building heating and cooling needs that will rely on 

geothermal energy. Also, and most importantly, there is no guarantee that the final design 

is the most cost-effective. 

Total cost minimization procedures have been developed to design many systems, 

including different types of heat exchangers, e.g. Refs. [8], [9], [10], and [11]. Overall, 

this body of work showed that it is possible to determine the ‘best’ heat exchanger 

geometrical and operational features to minimize its overall cost, for a given duty. In this 

paper, we thus propose a new design and sizing method for vertical ground heat 

exchangers coupled to a heat pump based on total cost minimization. 
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2. Evaluation of the cost function 

In the present section, we explain how the total cost of a ground source heat pump system 

project was evaluated. Eventually, this global cost will be minimized with respect to a 

series of design variables in order to determine optimal design features (see Section 4). 

The total cost of the project is obtained by summing the operating costs with the initial 

capital invested. Every annual money flux was converted into its present value, in such a 

way that the total cost could be expressed as: 

( ),

1

1
n

y

tot initial a y

y

C C C j
−

=

= + +                                             (1) 

where n is the number of years of the project, j, the interest rate [%] and Ca,1…Ca,n are the 

annual operating cost for years 1 to n. The two next sections explain how the operating 

and initial costs were calculated.  

 

2.1 Operating cost 

The operating cost is mostly governed by the energy consumed by three devices: the heat 

pump, the heat transfer fluid circulation pump, and the backup heating/cooling system.  

The instantaneous power needed by the heat pump depends on its coefficient of 

performance (COP) as well as on the building heat load that the geothermal system is 

taking care of. In the present analysis, it is considered that only a ratio p of the building 

peak load 
max

&Q  is provided by the geothermal system. In other words, the system is sized 

in such a way that when the instantaneous building heating requirement is larger than 

max
&pQ , a backup system is used to supply the exceeding heating requirement. In the 

present study, it is supposed that the system operates in a heating dominant environment. 

Therefore, no backup system for the cooling load was considered (i.e. all cooling is 

provided by the borefield). The method outlined in this paper could easily be adapted to 

situations where the cooling load is more important by including the cooling backup cost. 

Mathematically, the building heating load provided by the geothermal heat pump can be 

written as: 
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Then, the instantaneous power requirement is: 

,( ) ( ) ( )= &&
HP build HPW t Q t COP t                                             (3) 

Note that in current practices, p is usually assumed by the designer, whereas in the 

present procedure, it will be optimized in order to minimize total cost.  

The power required for the backup system is determined by subtracting the 

heating requirement provided by the geothermal system from the total building heat load 

(with a COP = 1 for the backup system): 

,( ) ( ) ( )= −& &&
b build build HPW t Q t Q t                                          (4) 

The power required for heat transfer fluid circulation depends on the head loss 

and flow rate in the piping network of the borefield. It is thus a function of the piping 

layout, which depends on the distance B between boreholes, their depth and the number 

of boreholes. The borefield grids considered in the present work have a number Nx of 

boreholes in x direction, and Ny in the y direction, as shown in Fig. 1. All boreholes are 

connected in parallel and are assumed to experience the same fluid mass flow rate 

(balancing valves employed to achieve equally distributed flow). Although Fig. 1 shows a 

direct return configuration, it should be noted due to the simplifying assumptions of the 

head loss calculations, a reverse configuration would yield the same pumping power. 

Each row of boreholes aligned in the x-direction is connected and then, the final y-

column of boreholes collects all x-rows (see Fig. 1). In order to simplify the problem and 

limit the number of design variables, no piping diameter optimization was attempted. The 

head loss by unit length was assumed to be equal to P’ = 0.4 kPa/m for all pipes, a 

typical value often used in network design methodology [12]. Then, a constant fluid mass 

flow rate &
fm  of 0.2 kg/s in each borehole was considered, and the mass flow rate in all 

branches of the pipe layout was determined. Finally, the power required for fluid 

circulation is estimated by: 

( ) ( )
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The first, second, and third terms on the right-hand side of Eq. (5) represents respectively 

the pumping needs to drive the flow in the boreholes themselves, in the connected row 

branches, and in the column-oriented collector. The factor 2 is to account for the return 

loop. Note that no minor losses were included in this simple head loss model. 

In the end, the total power requirement at a given time is the summation of that 

for the heat pump, the backup system and the circulation pump: 

( ) ( ) ( )tot HP b pW t W t W t W= + +& & & &                                             (6) 

The evaluation of energy cost was based on local rates (Hydro-Quebec business rate “G”) 

in which monthly energy consumed is considered [13]. The power distribution is 

integrated over a month to obtain monthly energy consumption,  

( ) tot totW W t dt=  &                                                      (7) 

The cost of energy that was considered is 8.78 ¢/kWh for the first 15,090 kWh, and 4.85 

¢/kWh for remaining monthly consumption. To obtain an annual cost for energy, the 

monthly costs must be summed up (12 months): 

12

,

1

a energy i

i

C C
=

=                                           (8.a) 
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W X W kWh
C
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     (8.b) 

In the equations above, 
,tot iW , is the total energy consumed for month i in kWh, 

1pEX , the 

energy cost [$/Wh] for the first 15,090 kWh consumed and 
2pEX , the energy cost for 

remaining kWh if monthly total is over 15,090 kWh. Even though the building load 

remains essentially unchanged from year to year, the annual operating cost of the 

geothermal heat pump system varies over the years as ground temperature is evolving in 

time. In general, heat pump performance tends to decrease in time, and thus, more energy 

needs to be supplied to the heat pump.  

 

2.2 Initial cost 

The initial cost is the summation of the costs of the heat pump, drilling, excavation and 

piping:  
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initial HP drill ex pipeC C C C C= + + +                                           (9) 

The heat pump purchase cost is a function of its design load capacity, i.e. the 

maximal heating load that could be delivered to the building by the heat pump. In the 

present paper, the heat pump cost is evaluated by a recently developed correlation [14]. 

0.6651949.5HP heatingC q=                                               (10) 

where 
heatingq  is the maximum heat load carried out by the heat pump [kW].  

Note that in the present cases tested, no initial cost for the backup system is taken 

into account. This could correspond to different situations such as an existing building 

with its heating/cooling system already in-place where or a building for which the size 

reduction of the heating/cooling system is not significant when installing a geothermal 

system (e.g., when only a small portion of the load is taken by the geothermal system).  

Depending on the context, the backup system cost can be added if it is of importance to 

the problem. It would likely depend strongly on the type of backup system considered.  

Drilling cost depends on the number of boreholes and on their depth. Assuming a 

drilling cost per meter dX  [$/m], and boreholes with a depth H, one finds: 

=drill x y dC N N HX                                                     (11) 

Excavation is required in order to install collecting pipes. The excavation cost was 

evaluated by considering that a trench was needed for every row in the x-direction (Fig. 

1) to link boreholes together, with an additional trench to join rows to the mechanical 

room in the y-direction. A survey among local excavation contractors allowed to evaluate 

excavation cost between 40 and 65 $ per m3 of ground removed. In the present work, we 

used trench dimensions of 0.6 m of breadth and 1.2 m of depth. Therefore, the lineic cost 

of excavation could be evaluated between 32 $/m and 47 $/m. In the present work, an 

average value of 42 $/m was retained. Therefore, the excavation cost could be evaluated 

by:  

( ) ( ) = +
 ex y x y exC N N B N B X                                           (12) 

where Xex is the excavation price per length of trench, i.e. in the present case 42 $/m. 

Piping cost depends on the length needed, which is related to the number of 

boreholes and distance between them. Based on Fig. 1, total piping length can be 

estimated by 
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2  = + + pipe x y y x yL N N B N B N N H                                     (13.a) 

Since the diameter of each pipe in the layout might be different, their actual cost per unit 

length would likely be different. However, since pipe diameter are often of the same 

order of magnitude in geothermal applications, and in order to simplify the model, a 

constant but representative cost 
pipeX  per unit length of piping was used. Therefore, the 

cost for the piping is: 

=pipe pipe pipeC L X                                                (13.b) 

The cost for piping will have the effect of limiting the footprint of the optimized 

borefield: distant boreholes will provide a better heat transfer performance, but will also 

require more piping. Note that if the footprint area required by the borefield is an 

important constraint in a project, an additional “cost on land” could also be included in 

the initial cost. All numerical values required in the above-mentioned equations are 

provided in Tables I and II. 

 

3. Mathematical model of borehole ground heat exchanger  

To evaluate the objective function (total cost) for a given design, borefield simulations 

must be performed to determine the geothermal heat pump transient performance and 

operating cost. Our borehole heat transfer model was developed in Matlab and is based 

on current up-to-date practices. Because long-term effects are considered, a finite line-

source (FLS) approach is adequate [15] [16] [17], and can properly capture axial effects. 

Since vertical ground heat exchanger simulations with this model are already documented 

in literature, only a brief explanation is proposed here. An average temperature value at a 

borehole wall can be determined by integrating the temperature distribution achieved 

from the FLS model over its axial extent (z axis). In this paper, we used the formulation 

developed in [18], which is not repeated here for the sake of conciseness. In practice, 

each borehole is subject to a heating/cooling load which varies in time, and that can be 

represented as a series of heat pulses occurring at each time step. To determine the 

temperature at a given time and position, the superposition principle can be invoked 

thanks to the linearity of the conduction equation [19][20][16]. In order to speed up the 

resolution, Ref. [20] developed a procedure based on Fast Fourier Transform, or “FFT”, 
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(which we used in the present work) in which the equation to determine the temperature 

increase at a borehole wall is seen as a convolution product [21] of incremental loads and 

FLS solutions. In the case of a borefield, the effect of each borehole on the other 

boreholes can be summed in order to determine the actual temperature at the surface of 

each borehole, provided that the transient heat load for each borehole is known 

(superposition principle). Finally, the heat transfer fluid temperature evolution can be 

related to the temperature at the surface of the borehole and to the heat load via a 

borehole thermal resistance.  

What is usually known when designing a geothermal system is the total heating 

and cooling load of the building, not directly the heat transfer rates at each borehole or to 

the borefield. Building and borefield loads are related via the COP of the heat pump, but 

the effective COP is a function of the heat transfer fluid temperature. Assuming that the 

total building heat load is known, the incremental load at each borehole is not available a 

priori since the effective COP and the borehole-to-borehole interactions are not known. 

In the present paper, an iterative procedure was developed to determine the actual heat 

supplied by each borehole of the grid. The proposed method is illustrated in Fig. 2. 

The initialization consists in defining borehole parameters, as well as the grid 

geometry. All unit thermal responses (with subsampling method [20]) and their Fourier 

transforms can be calculated. An initial guess for the entering water temperature to the 

heat pump at all times must be specified. Then, the following steps are followed: 

Step 1: The heat pump COP at all time steps is calculated as a function of the entering 

water temperature according to the correlation developed in [4]. Note that although this 

correlation is widely used, it does not account for the fact all heat pumps are designed for 

a specific range of entering water temperatures. Said differently, in practice too high or 

too low entering water temperatures cannot be dealt with by the heat pump system. The 

correlation, on the other hand, returns COP values even when the temperature is low or 

high, and could thus be somewhat imprecise or misleading when non-typical values of 

temperature are used. Future work could consider constraints on heat pump specifications 

or performance curves for specific heat pump models.  

Step 2: The total heat supplied by the borefield at each time step is determined from the 

COP and building heat load values, 
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( )11borefield designQ Q
COP

=                                            (14) 

where the sign is positive for cooling and negative for heating.  

Step 3: The fluid inlet temperature to the boreholes (i.e., the fluid outlet temperature at 

the heat pump) is calculated. It is assumed that all boreholes are connected in parallel in 

such a way that they all receive the fluid at that temperature and there is not heat loss or 

gain between the heat pump and the boreholes. Based on energy conservation, it follows 

that: 

, ,

borefield

f in f out

f f

Q
T T

nm c
= +

&
                                               (15) 

where n is the number of boreholes in the grid. Then, a uniform load distribution among 

the boreholes is first assumed in order to estimate an outlet fluid temperature at each 

borehole. In this case, the outlet fluid temperature of all boreholes (�̅�𝑓,𝑜𝑢𝑡 ) is simply the 

entering water temperature to heat pump. So,  

Step 4: The heat transfer rate provided by each borehole i is calculated from energy 

conservation: 

( ), , , ,   for  1,= − =&
b i f f f in f out iQ m c T T i n                              (16) 

Then, it is assumed that each borehole experiences the same fraction of the total heat load 

calculated in Step 2. Actually, an initial model was developed to account for the non-

uniformity of the load distribution among boreholes, but it was found that it had virtually 

no effect on the results, so it was decided to simplify the model with a uniform 

distribution in this paper. To reduce the computational time, only « unique » boreholes 

are considered, i.e. the calculations are not repeated for boreholes with the same set of 

distances to other boreholes. In other words, the index “i” refers to each borehole that has 

a unique position in the grid. No attempt was made to use symmetry groups.  

Step 5: Incremental load ( )
1, , ,t tb i b i b iq Q Q H
−

= −  for each borehole i, and its Fourier 

transform, is calculated. Matlab pre-programmed algorithm “FFT” was used to evaluate 

discrete Fourier transforms [20].  

Step 6: In order to obtain the borehole wall temperature Tb,i for each borehole i, time 

superposition is performed by multiplying two Fourier times series: borehole thermal 
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response function with incremental load applied (convolution theorem, FFT-S method 

[20]). Note that spatial superposition is performed once on thermal response function 

before entering the iterative process with borefield load being assumed distributed 

uniformly (see, step 4). Thus the thermal response of the borefield is not considered as a 

whole that is calculated by the FFT. The iterative procedure was implemented with the 

FFT approach on each individual borehole, without fixing bore surface temperature. As 

the finite line source model is used, the surface temperature is uniform for each borehole, 

but each borehole has a different temperature in our model.  

Step 7: Then, the average fluid temperature in each borehole is calculated: 

, '

, ,= +
b i

f i b b i

Q
T R T

H
                                                 (17) 

where '

bR  is the borehole thermal resistance per unit of length [mK/W]. The borehole 

resistance was calculated from shape factors ([22],[23]). A value of 0.1076 mK/W was 

obtained for heating mode, and 0.1082 mK/W for cooling.  

Step 8: From the fluid mean temperature in each borehole, an exit temperature can be 

calculated for each borehole: 

( ), , , , 2f out i f i b i f fT T Q m c= − &                                            (18) 

Therefore, even though the heat load is the same for each borehole, the exit temperature 

calculated is different because it is based on the borehole wall temperature which 

depends on each different thermal response.  

Step 9: Once exit fluid temperature for each borehole 
, ,f out iT  is calculated, a new updated 

entering water temperature to the heat pump is calculated: 

, , ,

1

1 n
new

f out f out i

i

T T
n =

=                                                   (19) 

Then, one returns to step 1, where the COP is calculated according to the borefield outlet 

average temperature (after mixing of streams coming out of all boreholes). The procedure 

is repeated until convergence is achieved, i.e. once �̅�𝑓,𝑜𝑢𝑡  stops to change between 

consecutive iterations. The following criterion was used to declare convergence: 

( ), ,
1 0.001

f f f in f out

borefield

nm c T T

Q

−
− 

&
                                     (20) 
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In the end, the transient evolution of the heat pump COP, along with the inlet and outlet 

fluid temperatures and heat transfer rate at each borehole are determined. The overall 

performance of the system can be evaluated by calculating the energy consumed by the 

heat pump.  

 

4. Borefield optimization procedure 

The total cost, Eq. (2), is the objective function to minimize. The design variables that 

were considered for this purpose are the following: 

• Depth of boreholes (H): All boreholes were assumed to have the same depth. The 

bounds for this design variable were chosen in accordance with the current 

practice[4]. The lower bound was set to 45 m, and upper bound, to 105 m; 

• Distance between boreholes (B): The distance B corresponds to the center-to-

center distance between two consecutive boreholes, and it is assumed to be the 

same in the x and y directions, see Fig. 1. This values for this design variable was 

limited between 3 m and 8 m [6]; 

• Percentage of the building peak load assumed by the geothermal heat pump 

system (p): As mentioned previously, this percentage was used to cut off or 

“shave” the transient building load in periods of high heating demand, using a 

backup system to supply the exceeding energy requirement. Values of p were 

limited between 60% and 90%; 

• Number of boreholes in the grid and boreholes arrangement (e.g., 2×3 versus 

3×2): Only aligned grids of boreholes were considered, i.e. no staggered 

boreholes.  

The optimization was performed by using the Matlab optimization routine “fmincon” 

[24]. This minimization algorithm could be used straightforwardly to optimize the design 

variables H, B and p, all of which are continuous variables. However, the number of 

boreholes in each direction can only take discrete values. In order to simplify the 

optimization strategy, a predetermined Nx by Ny grid of boreholes was assumed, and 

then, the three continuous variables p, B and H were optimized for that particular layout. 

Next, Nx and Ny were changed, and the continuous variables were optimized again. In the 

end, the minimal cost of a series of grid patterns was determined and a comparison 
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between the results allowed to determine the best grid (i.e. the value of Nx and Ny that 

minimize the total cost).  

In order to limit the number of possible borehole grids to simulate and to provide 

realistic results, certain constraints were invoked. First, the number of boreholes in one 

direction must be equal or lower than three times the number of boreholes in the other 

direction ( 3x yN N  or 3y xN N ). This constraint was invoked to consider scenarios 

where the shape of the borefield footprint is an issue, and the value “3” was chosen 

arbitrary to illustrate the methodology. Nevertheless, one could adapt the constraint to the 

specific needs of a given project. In fact, when the land where the borefield is to be 

installed is vast enough, this constraint can even be disregarded.  

Also, for a given project, a maximal and a minimal number of boreholes were 

calculated based on an acceptable range of maximal load per unit of total length (between 

30 and 130 W/m) for the entire borefield, i.e.: 

_ _
30 130 

&
field heating peakW

NH
                                                    (21) 

All combination of Nx and Ny respecting these constraints were simulated.  

With the proposed procedure, an optimization for a given 
x yN N  configuration 

run on a CPU Intel P4 (1 Go RAM, 3.2 GHz) is achieved in 5 to 15 minutes.  

 

5. Example of minimized total cost of optimal designs 

A synthetic building load was generated based on [20][17]. The resulting transient 

building load is shown in Fig. 3, and this load was used as an input to the optimization 

procedure described above. In order to show the most influential parameters of Eq. (1), a 

ventilation of the total cost is presented in Fig. 4a for an optimized system with a 3×2 

grid, and with a ground thermal conductivity of 3 W/mK. Note that for this borefield 

configuration, the minimized cost Ctot,min was  113,270$. The total cost of hypothetical 

conventional system (electric) was calculated, and was found to be around 168,500$. 

That cost was achieved by calculating the cost of energy for heating (no back-up cooling 

system was considered, and no cost for the heating equipment was counted). There is thus 

a reduction of 49% of the total cost with the geothermal system under the present 

assumptions.  



14 

It can be seen in Fig. 4a that the operating cost (i.e., energy) is dominant 

compared to the initial cost (62% vs. 38% respectively), and that excavation and piping 

costs are marginal in the present optimized design. This means that the algorithm 

produced a relatively compact borefield, and thus low excavation/piping costs. Heat 

pump and drilling have similar weights in the optimal allocation of costs, the heat pump 

being slightly more expensive.  

The same exercise was performed for thermal conductivities ranging from 1.5 to 

4.5 W/mK and for borefield configurations of 2×2, 2×3, 4×2 and 3×3. For all situations, 

even if the value of the total cost was different, its ventilation was similar to that of Fig. 

4a with variations of only ±4%.  

 

6. Effect of ground thermal conductivity 

The effect of ground thermal conductivity on optimal design variables and minimal costs 

was investigated. In order to do so, the total cost of a given project was minimized based 

on the procedure described in the sections above, for a series of different ground 

conductivity values (1.5, 2, 2.5, 3, 3.5, 4, and 4.5 W/mK). The transient load of Fig. 3 

was used. For that load, the minimal number of boreholes was estimated at 4, and 

maximal number at 9, which allows the following configurations to be considered: 2×2, 

3×2, 4×2 and 3×3 according to the geometrical constraint explained above. 

The minimized cost is presented in Fig. 5 as a function of ground conductivity and 

borehole arrangement, and detailed cost ventilation is reported in Table III. As could be 

expected, the overall cost is reduced when the thermal conductivity of the environment 

where the vertical heat exchanger is installed increases. For example, considering the 2×2 

arrangement, there is a total cost reduction of 17,340$ when the conductivity changes 

from 1.5 to W/mK to 4.5 W/mK (~14% cheaper). This saving is first due to the reduction 

of the operating cost when ground conductivity increases. In a more conductive 

environment, the ground thermal resistance is reduced, and as a result, the overall heat 

pumps system works more efficiently. The saving in highly conductive environment is 

also caused by the reduction of drilling costs, since the required borehole length becomes 

smaller due to a larger heat transfer rate per unit length of borehole. In the present model, 

the drilling cost can represent up to 40% of the initial investment (Table III) and it tends 
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to decrease when conductivity increases in optimized designs. Having shorter boreholes 

also contributes to reducing piping costs. On the other hand, when the conductivity is 

higher, the heat pump tends to become larger (and thus more expensive) in optimized 

designs since the percentage of the total load assumed by the borefield increases. 

However, this augmentation of cost is balanced by other cost reductions. For example, in 

Table III, heat pump cost increases by about 3600$ between 1.5 and 4.5 W/mK and 

drilling cost decreases of 4200$ for the 3×2 configuration.  

Comparing configurations with 6 (3×2) and 8 (4×2) boreholes, one notices that a 

smaller number of boreholes was found to be better in the present case. Both grids have a 

very similar performance, their annual costs being close for conductivity higher than 2.5 

W/mK, and both grids having similar heat transfer rate per unit length at a given 

conductivity. Boreholes in the 8-borehole grid tend to be closer (shorter distance B) 

which results in smaller pipe cost and in smaller excavation cost per borehole than with 

the 6-borehole grid. However, when the number of boreholes is higher, the total cost 

remains high even if the price per borehole is smaller. Therefore, for the present test case 

with configurations 2×2 to 3×3, a smaller number of deeper boreholes was more valuable 

than many shallower boreholes. Note that a 2×1 grid was also tested, and proved to be 

more expensive than the other configurations, in particular for thermal conductivities 

below 3 W/mK (out of range in Fig. 5). This suggests that only two boreholes is too small 

a number from an economic point of view in the present case.  

Cost minimal designs were also compared with ASHRAE’s recommended 

formula for determining borefield required length [6]. In that method, the heat load that 

will be assumed by the borefield must be specified by the designer, whereas with the 

present methodology, it is determined based on cost minimization (i.e., varying p to 

minimize the overall cost). To calculate the required length based on ASHRAE’s method, 

it was decided to use the “optimized” heat load to the borefield that had been achieved by 

the economical optimization procedure. This offers an interesting basis of comparison, 

but it should be remembered that in the ASHRAE’s method, the heat load to the ground 

is not optimized but imposed by the designer. The parameters involved in ASHRAE’s 

sizing procedure such as inlet-to-outlet temperature difference, average annual power to 

the ground, part load factor, heating design load, and power consumed at heat pump were 
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thus taken from the economical optimization results. The short-circuit factor and penalty 

temperature were taken from Tables in [6], and respective values of 1.05, and 0.8°C were 

found to be adequate. Figure 6 shows a comparison between the total length obtained 

from the optimization process and the length recommended by [6] for configuration 3×2. 

It can be seen that the optimized length based on cost has a tendency to be slightly 

smaller for low conductivities, and slightly larger for higher conductivities.  

 

7. Economics of thermal response tests 

The optimization process detailed in Section 4 was used in order to evaluate the 

economical benefits of performing a thermal response test (TRT) when sizing a borefield 

[25][26]. TRTs are performed to measure the average ground thermal conductivity value, 

which is then used to determine the required boreholes length and number. In a test 

borehole, heat is injected at a constant rate for 2 to 3 days while fluid temperature is 

recorded. Then, the temperature evolution is fitted with an analytical solution in order to 

establish the equivalent ground conductivity around the borehole. TRTs can be expensive 

to perform since they involve drilling a test borehole, transporting TRT equipment on site 

(heater, pump, etc.), and recording for up to 72 hours of data. That is why they are not 

always used in practice. TRTs are typically performed for projects involving a large 

number of boreholes. 

In this section, we propose a methodology to estimate the economical benefits of 

a TRT (see Fig. 7). The procedure consists in, first, optimizing the geothermal system 

based on “real” ground conductivity value, kreal, with the algorithm presented previously 

in order to achieve a cost minimal design. Using the actual ground conductivity in the 

optimization run implies that this value has been determined precisely from a TRT. Then, 

two more design optimization runs are performed: one with a conductivity value higher 

than the actual one (kreal + k), and another with a conductivity smaller than the real one 

(kreal − k). The two obtained designs correspond to the “best” designs that would be 

possible if the ground conductivity was known to be kreal + k and kreal − k. The range 

of conductivity investigated (i.e., k) should correspond to the plausible range of ground 

conductivity when no TRT is performed, based on the geological materials. Based on the 

location of the borehole and existing geological data, it is often possible to provide a 
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certain estimate or a range of possibilities for k, even though a precise value is not 

available. Finally, these two designs (i.e., number of boreholes, bore length, etc., 

optimized for kreal ± k) are simulated with the real conductivity and the corresponding 

total costs are determined. These costs are expected to be higher than the one of the 

system that was designed for the real conductivity, since the corresponding systems were 

optimized or designed based on a different conductivity value. The additional cost can be 

seen as the economical gain that a TRT could provide by narrow down the plausible 

conductivity range to a more precise value, and could be compared to the actual 

investment required to perform the TRT. In other words, if the cost of the TRT is higher 

than the potential saving resulting from pinpointing an exact conductivity value, then, 

there is no point in performing one for the project of interest. In that case, it would be 

more profitable to simply design the system without knowing exactly the ground 

conductivity. 

This proposed procedure was applied to the test case presented in Section 6. For 

the sake of illustration, uncertainties of ±33% were considered. Results are shown in Fig. 

8 for a 3×2 grid. As seen in Fig. 8, the maximum project cost difference between TRT 

optimized design (blue curve) and error designed borefield (red and green curves) 

occurred at 1.5 W/mK and is around 3000$ for an error of −33%. This cost difference 

represents a saving possibility when performing a TRT, but its value is relatively small 

compared to the cost of a TRT. Without a TRT, ground conductivity can be under or 

overestimated. If conductivity is underestimated, the geothermal system will be 

overdesigned, and the initial cost will be greater than it should be. However, the system 

will be performing better than expected (due to overdesign) and the energy cost will go 

down, thus balancing to some extent the high initial investment. If conductivity is 

overestimated, the system will be under designed, resulting in a higher energy cost that is 

balanced to some extent by the smaller initial investment. In the present case, if the error 

on thermal conductivity estimation is ±33% or less, the decision of performing a TRT 

does not seem to be sound from an economical standpoint. One should note that the cost 

difference between curves of Fig. 8 becomes smaller for higher conductivities. This 

demonstrates that the impact of conductivity is less significant in conductive grounds. 
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This effect is also observed in Fig. 5 where the slope of the minimized cost versus ground 

conductivity decreases with k. 

Despite the previous comment on the necessity (or non-necessity) of TRTs, it is 

important to recall that it holds only for the present test case, which is a relatively small 

borefield, and under the various assumptions that have been made. As more boreholes are 

added, there is a point where it becomes economically beneficial to determine precisely 

conductivity. A methodology was thus developed in order to establish the threshold from 

which a TRT seems beneficial economically. The method is based on the procedure 

illustrated in Fig. 7 and described previously. The number of boreholes was increased and 

for each situation, the additional total cost associated with the uncertainty on k was 

determined as explained before. The total borefield load was adapted to the number of 

boreholes by maintaining a constant load per borehole. The excess cost due to uncertainty 

is presented in Fig. 9 as a function of the number of boreholes. It can be seen that the 

excess cost increases with the number of boreholes. Depending on the local cost of TRTs 

and on the specificities of a project (e.g., cost of energy, estimated conductivity and error, 

load, etc.) a similar figure can be built in order to establish whether a TRT should be 

performed or not.   

Even though the minimized cost is very similar for different estimated values of 

conductivity, the designs obtained can be quite different. For example, Fig. 10 presents 

the three design parameters (H, B, p) minimizing the total cost for the three 

conductivities: −33% of error, +33%, compared to actual TRT value of k = 3 W/mK. The 

vertical axis is reported in percentage of the value obtained for the actual TRT case when 

conductivity is known precisely. It can be seen that when estimating higher value of 

thermal conductivity, H and B will be smaller (under-design) as ground is expected to be 

more conductive than it really is. Inversely, when conductivity is estimated smaller than 

its real value, optimal depth and separation distance will be larger in order to deal with 

deteriorated heat conduction. Therefore, different optimal designs for different 

conductivities can yield similar total costs.  

 

8. Impact of transient load profile 
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The optimization procedure presented in Section 4 was also tested for different building 

loads. In this section, a comparison between two types of loads on the optimization 

results is presented: the first type corresponds to the one used in the previous section (Fig. 

3), and the second is a constant heating load during the heating season (September to 

April) with no cooling load. The latter type of load is often preferred in Canadian 

geothermal systems for commercial or institutional applications. In that case, the 

geothermal heat pump only assumes a small portion of the total building load and works 

during the heating season at nearly constant conditions. The steady heating load value 

was fixed to 30 kW which is around the average heating load of Fig. 3. Optimization 

results for both loads with a ground conductivity of 3 W/mK are presented in Table IV 

and the minimized total cost for both loads applied to different grids is shown in Fig. 11.  

From Table IV, one can see that total and operational costs tend to be higher for 

the second type of load profile (constant heat load during heating season) than for the 

first. This is likely caused by the absence of cooling during summer, i.e. no thermal 

restitution in the ground. Therefore, ground tends to get cooler and cooler every year, and 

the overall performance deteriorates. This is also revealed by the optimal values of B 

achieved for that case which are higher (actually reaching the upper bound for that 

variable) than for the first profile.  

On the other hand, the initial cost is higher for the first type of profile than for the 

second. This is mainly related to the purchase of the heat pump. In the optimization runs 

with the constant heating load profile, the allowed upper bound is reached for the design 

variable p (percentage of the peak) (i.e. 90%, see Table IV). Since the second load 

evolution is completely flat, that percentage corresponds only to 27 kW since the 

maximal (and constant) heating load is 30 kW. For the first profile, the optimal 

percentage obtained by cost minimization is around 75%, but since the peak is around 40 

kW, that corresponds to approximately 30 kW. Therefore, in the present analysis, the heat 

pump capacity needs to be higher for the first type of profiles, and is thus more 

expensive. Note that the maximal percentage of the peak load assumed by the geothermal 

system was limited to 90% in the present study, since current practices for commercial 

and institutional applications tends to limit this value to avoid the heat pump to operate in 
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under-design conditions and limit the initial costs. On the other hand, this value could be 

adjusted to each project to limit or not the range of possibilities if required.  

Finally, it is interesting to note that, for most of the grids tested, the optimal bore 

depth was actually similar with both profiles. Furthermore, when the number of boreholes 

becomes too large, the lower bound for H was obtained (i.e. 45 m for the 3×3 grid). 

Although this is an indication that such a grid is not optimal and has too many boreholes, 

the minimized total cost is only slightly higher than for the best grid. This reveals “design 

robustness” in the sense that several different designs can provide a similar level of 

performance and that small changes to a design do not result in a drastic drop of 

performance.  

Note that for the first type of heat load profile, the peak load per unit length 

achieved by the optimal design is around 70 W/m, while for the second profile, it is 

around 66 W/m. These values are slightly higher than what is typically recommended 

(e.g., 38 to 58 W/m). Recommendations in literature are generally based on performance 

or energy aspects, whereas the proposed procedure in this paper is economical. For the 

test case considered, the economical optimization thus tends to under-size the geothermal 

borefield compared to present rules of thumb. In the present case, it generated savings on 

initial cost, without compromising too much the borefield yearly performance. However, 

this result should be taken cautiously, and cannot be applied straightforwardly to other 

projects. The procedure outlined in this paper should be applied appropriately with the 

specificities of these geothermal projects (ground properties, local cost of energy, etc.). It 

is worth to point out that the “concept” envisioned by the designer (i.e., how the 

geothermal will be used) will impact on cost. As an example, this section tested two types 

of load profiles applied to the borefield, and as described above, the optimal designs and 

costs were different. In other words, the designer can also optimize his/her concept in 

order to minimize overall cost in a given context. 

 

9. Cost sensitivity to design parameters 

Based on the above-mentioned results, it is not obvious to determine which design 

variable has the most influence on the total cost. For that reason, the half-normal plot 

method [27] was used to investigate the sensitivity of the total cost to the variations of the 
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design variables: the effects on the total cost of each parameter combination for given 

conditions is plotted with a normal probability scale on y-axis to identify parameters that 

have to most influence on the total cost. The results are shown in Fig. 12a for borefield 

configuration with number of boreholes N ranging from 4 (2×2) to 9 (3×3), submitted to 

the load of Fig. 3, and simulated in a ground with a thermal conductivity of 3.5 W/mK.  

With this qualitative method, the points far from the y-axis, or out of the 

distribution, are the parameters or combinations of parameters that have the most effect 

on the cost function. Those points were identified in Fig. 12a as being parameters H and 

N, and the product HN. This confirms that the number of boreholes influences 

significantly the total cost as pointed out in Section 6 (Fig. 5). Also, this means that the 

borehole depth is the other most influential variable. The variation of combined 

parameters H and N when designing a borefield is also an influencing parameter on the 

total cost.  

The analysis of Fig. 12a reveals that the separation distance B has a less marked 

impact on total cost compared to effects of H and N. This is probably because B only 

varies from 3 to 8 m and that the number of boreholes is restrained. The results are 

different when the number of boreholes is considerably higher. Fig. 12b shows half-

normal plot for 20 (5×4) to 28 (7×4) boreholes in borefield submitted to transient load of 

Fig. 3 multiplied by a factor 3.5, in the same ground. Again, the product HN has a major 

influence on total cost. For that situation, B is also an influential parameter, as piping and 

excavation costs become more important. Actually, it can be seen in Fig. 12b that the 

effect of variables and their products is more evenly distributed than in Fig. 12a. Beside 

B and product HN, other parameters or products have an effect of the same order of 

magnitude on total costs. This suggests that the more boreholes there are in a grid, the 

more all design parameters will have significant effects on the total cost.  

 

10. Conclusions 

The main objective of this paper was to develop a new design method in order to size and 

design vertical ground heat exchangers coupled to a heat pump. The procedure relies on 

total cost minimization, and includes a series of different initial costs (e.g., drilling, 

excavation, heat pump, and piping network) as well as the operation cost (energy). 
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Although the heating and cooling needs of the building have to be specified, the method 

optimizes the repartition of this demand between the geothermal heat pump and a back-

up system. In the end, the procedure allows to achieve the best design in a given 

economic context. 

Additionally, the design strategy has been used to evidence how ground thermal 

conductivity influences the total cost of a project and its optimal ventilation among the 

different budget items. We also proposed a method to determine the economical benefit 

(or loss) of performing a thermal response test to pinpoint the ground conductivity value 

in a given context. Below a certain number of boreholes, the benefits of knowing k 

precisely are too small compared to the cost of a TRT. The sensitivity of the total cost to 

variations of the design variables was investigated, and the number of boreholes and their 

depth were the most influencing parameters for the case considered. 

The method could be used in a variety of contexts and applications, and could 

easily be adapted to include other costs and constraints that were not considered here. 

Future work could focus on determining general trends of optimal designs in different 

cases in order to help designers to achieve better performance over the lifetime of their 

geothermal projects, and thus, help to a greater deployment of this technology. 
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Figure captions 

Figure 1 Schematic representation of the borefield considered in this study with the 

connections between boreholes.  

Figure 2 Iterative process to simulate heat transfer in the borefield.  

Figure 3 Transient heating/cooling load used to perform borefield simulation 

(negative value for heating load, and positive, for cooling mode). 

Figure 4 Total cost ventilation for optimized design for 3×2 configuration.  

Figure 5 Minimized total cost as a function of ground thermal conductivity for 

different grids of boreholes.  

Figure 6 Optimized total length of the boreholes as a function of ground 

conductivity compared to recommended length.  

Figure 7 Methodology to evaluate the augmentation of the total cost of a project, 

Ctot, when designing with uncertain ground thermal conductivity.  

Figure 8 Minimized total cost of a 3×2 grid for known conductivities (from a TRT) 

and for uncertain conductivities with variations of −33% and +33%.  

Figure 9 Augmentation of cost due uncertainty on ground thermal conductivity 

versus number of boreholes for square configurations (Nx = Ny), with kreal 

= 3.5 W/mK and Δk/k = ±33%.  

Figure 10 Variation of design parameters in percentage of actual values when 

optimizing with erroneous conductivities with error of −33% and +33%.  

Figure 11 Total cost for transient heating/cooling load of Fig. 3 (blue curve) and 

constant heating load (red curve) for different borefield configurations (see 

Table IV).  

Figure 12 Half-normal plot for total cost function sensitivity to design parameters N, 

H, B, and p: a) for N = 4 to 9 boreholes; b) for N = 20 to 28 boreholes.  
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Table I. Values of vertical ground heat exchanger parameters [28].   

Parameters Values Units 

Borehole thermal resistance for heating 𝑅𝑏
′

 0.1076 m K W-1 

Borehole thermal resistance for cooling 𝑅𝑏
′  0.1082 m K W-1 

Ground thermal diffusivity αg 1.62×10−6 m2 s-1 

Fluid specific heat cf  4190 J kg–1 K–1 

Fluid mass flow rate per borehole �̇�𝑓 0.2 kg s–1 

Surface temperature 7 °C 

 

 

Table II. Values of parameters used to calculate total cost (all prices in CAN$).  

Parameter Value Units 

Energy cost of first 15,090 kWh per month XpE1  0.0878 $/kWh 

Energy cost remaining kWh per month XpE2  0.0485 $/kWh 

Drilling cost Xd [4] 40 $/m 

Excavation cost Xex  42 $/m 

Piping cost Xpipe  3 $/m 

Interest rate j 0.06 - 

Life-time of the project n 20 years 
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Table III. Detailed optimization results for different configurations and ground 

conductivities.   

k Hopt Bopt popt Ctot,min Ca Cinitial CHP Cdrill Cex Cpipe 

W/mK m m % k$ k$ k$ k$ k$ k$ k$ 

3×2 

1.5 74.2 6.2 60.0 124.3 82.2 42.1 19.7 17.8 1.6 3.0 

2.0 75.2 6.6 73.0 119.5 74.4 45.2 22.4 18.1 1.7 3.0 

2.5 69.2 6.4 74.7 115.9 72.1 43.8 22.8 16.6 1.6 2.8 

3.0 64.7 6.2 75.6 113.3 70.6 42.7 23.0 15.5 1.6 2.6 

3.5 61.2 6.0 76.0 111.3 69.5 41.7 23.1 14.7 1.5 2.5 

4.0 58.5 5.9 76.9 109.7 68.6 41.1 23.2 14.1 1.5 2.4 

4.5 56.4 5.7 77.3 108.5 67.9 40.6 23.3 13.5 1.4 2.3 

3×3 

1.5 48.9 5.8 60.0 125.9 83.3 42.6 19.7 17.6 2.2 3.1 

2.0 45.0 5.6 61.6 121.2 79.9 41.2 20.1 16.2 2.1 2.8 

2.5 45.4 6.0 73.5 117.8 73.7 44.0 22.5 16.4 2.3 2.9 

3.0 45.0 5.7 75.4 115.1 71.0 44.1 22.9 16.2 2.2 2.8 

3.5 45.0 5.4 76.3 113.2 69.0 44.2 23.1 16.2 2.1 2.8 

4.0 45.0 5.2 77.7 111.8 67.4 44.4 23.4 16.2 2.0 2.8 

4.5 45.0 5.0 78.6 110.7 66.2 44.5 23.6 16.2 1.9 2.8 

 

Table IV. Optimization results for two different building annual loads.  

Transient load (Fig. 3) 

Boreholes Hopt Bopt popt Ctot,min Ca Cinitial  

 (m) (m) (%) (k$) (k$) (k$)  

4 (2×2) 97.0 6.6 76.4 111.3 69.0 42.3  

6 (3×2) 64.7 6.2 75.6 113.3 70.6 42.7  

8 (4×2) 48.2 5.9 75.1 114.5 71.6 42.9  

9 (3×3) 45.0 5.7 75.4 115.1 71.0 44.1  

Constant heating load (no cooling) 

Boreholes Hopt Bopt popt Ctot,min Ca Cinitial  

 (m) (m) (%) (k$) (k$) (k$)  

4 (2×2) 103.1 8.0 90.0 119.7 81.7 38.1  

6 (3×2) 45.0 8.0 90.0 125.6 93.4 32.3  

8 (4×2) 49.6 8.0 90.0 123.9 85.0 38.9  

9 (3×3) 45.0 8.0 90.0 124.8 85.1 39.7  
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