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ABSTRACT: The hydro-mechanical behavior of energy piles subjected to thermal loads has been investigated extensively using 
laboratory, field and numerical studies. In comparison, relatively little focus has been given to evaluating the factors that impact 
thermal performance and optimization of the heat transfer characteristics of energy piles. In this paper, we present the results from a 
multi-physics COMSOL numerical model, which has been calibrated using results from in-situ thermal response tests, to demonstrate 
that there is potential to considerably increase the thermal performance of an energy pile foundation through the introduction of an in-
situ manufactured “transition zone” between the structural pile element and the surrounding geomaterials. The transition zone consists 
of a thermally optimized material that not only reduces the contrast between the thermal properties of the pile element and the 
surrounding soils, but can also be used to “decouple” the structural component of the pile from the thermal component and provide 
more flexibility in the number and configuration of circulation pipes to further enhance heat transfer. These improvements can make 
energy piles a more feasible and sustainable energy alternative for heating and cooling of buildings. 

RÉSUMÉ: Le comportement hydro-mécanique des fondations géothermiques soumis à des charges thermiques a fait l'objet d'études 
approfondies à l'aide d'études de laboratoire, d’investigations in situ et de simulations numériques. En comparaison, peu d’attention a 
été porté sur la performance des pieux géothermiques et sur l’optimisation des modes de transfert de chaleur dans ces pieux. Dans cet 
article, nous présentons les résultats d'un modèle numérique multi-physique realisé avec COMSOL, calibré à l'aide de résultats de 
tests thermiques in situ, afin de démontrer qu'il est possible d'augmenter considérablement la performance thermique des fondations 
en introduisant une "zone de transition" fabriquée in situ entre la structure du pieu et les géomatériaux environnants. La zone de 
transition se compose d'un matériau dont les propriétés thermiques sont optimisées, et qui non seulement réduit le contraste entre les 
propriétés thermiques du pieu et des sols environnants, mais peut également être utilisé pour "découpler" les aspects structurels et 
thermiques du pieu, et ainsi fournir plus de flexibilité dans le choix du nombre de tubes utilisés pour le transport de fluides calorifères 
et de la configuration du circuit, pour améliorer davantage le transfert de chaleur. Ces améliorations pourraient accroitre la faisabilité 
des pieux géothermiques comme solution énergétique alternative pour le chauffage et le refroidissement des bâtiments. 
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1  INTRODUCTION 

Energy pile foundations have emerged as a variation of the 
traditional pile foundation system where a conventional 
structural pile is fitted with fluid-circulating tubes. The constant 
temperature characteristics of the ground, which typically 
remains at an approximately constant temperature below the 
upper few (~5 to 10) meters, are utilized by the pile foundation 
to exchange heat energy with the ground (Loveridge and Powrie 
2013, Arson et al. 2013). Energy pile foundations can thus be 
used to extract heat from the ground for heating in the winter 
and re-injecting heat into the ground for cooling during the 
summer, in addition to providing structural foundation support. 

Historically, the design of energy piles has placed a 
significantly greater emphasis on the structural characteristics 
(i.e., the load carrying ability) in comparison to the heat transfer 
characteristics of the piles. While preventing structural or 
geotechnical failure of the pile is of utmost concern, the 
optimization of the heat transfer characteristics of energy piles 
to increase their efficiency and performance has equally 
significant implications with regards to sustainability and 
renewable energy (assuming that a ground energy balance can 
be achieved between heat injection and extraction). According 
to the Energy Information Administration (EIA), commercial 
and residential buildings are responsible for approximately 40 
percent of total energy consumption in the United States, of 
which heating and cooling systems consume about 20 percent 
of this total. Further, a majority of the generation for this 
consumed energy is from carbon-intensive fossil fuels (i.e., coal, 
natural gas and petroleum) (EIA 2016). 

As previously mentioned, research in the area of energy 
piles has focused heavily on the thermo-mechanical and 
thermo-hydro-mechanical pile behavior; that is, changes in 
mechanical pile behavior (e.g., load transfer and capacity, 

induced strains and stresses, etc.) resulting from the induced 
thermal gradients and/or pore pressure changes in and around 
the energy piles (Brandl 2006; Laloui et al. 2006; Bourne-Webb 
et al. 2009; Knellwolf et al. 2011; Amatya et al. 2012; Bourne-
Webb et al. 2013; (Dupray et al. 2014; Akrouch et al. 2014). 
While the thermal loading imposed by energy piles can affect 
behavior of the pile and soil around the pile, studies have also 
shown that from a design perspective, the resulting forces and 
displacements imposed under typical operating conditions (with 
an induced temperature differential on the order of ±10 to 20 
degrees Celsius relative to the baseline ground temperature) are 
able to be withstood by the typical factors of safety used for 
conventional pile design parameters, and that increasing the 
factors of safety does not provide better serviceability but can 
increase costs significantly (Brandl 2006; Suryatriyastutia et al. 
2012; Loveridge and Powrie 2013; Mimouni and Laloui 2014). 
In this regard, it has been suggested that the thermo-hydro-
mechanical pile behavior has reached a state of mature 
understanding and several robust constitutive models are 
available for engineers; therefore, some of the focus should be 
shifted to other areas including optimizing heat transfer 
characteristics of energy foundations (Laloui et al. 2014; Olgun 
and McCartney 2014; Loveridge et al. 2015). 

More recently, some researchers have also focused on the 
factors affecting the thermal performance of energy pile 
foundations. There are numerous factors that impact the thermal 
performance of an energy pile system, including thermal 
properties of the surrounding geomaterials, thermal properties 
of the grout/concrete used in the pile, pile properties (such as 
diameter and concrete cover depth), circulation pipe properties 
(including number/length of pipes, the configuration of pipes 
such as U-shape versus W-shape versus helical shape, and pipe 
spacing), circulation fluid properties (including flow rate and 
thermal properties of the fluid), as well as initial and boundary 
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 conditions (including initial ground temperature, groundwater 
flow, solar recharge/other heat sources, etc.). 

Primarily through the use of numerical simulations and 
idealized analytical solutions, some of the more important 
parameters with regards to thermal performance of an energy 
pile have been shown to be the thermal properties of the 
geomaterials surrounding the pile (Abdelaziz et al. 2011; 
Congedo et al. 2012), pile length and number of circulation 
pipes, which in turn effects the pipe surface area available for 
convective heat transfer provided that detrimental pipe-to-pipe 
interactions do not occur (Bozis et al. 2011; Jalaluddin and 
Miyara 2012; Loveridge and Powrie 2014; Batini et al. 2015; 
Cecinato and Loveridge 2015; Kaltreider et al. 2015), thermal 
conductivity of the concrete/grout material which determines 
the thermal resistance of the system (Abdelaziz et al. 2011; 
Cecinato and Loveridge 2015), concrete cover depth (Loveridge 
and Powrie 2014; Caulk and Ghazanfari 2015), pile diameter, 
which larger diameter piles improving energy efficiency 
(Loveridge and Powrie 2014; Cecinato and Loveridge 2015), 
flow rate / fluid velocity, with higher velocities increasing 
efficiency of heat transfer up to the point of turbulent flow 
beyond which the benefits diminish (Brandl 2006; Gao et al. 
2008; Congedo et al. 2012; Batini et al. 2015; Kaltreider et al. 
2015) and lastly the shape of the circulation pipes, which 
generally indicate that a W-shaped pipe has higher thermal 
performance than a U-shaped pipe (Gao et al. 2008; Batini et al. 
2015; Caulk and Ghazanfari 2015). Some researchers have also 
investigated the use of spiral/helical pipes instead of the more 
conventional U-shaped pipes, with the helical configuration 
yielding higher thermal performance than U-shaped pipes (Cui 
et al. 2011; Congedo et al. 2012; Zarrella et al. 2013). 

In this paper the results from a multi-physics COMSOL® 
numerical model are presented to demonstrate that there is 
potential for considerably increasing the thermal performance 
of an energy pile foundation through the introduction of an 
engineered “transition zone” between the structural pile element 
and the surrounding geomaterials. It is also demonstrated that 
the use of an engineered transition zone can reduce the 
magnitude of temperature changes in the pile, which can have 
implications on thermal stresses within the pile element. 

1 .1  Engineered Transition Zone Concept 

The proposed engineered transition zone concept is shown on 
Figure 1. The transition zone can be manufactured in-situ, using 
engineered materials that aim to reduce thermal resistance and 
improve thermal properties (mainly, the thermal diffusivity) for 
more efficient heat transfer in and out of the surrounding 
geomaterials. With this approach, the circulation tubes no longer 
have to be inserted into the limited space between the 
reinforcement cage and the outside edge of the pile and can instead 
be placed in the transition zone. The removal of this geometrical 
constraint can in turn allow for different fluid circulation pipe 
shapes/configurations to be used to optimize heat transfer. The 
introduction of an engineered transition zone can also act to isolate 
the structural component of the pile from the heat transfer 
component. The length of each pile component (structural and 
thermal) can be optimized independently from one another.  

1 .2  Numerical Modeling 

A 3-D finite-element numerical model was constructed using 
COMSOL®. The model couples the “non-isothermal pipe flow” 
module (to simulate convective heat transfer which takes place 
due to fluid circulation in the pipes, as well conduction through 
the pipe walls) with the “heat transfer in solids” module (to 
simulate conduction heat transfer through the pile and the 
surrounding geomaterials). 

 

 

(a) (b) 

Figure 1. (a) Engineered foundation system concept for enhanced heat 
transfer (plan view) (b) Pile tip extending below transition zone (left) or 
the same depth as the transition zone (right). 

 
The COMSOL model was calibrated using published 

thermal response test (TRT) results (Cecinato and Loveridge 
2015), as well as TRT results obtained from a private contractor. 
Following model calibration, numerical simulations were 
performed to assess the effects of introducing an engineered 
transition zone. Three main scenarios were considered: (#1) a 
baseline case with a 0.3-meter diameter, 15-meter long energy 
pile with 4 U-loops placed near the outside edge of the pile, 
(#2) a 0.3-meter diameter, 15-meter long energy pile with 4 U-
loops placed near the outside edge of the pile, and a 1.5-meter 
diameter transition zone outside the pile, and (#3) a 0.3-meter 
diameter, 15-meter long energy pile with a helical fluid 
circulation loop (with a pitch of 0.425 m) placed midway in the 
transition zone. The 1.5-meter diameter for the transition zone 
was selected based on constructability considerations. 

The thermal properties used in the simulations are given in 
Table 1. The properties for soil are based on laboratory testing 
of Piedmont residual soils (typically silty sands to sandy silts; 
USCS classification of SM to ML) from the National 
Geotechnical Experimentation Site (NGES) in Opelika, 
Alabama, USA. For concrete, typical values as suggested by 
American Concrete Institute (ACI) 122R – Guide to Thermal 
Properties of Concrete and Masonry Systems were used. The 
properties of the transition zone (TZ) were based on published 
values for commercially available thermal grout. 
 
Table 1. Thermal properties for numerical modeling 

Parameter Soil Concrete TZ Fluid 

Density, ρ (kg/m3) 1900 2400 1750 1000 

Thermal 
conductivity, k 

(W/m-K) 

1.8 1.74 2.4 0.6 

Heat capacity, cp 

(J/kg-K) 
1540 880 1000 4200 

 
The fluid circulation loops were assumed to be high density 

polyethylene (HDPE) tubing, with an inner diameter of 27 mm 
and a wall thickness of 3 mm. The thermal conductivity of the 
HDPE was taken as 0.4 W/m-K. 

The effect of introducing a transition zone was analyzed by 
calculating the power extracted from the system. The power 
extracted can be determined from the temperature of the fluid 
(in this case, water) entering and exiting the system, as follows: 

 
P = m · cf · |Tin - Tout|  (1) 

Engineered 
Transition Zone 

Structural 
Pile 
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where P is power (in Watts), m is the mass flow rate of the 
circulation fluid (in kg/s), cf is the heat capacity of the 
circulation fluid (in J/kg-K), Tin is the fluid inlet temperature (in 
K), and Tout is the fluid temperature at the outlet (in K). 

For the numerical simulations, the mass flow rate was kept 
constant at 0.315 kg/s. The fluid inlet temperature was 308.15 K 
(35 degrees C). The corresponding outlet temperature was 
monitored in 0.5-hour increments. The initial and far-field 
ground temperatures were assigned as 291.15 K (18 degrees C). 

1 .3  Results and Discussion 

Figure 2 shows the simulation results for the three scenarios 
considered. Compared to the baseline case (Scenario #1), the 
introduction of the engineered transition zone alone (Scenario 
#2) around the pile element results in a power increase of 
approximately 12 percent at the end of the 168 hour (1-week) 
heat injection period, with P(#1) = 1,106 W vs. P(#2) = 1,236 W. 
On the other hand, it can be seen that the introduction of a 
helical fluid circulation loop in the transition zone (Scenario #3) 
results in an extracted power of P(#3) = 2,161 W at the end of 
the 1-week heat injection period, which represents an 
approximately 95 percent increase compared to the baseline 
case. The increase in power is even greater at the beginning of 
the heat injection period. For example, the power extracted in 
the baseline case at the 24-hour period is 1,750 W, while the 
power extracted in Scenario #3 is 4,221 W. The difference 
diminishes slightly as the system starts to approach steady-state; 
however, over the duration of the entire 1-week heat injection 
period, on average Scenario #3 represents an approximately 116 
percent increase in power compared to Scenario #1, with 
P(#1)avg = 1,442 W and P(#3)avg = 3,122 W. 
 

 

Figure 2. COMSOL simulation results for (#1) baseline case with 4    
U-loops, (#2) same as previous but with transition zone added, and (#3) 
with transition zone and helical loops. 
 

The thermal performance observed from Figure 2 also lends 
itself to an operational consideration. As previously mentioned, 
the power extracted at the beginning of the heat injection period 
under Scenario #3 is significantly greater than Scenario #1 (by a 
factor of about 2.5 after a 24-hour period). This implies that it 
may be possible to use a thermally enhanced energy pile in an 
intermittent fashion, utilizing the high heat exchange capacity 
available at the beginning, then turning it off (while 
simultaneously turning on another pile which is sufficiently far 
away to avoid thermal interaction), and allowing the ground to 
recharge before turning it on again. 

Figure 3 shows the results of a simulation with a 24-hour 
heat injection period followed by a 24-hour recharge period. 
The power extracted from the system with intermittent 
operation (Scenario #3a) following one week of heat injection is 
2,835 W, which is approximately 31 percent greater than the 
system with continuous injection (Scenario #3). In comparison 

to the baseline case, an energy pile with an engineered 
transition zone and helical loops, operating in an intermittent 
mode, provides an approximately 156 percent improvement. 
This implies that it may be possible to meet the heating and 
cooling demands of a building using fewer but more efficient 
energy piles. 

 

 

Figure 3. COMSOL simulation results for intermittent operation mode 
(#3a) in comparison to continuous operation mode (#3) 
 

 

Figure 4. Temperature along the pile face and pile center for baseline 
case (Scenario #1) and engineered transition zone and helical loops 
(Scenario #3) after 1 week of heat injection 

 
Another important consideration for energy piles is the 

change in temperature in and around the pile, as these changes 
can impact the geotechnical and structural performance of the 
pile element. Figure 4 presents the temperatures in the center of 
the pile and along the pile face for the baseline case (Scenario 
#1) and for the system with the engineered transition zone and 
helical loops (Scenario #3), after one week of heat injection. 
The smooth shape of the curves shown is due to averaging of 
the numerical variations in the results. The temperature at the 

(#3) 

(#2) 
(#1) 

(#3) 

(#3a) 
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 center of the pile is cooler under Scenario #3, due to the 
circulation loops being outside of the pile element. In this case, 
the maximum temperature difference at the center of pile is 
approximately 1.5 degrees near the pile head. On the other hand, 
slightly greater temperatures are observed at the pile face for 
Scenario #3. The temperature increase along the pile face is 
relatively small, with a maximum of about 1.5 degrees Celsius 
near the pile tip. The temperature difference is increasing with 
depth due to the helical configuration of the fluid circulation 
loops. This temperature increase along the pile face would not 
be expected to adversely impact the geotechnical performance, 
especially given that it can be accounted for in the original 
design using one or more of the robust constitutive models 
which are already available to engineers.  

2  CONCLUSION 

While the hydro-mechanical behavior of energy piles subjected 
to thermal loads have been investigated extensively using 
laboratory, field and numerical studies, relatively little attention 
has been given to enhancing their heat transfer capacity. This 
study demonstrates that there is potential for considerably 
increasing the thermal performance of an energy pile with the 
use of an engineered transition zone.  

A transition zone provides a means to introduce a thermally 
optimized zone between the pile and the surrounding 
geomaterials to reduce thermal resistance, allows “decoupling” 
of the structural portion of the pile from the thermal portion 
such that the length of each component can be selected to meet 
the specific structural and thermal needs, and also allows for 
various circulation pipe configurations to be used to further 
enhance heat transfer due to increased pipe surface area 
available for convective heat transfer. An example was 
provided using helical loops in the engineered transition zone, 
though many different configurations are possible. It has also 
been shown that the thermal performance can be increased even 
further through intermittent operation, by allowing the pile to 
recharge in between periods of heat injection. While results are 
not shown in this paper, the same is applicable for operation in 
heat extraction mode. Further, placing the fluid circulation 
loops outside the pile element can reduce temperature changes 
in the pile, thereby decreasing the magnitude of induced 
thermal stresses. Such improvements in thermal performance 
can make energy piles a more feasible renewable and 
sustainable energy alternative for heating and cooling of 
buildings, particularly in areas where poor subsurface thermal 
properties might otherwise preclude the use of energy piles. 
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