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A B S T R A C T

Energy geo-structures, such as piles or retaining walls, provide geothermal space heating and cooling, in addition
to their structural purposes. The thermal design of these structures is undertaken on a case by case basis,
commonly using costly finite element simulations, especially for complex geometries. This work introduces a
simple but robust prediction methodology that can be used alongside such simulations to significantly reduce
computational time and resources for the analysis of any energy geo-structure. An evaluation is presented and
exemplified with energy diaphragm walls, for a range of geometrical and material conditions, showing insig-
nificant prediction errors and vast computational savings.

1. Ground source heat pump systems and energy geo-structures

Transitioning towards cleaner and more renewable sources of en-
ergy and finding ways to reduce energy consumption are considered as
essential means to ensure a sustainable future. A technology that can
contribute towards these goals is shallow geothermal, which uses the
ground as a heat source or sink to efficiently heat and cool buildings, by
utilising the fact that the ground temperature a few tens of metres
below the surface is relatively constant throughout the year [1].
Shallow geothermal, or ground source heat pump (GSHP), systems in-
corporate High Density Polyethylene (HDPE) or cross-linked poly-
ethylene (PEX) pipes with a circulating carrier fluid into underground
trenches or structures such as boreholes, piles or retaining walls,
creating ground heat exchangers (GHEs) that transfer the heat to and
from the ground [2–6].

Energy geo-structures are underground GHEs for which energy
provision is a secondary function, after structural stability, such as
energy piles or retaining walls [7–13]. The main advantage of these
structures is that the capital costs are potentially significantly reduced,
mainly because drilling (which is amongst the highest associated ca-
pital costs) is not accounted as part of the geothermal design [14,15].
On the other hand, the main limitation of energy geo-structures is that a
significant number of design parameters (such as their geometry) is
governed by the structural design. Therefore, since the location of GHEs
and internal piping geometry are some of the key parameters (aside
from the thermal properties of the ground) that determine how much
energy they can provide, energy geo-structures cannot be designed to
provide a specified/target amount of thermal energy. Instead, the

amount of energy they can provide needs to be determined and, if re-
quired, complemented using auxiliary means, forming a hybrid system
[16–20].

Moreover, because of the wide range of variability in structures,
configurations and conditions, establishing a standardised, analytical,
fast approach to energy geo-structure design is non-trivial. Instead, the
use of complex and computationally expensive numerical simulations is
usually required, especially for complex geometries, which is time de-
manding. This study presents a prediction model approach, that can be
used alongside those complex numerical simulations to significantly
reduce the amount of time required to undertake energy geo-structure
analysis and/or design and very quickly and accurately answer the
question of how much energy can the geothermal system provide for
any geometry and conditions.

2. The proposed prediction model approach

2.1. Energy geo-structures and current approaches

As explained in Section 1, an important question needed to be an-
swered in geothermal design as well as in research of energy geo-
structures is how much energy can the system provide [21,22], instead of
how does the system need to be designed to provide the target energy de-
mand, as in traditional GSHP design. Knowing how much energy the
system can reliably provide is important, as it enables an evaluation of
its applicability for a given project to be performed, including a cost-
benefit analysis. It is also beneficial for this information to be known
relatively early in the design process, to better inform the prospective
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clients and investors and aid in their decision-making process about
incorporating a geothermal solution to the project or not [8].

However, there exists a lack of a standardised approach to energy
geo-structure design [23]. Instead, in answering this question either
analytical or numerical approaches can be adopted [7,13]. The widely
used commercial software for GSHP design implement analytical design
approaches, which were mostly originally developed for traditional
borehole systems. Such software can be used for energy pile design
(which is considered similar to boreholes), even though research ad-
vises against this approach [24]. In regards to energy pile design, design
guidelines have been made available [25] and some semi-analytical
approaches, adopting g-functions have been proposed [26,27]. For
energy retaining walls, however, general analytical approaches may be
less suitable due to the vastly different geometries and conditions
compared to traditional systems, although some semi-analytical ap-
proaches have been developed [28]. Moreover, due to the large number
of assumptions adopted in analytical approaches, they are unable to
capture the problem in its entirety. The second and more flexible ap-
proach is using numerical models to create and run a computational
simulation of the system (in this research finite elements are utilised).
Numerical simulations adopt significantly fewer assumptions and con-
straints and can therefore be utilised for any structure, geometry and
conditions. For these reasons, numerical simulations are commonly
reported as used in the research of further understanding these systems
as well as their thermal design with several recent examples
[21,29–34]. However, the complexity behind the simulations results in
them requiring significant computational resources and, very im-
portantly, time to provide results. The proposed methodology aims to
address this drawback.

2.2. The prediction model principles

In utilising a finite element numerical simulation to analyse an
energy geo-structure design, the thermal demand is firstly specified and
the viability of the system to provide that demand is determined by
examining the resulting temperature of the fluid within the HDPE pipes.
The fluid temperature range, throughout the operation of the system,
determines the efficiency and viability of the design. Each numerical
simulation, which can require from hours to days or weeks to compute,
can be used to evaluate if the temperature of the fluid is within the
operational range of the GSHP. If not, then another simulation needs to
be computed, specifying a new thermal demand to be satisfied by the
energy geo-structures. This iterative process can be extremely compu-
tationally expensive and time consuming. This work introduces a pre-
diction model that can aid in speeding this iterative process by re-
moving the need for multiple costly numerical simulations, but instead
uses the results of two such simulations to more quickly and in-
expensively predict the system behaviour (the fluid temperatures) for
any other combination of thermal loading. The overall process can be
seen in Fig. 1, noting that the two finite element simulations can be run
simultaneously instead of sequentially in order to further save time.

The proposed methodology involves predicting how the fluid tem-
perature (Tfluid) within the system pipes at a specific time-step (t) will
change, when the system provides different amounts of thermal energy
for cooling and heating (to determine how much thermal energy the
geothermal system can provide and how much is required to be pro-
vided by auxiliary means). This relationship turns out to be expressed in
Eq. (1) and can be used alongside numerical modelling techniques to
substantially reduce the required time to undertake the design.

Nomenclature

A prediction factor for cooling (Eq. (1)), °C
B prediction factor for heating (Eq. (1)), °C
Cp material specific heat capacity of material, J/(kg·K)
Lwall depth of the wall excl. toe, m
s vertical spacing between pipe legs, m

t time, sec
Tfluid average fluid temperature of a pipe loop (average of inlet

and outlet), °C
Tfarfield average annual ground temperature, °C
Tinitial initial temperature of fluid in a pipe loop, °C
λmaterial thermal conductivity of material, W/(m·K)
ρmaterial density of material, kg/m3

Fig. 1. Energy geo-structure design methodology with prediction model.
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