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Abstract. The usage of shallow geothermal technologies for providing renewable 
energy for space heating and cooling has increased over the years due the associated 
high system efficiency. Recently, significant attention has been given to utilising 
sub-surface structures, primarily designed for stability, to also exchange heat with 
the ground, converting them into energy geo-structures. This research investigates 
the potential of applying this technology to diaphragm retaining walls, adopting 
typical conditions for central Argentina, as a case study. A finite element numerical 
model of the energy diaphragm walls is created and utilised, along with high 
performance computing, to simulate the thermal behaviour of the system for 
different conditions and design parameters. The study presents the geothermal 
design and analyses the influence of important design parameters, such as the 
thermal conductivity of the ground, the wall length, the pipe separation and 
configuration and the thermal demand on the performance of the shallow geothermal 
system. The viability and potential of energy retaining walls is discussed identifying 
the most promising conditions that can enhance their performance. 
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1. Introduction 

Some of the key challenges of the 21st century include managing energy resources and 

consumption and moving towards cleaner sources of energy. Shallow geothermal 

systems can aid towards these goals, by utilising the ground within a few tens of metres 

of the surface to efficiently provide thermal energy to heat and cool buildings [1]. These 

systems utilise ground heat exchangers (GHE) – subsurface structures containing 

(typically) high density polyethylene (HDPE) piping with a circulating carrier fluid – 

and use the ground as a heat source or sink, taking advantage of the fact that the ground 

temperature at that depth is relatively constant throughout the year [2]. Traditionally, 

these GHEs consist of purpose-built boreholes or trenches, resulting in high capital costs 

for the geothermal system. A relatively recent alternative approach involves 

incorporating the piping in underground structures primarily designed for stability, such 

as piles, retaining walls or tunnels, thus minimising the associated capital costs. The 

resulting dual-purpose structures are generally known as energy geo-structures [3]. 

These energy geo-structures, however, also introduce design challenges. Since the 

geometry is largely determined by the structural design, the provision of the entirety of 

the thermal demand cannot be guaranteed and often a hybrid system is used, where the 
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geothermal system is complemented by auxiliary means (e.g. solar thermal, air source 

heat pumps) [4]. A second challenge, for energy retaining walls/tunnels is that they are 

not surrounded by soil on all sides, which could require controlling the direction of heat 

transfer, for example, avoiding thermal leaking into the subsurface building. Overall, the 

bulk of the research around energy geo-structures has so far mainly focused on energy 

piles, likely due to the similarities in geometry and design to traditional boreholes. Some 

research has been undertaken on the potential of energy retaining walls, such as [5–7]. 

However, there still exists room for further understanding how to better utilise and design 

these structures, especially given the high variability in terms of geometries, potential 

configurations, as well as different wall types. Currently, a lack of a standardised design 

approach results in energy wall design to be commonly undertaken on a case-by-case 

basis, adopting numerical modelling approaches (such as finite elements). 

This work investigates the thermal performance of energy diaphragm walls utilising 

numerical modelling. The suitability of these structures for temperate climates with 

cooling dominant thermal demand is examined, adopting an example case study in 

central Argentina. Moreover, the thermal performance of two common pipe 

configurations is compared and a more comprehensive parametric analysis explores the 

influence of important design parameters on the thermal performance of the system. 

2. Methodology 

The presented analysis investigates the thermal performance of energy diaphragm walls. 

Numerical modelling is adopted, using a 3D finite element method model developed 

within the University of Melbourne and validated with experimental data for both 

traditional systems and energy geo-structures [8–10]. The model is based on the coupling 

of heat transfer (energy balance) with fluid flow (momentum and continuity) physics and 

models the heat transfer primarily by conduction (ground, concrete, pipe walls, partially 

in circulating fluid) and convection (circulating fluid). Groundwater flow is not modelled. 

The modelling conditions, geometry and material parameters adopted for this 

research can be seen in Figure 1 and Table 1. The symmetry boundary condition is 

utilised in both the zx and yz planes to minimise the size of the model (and thus its 

computational cost). The latter assumes that the diaphragm wall is thermally activated 

indefinitely along the x-direction, which is a conservative assumption that enables the 

thermal interference between the GHEs (pipe loops in each wall segment) to be 

accounted for. Thermal insulation is used to render zero thermal flux through the top 

surface (within the city centre under buildings and roads, as well as being a conservative 

approach [11]) and bottom of the overall model surface (similar results to applying a 

fixed temperature due to distance). Importantly, thermal insulation is also applied on the 

inner surfaces of the building, to prevent heat leaking in or out of the underground 

building, even though this can increase the capital costs. A more detailed investigation 

on the effect of these boundaries on the wall and slab surfaces can be found in [10]. 

The modelled geometry consists of one diaphragm wall panel (with one incorporated 

pipe circuit), forming one GHE, and the top and bottom slabs as the concrete elements 

as well as the surrounding ground, including a layer of soil on top of the structure has 

little impact on the results. The pipe configuration follows a meandering path along the 

depth of the diaphragm wall. Several 5.4 m long horizontal pipe legs are connected 

vertically at a separation of 300 mm. The final pipe leg at the most bottom part of the 

wall is 5.7 m long and is connected to the vertical return pipe. The pipes are located 400 
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mm from each edge of the panel along the x-direction (considering the placement of the 

cage) and 275 mm away from the ground side along the y-direction.  

The materials and conditions used are typical for the region. However, it should also 

be noted that in Section 5 of this work a parametric analysis adopts a range of values for 

three of the main geometry and material parameters (indicated with * in Figure 1 and 

Table 1), to consider their effect on the thermal performance and gain an insight on this 

performance in other geographical locations/conditions.  

 

Figure 1. Energy retaining wall modelling, dimensions and configuration. 

Table 1. Material parameters. 

Parameter Value Unit Description 

λground 1* W/(mK) Thermal conductivity of ground 

ρground 2400* kg/m3 Density of ground

Cp ground  830*  J/(kgK) Specific heat capacity of ground 

Tfarfield    18.5* �C Average annual ground temperature 

λconcrete      2.25* W/(mK) Thermal conductivity of concrete 

ρconcrete 2250* kg/m3 Density of concrete

Cp concrete   890* J/(kgK) Specific heat capacity of concrete 

λfluid       0.6* W/(mK) Thermal conductivity of carrier fluid 

ρfluid 1000* kg/m3 Density of carrier fluid

Cp fluid 4180* J/(kgK) Specific heat capacity of carrier fluid 

*In the parametric analysis these values are varied as presented in Section 5 and Table 2.  

The thermal load distributions (ground loads) adopted can be seen in Figure 2, 

representing typical thermal demand patterns for central Argentina [12]. High cooling 

peaks are present during the cooling period, followed by a longer heating period with 

smaller peaks, adhering to typical weather patterns in the region. The figure shows the 

“initial” distribution, which is based on the thermal demands of a typical apartment, 

satisfied by three ground heat exchangers (retaining wall segments), as an indication of 

the amount of energy that can be provided (about six GHEs would be required for a 
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typical large state, twice the thermal demand of an apartment [13]). This distribution is 

cooling dominant, which is known to hinder the performance of geothermal systems, and 

therefore two variations are also considered. These reduce the peak cooling load/power 

by half, while leaving the heating demand unaltered, resulting in more balanced and 

therefore more beneficial distributions for the geothermal system. The ‘shaved’ 

distribution provides the entire cooling demands up to the peak, with the rest supplied by 

an auxiliary system, while the ‘scaled’ distribution always shares the load with the 

auxiliary system. Within one year of operation, each GHE (pipe circuit within 1 

diaphragm wall panel) operates in heating for 246 days, providing 2787 kWh, while in 

cooling for 119 days of the year, providing 4709 kWh for the ‘initial’, 3511 kWh for the 

‘shaved’ and 2341 kWh for the ‘scaled’ distributions.  

 

Figure 2. Ground thermal load distribution per D-wall GHE circuit (assume three GHEs per apartment). 

3. Thermal performance of energy diaphragm walls – a case study 

In the first part of this analysis the thermal performance of energy walls is being 

considered for a specific case, with the parameters and conditions as specified in 

Section 2 and with a fluid flow rate in the HDPE pipes of 6 L/min. Different variations 

of the thermal load are considered to gain an understanding of its importance and the 

acceptable scenarios for this case. Five different thermal load distributions are adopted, 

the three shown in Figure 2, as well as two variations of the initial distribution, where all 

its values are lowered by 75% or 50%, which effectively means utilising a total of four 

or six GHEs/thermal pipe circuits instead of three per apartment as the initial case, to 

reduce the thermal load per GHE circuit. The simulations consider 20 years of operation. 

The results can be seen in Figure 3, showing the average fluid temperatures of the 

carrier fluid inside the HDPE pipes. The range of these temperatures is critical to the 

suitability of the design, since the fluid temperatures need to be within the operating 

range of the heat pump (typically between 0 °C and 40 °C) and to avoid extremes. 

Looking at results (a)-(c) first, on the left plot, these represents the cases where the 

thermal load of each apartment is provided entirely by the geothermal system. It is clear 

that utilising the initial distribution with three GHEs is not a viable design, as it results 

in an average temperature range between about 15 °C to 44 °C, which reaches an 

unacceptably high temperature, after about the 10th year (the ground-source heat pump 
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may still work, however, at a much reduced efficiency, defeating the purpose of using a 

shallow geothermal system). Using four GHEs per apartment results in a temperature 

range between about 16 °C to 38 °C. This range is below the upper limit, however, due 

to the cooling dominant nature of the thermal demand and the annual heat accumulation, 

the trend indicates that the 40 °C mark is likely to be reached within the system’s lifetime. 

Therefore, this is similarly not considered a viable design solution. When six GHEs per 

apartment are adopted, the resulting fluid temperature range is between about 17 °C to 

31 °C. Due to the reduced thermal load, the heat accumulation effect is also reduced, and 

the temperatures only minimally increase annually. Therefore, this solution is deemed as 

acceptable in terms of the long-term temperature values. However, it is also worth noting 

the value for the inlet-outlet pipe temperature difference (
�), which in this case is 

relatively low (1.1 °C) and therefore could impact the operation of the ground-source 

heat pump. When applicable (the flow remains within a transitional/turbulent regime), a 

way to increase this 
� is by reducing the fluid flow rate in the pipes. 

 

Figure 3. Resulting average fluid temperature distributions over 20 years of operation using: (a) the initial, 
3 GHEs, (b) 4 GHEs, (c) 6 GHEs, (d) the shaved and (e) the scaled thermal load distributions. 

The second set of results (d-e) consist of the scenarios where a hybrid system is used 

and the shallow geothermal system is complemented by auxiliary means. These scenarios 

comprise of the “shaved” and “scaled” distributions where the cooling provided is 

reduced. As it can be seen, both distributions result in acceptable fluid temperature ranges 

between about 15 °C to 35 °C and 11 °C to 26 °C respectively. Since the amount of 

cooling energy provided no longer severely outweighs the heating, the annual thermal 

accumulation is significantly reduced and the scaled distribution now becomes slightly 

heating dominant. Note that the shaved distribution case only utilises the auxiliary 

cooling on 45 days per year, when demand is higher than about 6 kW. The scaled 

distribution case, on the other hand, utilises the auxiliary cooling for all 118 days of the 

required cooling period. Therefore, the shaved distribution combined with an auxiliary 

cooling system seems the most beneficial design solution for this case study. 

4. Comparing horizontal and vertical pipe configurations  

There currently exists no established universal design approach to energy diaphragm 

walls, given the relatively recent application. Two common pipe configurations are 

found in the literature, the first as shown in Figure 2 and the second having vertical pipe 

legs, connected horizontally at the top and bottom of the diaphragm walls [14]. Simple 
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schematics of the two configurations can be seen in Figure 4(a), for clarity. It is therefore 

worth comparing the results of the presented analysis in Section 3 to an equivalent 

analysis adopting a vertical pipe leg configuration, instead of the horizontal one utilised 

earlier. For this purpose, a second set of numerical modelling is undertaken, adopting a 

configuration of twenty 24.63 m long vertical pipes connected in series, spaced 300 mm 

horizontally from each other, resulting in a total pipe length equal to the horizontal pipe 

leg case as well as otherwise identical conditions between the two.  

The results can be seen in the table in Figure 4(b), in terms of three metrics, all 

measuring the result differences between the two geometry/configuration models, for 

each of the five variations of the thermal load distribution. ��������
����  represents the average 

temperature difference between the two sets of results, ����

����, the difference between the 

minimum of the average fluid temperatures and ����	
����

 the difference between the 

maximum of the average fluid temperatures for the two configurations. As it can be seen, 

the values for all three metrics are very small, and thus insignificant, suggesting that in 

the case where the total pipe length is identical, connecting horizontal or vertical pipe 

legs makes little difference to the system’s thermal performance, but only to labour. 

 

Figure 4. Pipe configuration analysis with illustrative schematics (a) showing the horizontal (i) and vertical 
(ii) configurations and the difference (b) in the resulting average fluid temperature [°C] between them. 

5. Parametric Analysis 

This section investigates the effect of important design parameters on the thermal 

performance of the system. These parameters and the values adopted, shown in Table 2, 

comprise a number of potential cases, geographic locations, retaining wall geometries 

and pipe configurations. The “initial” thermal load distribution is adopted as an example 

and the effect is calculated in terms of the average fluid temperatures, in this case looking 

at the maximum temperature values, ���� , as an indication of the performance, for 

simplicity. Since the thermal load is cooling dominant, ���� is a critical design factor, as 

previously seen in Figure 3, and a suited performance indicator. Moreover, a simulation 

duration of 5 years is adopted in this study, to minimise modelling computational time, 

while still providing insights on the parameter influence. 

Table 2. Parametric analysis details. 

Parameter Values Unit Description 

λground 1.0, 2.1, 3.0, 3.5, 4.0 W/(mK) Thermal conductivity of ground 

����� 10, 20, 30 m Height of D-wall (excl. toe) 

s 0.1, 0.3, 0.45 m Vertical separation between pipe legs 

The results of the parametric analysis are summarised in Figure 5 for the three 

parameters: ����� , representing the wall geometry, ���	
�� , representing geographical 
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location and site material, and �, which is a parameter that the geothermal designer can 

determine. As it can be seen, all three parameters can be influential to the thermal 

performance of the energy retaining walls, however, �����  is the dominant factor. By 

extending the depth of the wall, more soil is thermally engaged with the thermal pipes 

(additional thermal storage) and the total pipe length of the circuit is also extended, since 

more pipe legs can be incorporated in the additional wall depth. The results indicate that 

by extending the wall from 10 to 20 metres, for example, the maximum temperatures of 

the first 5 years of operation can be lowered by up to 7 °C. Importantly, in cases this 

extension can reduce the maximum fluid temperatures below the upper limits, removing 

the need for an auxiliary system or more GHEs. Further increasing the depth to 30 metres 

shows a reduced but still significant improvement of up to about 4 °C, indicating a non-

linear performance increase trend, that reduces with deeper walls. 

 

Figure 5. Parametric analysis results, for a 5-year simulation using the initial thermal load distribution. 

Another influential parameter, although at a relatively lesser degree, is the thermal 

conductivity of the ground. Higher values of ���	
�� produce better thermal performance 

(lower ���� ), however, this improvement becomes less significant when comparing 

relatively large values (for example 3 W/(mK) and 4 W/(mK)). Moreover, it can also be 

seen that the value of the depth of the wall (������ does affect the degree of the thermal 

performance improvement due to different values of ���	
�� . This indicates that for 

relatively deep retaining walls, the value of ���	
��  is less significant and therefore 

energy retaining walls could be utilised in a variety of different materials with lower 

thermal conductivity (such as loess). On the other hand, when the site ground has high 

���	
�� , relatively short depths of retaining wall could be adequate in providing the 

required thermal load and therefore these geometries should not be disregarded. Finally, 

the last parameter investigated, the (vertical) separation between the pipe legs, did not 

show significant differences in the thermal performance, with smaller values of �, and 

therefore more pipe length incorporated, having marginally better performance. The 

results suggest that, in many cases, having longer spacings, and therefore reduced capital 

costs due to less amount of pipe and installation required, could result in similar thermal 

performance as the shorter spacings but at reduced costs, which would be beneficial. 

6. Conclusions 

This work has presented an investigation on the potential of diaphragm walls as energy 

geo-structures, starting from a focus on the geographical region of central Argentina and 

expanding on a more general parametric analysis. The case study showed that energy 
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diaphragm wall could be well incorporated to satisfy typical thermal needs for the region. 

Since these thermal needs tend to be cooling dominant, while the geothermal systems 

operate most beneficially when providing equal amounts of heating and cooling, the 

investigation showed that a good solution would be to complement energy wall systems 

with an auxiliary system to supplement the cooling, only on the more demanding days 

(shaved distribution). Providing the entirety of the demands by energy geo-structures 

was also deemed possible when increasing the number of diaphragm wall segments 

geothermally activated. Following, little difference was found on the thermal 

performance of D-walls with pile legs running vertically or horizontally. This suggests 

that either can be reasonably considered in future designs, however, a cost and 

constructability analysis should be undertaken, particularly for deeper D-walls. 

The parametric study highlighted the importance of the depth of the retaining wall 

on its suitability as an energy geo-structure, with deeper walls being able to provide more 

thermal energy. The thermal conductivity of the ground was also deemed important, 

while the pipe separation was found to be relatively insignificant to the resulting thermal 

performance. Importantly, it was shown that for a relatively deep retaining wall (> 20 m), 

the site ground material has little effect on the thermal performance and therefore energy 

retaining walls could be suitable in most geographic locations. Similarly, when the site 

material is of high thermal conductivity, the depth of the retaining wall does not need to 

be as deep to ensure a good thermal performance and the suitability of energy retaining 

walls.  
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