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A B S T R A C T

Energy Quay Walls (EQWs) are innovative energy geostructures which exchange thermal energy with both soil 
and open water while providing a structural function. A full-scale EQW with thermally activated sheet piles was 
tested, measuring 8.4 m in length along a 1.75m deep canal, with the sheet piles embedded 13m into the un
derlying soil. Two different length heat exchangers were used: shallow (3 m length) loops primarily extracting 
thermal energy from the open water, and deep (15 m length) loops extracting energy also from the soil. The 
shallow loops demonstrated a high heat extraction rate per activated surface area (~200 W/m2 at 8 ◦C water 
temperature, compared with ~60 W/m2 for the deep loops), with their performance closely linked to the open 
water temperature. The shallow loops did not require time to restore surrounding temperatures, indicating stable 
long-term performance, yet can extract the least energy at the coldest time periods. In contrast, the deeper loops 
exhibit greater stability across varying open water temperatures and achieve the highest total energy extraction 
per quay wall length (~900 W/m at 8 ◦C water temperature, compared with ~600 W/m for the shallow loops). 
Realistic operation of the deep loops lowered the soil temperature by ~2 ◦C.

1. Introduction

In response to the escalating global energy demand and the required 
reduction in carbon emissions, innovative solutions are imperative. 
Energy Geostructures (EGs), particularly energy piles, are an important 
innovation, facilitating the extraction of thermal energy from the envi
ronment, suitable for space heating and cooling. By integrating heat 
transfer pipes into foundations and buried geotechnical structures, EGs 
eliminate the necessity for dedicated ground heat exchangers, thereby 
presenting opportunities to mitigate capital costs associated with 
shallow geothermal energy systems e.g. Refs. [1–5]. Energy provision is 
typically the secondary purpose of the EG, with the structural perfor
mance taking priority in the design. Additionally to thermal energy 
extraction, EGs can function as thermal energy storage systems, e.g. 
during periods such as the summer months thermal energy can be stored 

for future use in the winter months [6,7].
To enhance the thermal and thermo-mechanical understanding of 

different types of EGs under real-world conditions, numerous full-scale 
tests have been installed globally, accompanied by comprehensive 
monitoring systems [8]. In the case of energy piles, well-monitored 
full-scale tests have been conducted in various locations, including 
Switzerland [9], England [10], Denmark [11], China [12], Australia 
[13], USA [14] and the Netherlands [15]. Energy walls have been 
studied in full-scale installations in England [16], Italy [17,18] and 
China [19]. Similarly, full-scale energy tunnel installations have been 
completed in Austria [20], South Korea [21,22], Germany [23] and Italy 
[24].

Driven by the successful outcomes of installations worldwide, recent 
years have seen the emergence of new EG types as innovative solutions 
for harnessing shallow geothermal energy. These novel structures 
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include energy micropiles [25–27], climate roads [28,29], energy an
chors [30], geothermal pavements [31,32], energy sewers [33], cutter 
soil mix energy walls [34], energy piles with phase change material [35] 
and energy barrettes [36].

Among these new EG types, one of the most recently proposed and 
novel forms of EG are so-called energy sheet piles (ESP), consisting of the 
integration of conventional steel sheet piles including closed-loop heat 
exchangers [37–39]. Energy sheet piles are part of a broader type of EG 
called energy walls where heat exchange occurs on a plane surface. 
Various experimental and modelling studies have reported a range of 
heat flux per activated area for energy walls typically between 10 and 
50 W/m2 [8,40], 5–30 W/m2 [17], 12–30 W/m2 [18], 20–40 W/m2 [41] 
and 15–25 W/m2 [42]. In all of these studies, the wall had soil on one 
side and air on the other. Baralis and Barla [17] presented a system 
where heat exchanger pipes were retrofitted to the soil side of a new or 
existing walls, whereas the other systems embedded heat exchanger 
pipes in the concrete of the wall. It was observed by Sterpi et al. [18] that 
the portion of the wall embedded into soil, i.e. having soil on both sides, 
had over double the heat flux than the portion wall with air on one side.

Energy walls have been made from piles in other situations, such as 
bored piles [43] (which were termed energy sheet piles, but were not 
made of steel sheet piles). In that work, bored piles, spaced throughout a 
longer wall were tested, and it was shown that both the (air) exposed 
and soil embedded initial and boundary conditions strongly influenced 
the energy performance.

Traditionally, rows of aligned sheet piles are used to form continuous 
watertight barriers and/or to support temporary or permanent excava
tions, especially for river/canal bank support along quays, where they 
are termed quay walls, and energy quay walls (EQWs) when they are 
formed from ESPs. ESPs are usually embedded in the deeper subsurface, 
often several times deeper than the excavation/water way they support, 
and therefore they are able to extract/exchange thermal energy from 
both the ground and surface water as thermal reservoirs.

Energy Quay Walls are considered to be applicable to provide ther
mal energy for both retrofitting and new-build buildings. They offer the 
same broad advantage of other energy geostructures that they can allow 
the installation of heat exchangers embedded into structural elements, 
eliminating the need for a separate installation. So, any building that is 
constructed alongside a canal could be considered. However, for retro
fitting existing buildings, the structures are already built, and therefore 
if a quay wall is constructed, renovated or replaced adjacent to the 
building a cost effective ground heat exchanger can be installed. In the 
Netherlands, for example, many hundreds of kilometres of existing quay 
walls need to be renovated or replaced [44], which provides a large 
opportunity.

Ziegler et al. [37] first tested ESPs by carrying out large-scale labo
ratory tests, finding that they have a significant energy potential for 
renewable energy extraction from a soil/water system, and that the 
presence of an open water stream can greatly increase the mean thermal 
energy extraction rate and mean temperature difference within the 
loops. The highest extraction rates achieved were up to 285 W/m (length 
here refers to a U-tube length) without an open water stream and up to 
430 W/m with an open water stream. This differs from typical ground 
coupled closed-loop heat exchangers or energy piles where rates after an 
initial peak are observed to be around 30–50 W/m [e.g. Refs. [2,45]. The 
open water stream was seen to result in increases of both mean thermal 
energy extraction rate and mean temperature difference between inlet 
and outlet of a maximum of around 70 %. These results demonstrated 
the potential of EQWs as a high performance and efficient renewable 
energy source, but did not delineate the impact of the soil and the open 
water, nor quantified the performance under field conditions.

To test the performance of EQWs created from energy sheet piles at 
full-scale, and in real world conditions, a bespoke full-scale test was 
designed and set up for the first time in De Zweth, near Delft (NL), along 
a canal with 1.75 m water depth, and tested from October 2020 to July 
2022. The EQW system comprised 12 Z-profile sheet piles and featured 

three heat exchanger types characterized by steel U-loops with a rect
angular cross-section, namely: Shallow loops and Deep loops, attached to 
the sheet piles on the soil side, respectively extending to a depth of 3 and 
15 m, and ’Add-on panels,’ attached the sheet piles on the water side 
with a depth of 3 m. The test EQW was geothermally operated with the 
use of a heat pump with a bespoke hydraulic and electronic control 
system. An extensive monitoring system was also installed to continu
ously measure the temperature changes in the soil, water and heat 
exchanger fluid, as well as fluid flowrates. The performance of heat 
extraction for various U-loop configurations, as well as the efficiency of 
underground heat storage collected from open water via the deep loops, 
was evaluated. Thermally-induced horizontal displacements of the EQW 
during geothermal operation were measured with inclinometers and 
determined to be negligible [46].

This paper focuses on novel insights into the performance of EQWs, 
focusing on the thermal behaviour of the water-ground-heat-exchanger 
system, and in particular the performance under different external 
temperatures. The quantification of heat extraction from the open water 
and soil under different conditions provides an important step towards 
system design. Initially a comprehensive description of the site and 
design of the test in presented, followed by an outline of the test 
methodology. The results and discussion focus on the performance of 
various heat exchanger configurations within the system, concluding 
with insights drawn from the test outcomes.

2. Full scale test description

In 2019, a temporary quay wall was installed in Delft (NL) to stabi
lize a canal bank. The canal is approximately 1.75 m deep and 35 m wide 
at this location, and does not have a substantial flow. The sheet piles, 
designed based on geotechnical considerations, extends to a depth of 16 
m and has a width of 8.4 m, with various details shown in Figs. 1–4. It is 
composed of 12 Z-profile type ZZ17-700 sheets, each with a width of 0.7 
m and a height of 0.42 m.

Prior to the quay wall installation, two cone penetration tests were 
conducted at the canal bottom and near the sheet pile wall to accurately 
identify the soil layers that are shown in Fig. 1. On the canal-facing side, 
the sheet pile has a length of 0.55 m in contact with the air (at the top of 
the piles), followed by 1.75 m in contact with the canal water, and the 
remainder in contact with layers of silt, silty/sandy clay, and peat. In 
contrast, the soil on the opposite side features a 1.85 m top layer of sand, 
with clay and peat extending through the entire depth of the sheet pile.

To thermally activate the quay wall, two types of steel heat 
exchanger loops are employed. The first type consists of incorporated 
loops welded directly to the quay wall’s sheet pile zeta profiles, as 
depicted in Fig. 2a. These loops are installed up to two different depths: 
3 m, referred to as Shallow loops, designed primarily to exchange heat 
with the open water, and 15 m, referred to as Deep loops, designed to 
exchange heat with both soil and open water, as shown in Fig. 1. The 
second type comprises steel heat exchanger pipes welded onto panels, 
known as Add-on panels, that are mounted on the quay wall, as shown in 
Fig. 2b. These panels also have a vertical length of 3 m and primarily 
exchange heat with the canal water. All the steel pipes have a rectan
gular cross-sectional area with outer dimensions of 40 × 20 mm2 and a 
wall thickness of 3 mm. While the installation of both the Shallow loops 
and the Deep loops must be completed at the same time as the sheet pile 
installation, the Add-on panels can be mounted on pre-existing quay 
walls, enabling the energy retrofitting of existing sheet pile walls.

To minimize the risk of pipe damage during installation of the ESP, 
the U-loop’s bottom part is reinforced with a steel cover, as shown in 
Fig. 2. Additionally, to reduce the chance of damage to the loops of the 
Add-on panels throughout the system’s lifespan, a metal mesh is 
attached to the external side of the pipes (shown in Fig. 2), providing 
protection against any external impact and to minimize the risk of 
damage to both shallow and deep loops, the steel heat exchanger pipes 
are positioned on the soil-facing side.
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The hydraulic system consists of five parallel subloops, each con
taining three steel U-loops arranged in series, as illustrated in Figs. 1 and 
3. To enable the investigation of the main objective of the paper, i.e. to 
investigate the performance of EQWs, focusing on the thermal behav
iour of the water-ground-heat-exchanger system, each loop was 
designed so that it could be operated independently or together. On the 
left side of the EQW, two deep loop circuits (indicated schematically in 
green and purple on Fig. 3 and one circuit for the add-on panels (indi
cated in orange on Fig. 3 are installed. The right side of the EQW features 
two shallow loop circuits (indicated in red and blue on Fig. 3.

The steel U-loops are connected to each other and to the heat pump 
via high-density polyethylene (HDPE) connection pipes (see Fig. 3c), 
which have a diameter of 32 mm and a thickness of 2 mm. To protect the 
connection pipes from potential damage after the EQW installations, 
they are covered with a 20 cm thick sand layer. A water-glycol mixture 
(80 % water and 20 % monopropylene glycol) is used as the heat 
exchanger fluid to lower the freezing point, thereby allowing the system 
to operate at temperatures lower than 0 ◦C. During the EQW operation, 
the valves in the manifold, which collects all subloops, are configured to 
ensure equal flow velocity across each circuit. Fig. 4 shows a picture 
taken of both the left and right side of the EQW after its installation 
(prior to covering the connection pipes with sand). The heat pump 
system (Nibe F1155-6, 6 kW thermal) was designed to maintain a con
stant temperature input to the EQW and a steady flow rate within the 
heat exchanger pipes, to enable analysis of the EQW performance. This 
resulted in a variable output power due to variable heat transfer in the 
soil/water. To allow flexibility in testing and better investigation into 
the EQW performance, the heat pump was not directly connected to a 
building. Instead, the heat generated during the EQW full-scale test is 
dissipated to the air through a fan linked to the heat pump’s secondary 
circuit, as shown in Fig. 3c.

To monitor the key parameters to assess the energy performance of 
the EQW full-scale tests and influence of the ground and water tem
peratures, various sensors were installed as shown in Figs. 3 and 4. A 
total of 20 thermowells (PT100, with 20 mm long sensor) were posi
tioned within the heat exchanger pipes to monitor the temperature at 
both the entrance and exit of each U-loop. Flow rates across the various 
subloops are monitored using three digital flow meters, with a flow 
meter installed at the inlet of the purple deep subloop, blue shallow 
subloop. An additional thermowell and flowmeter were installed in the 
main pipe from the heat pump, along with an additional thermowell in 
the main pipe returning to the heat pump, enabling monitoring of the 
inlet and outlet temperatures as well as the overall flow rate. The canal 
water temperature was monitored by two sensors positioned along a 
single string within the canal, approximately 0.5 m from the sheet piles, 
with a separation of 1 m between the sensors. The flow in the canal was 
monitored, which indicated no prevalent and continuous flow, however 
the water was continuously moving at a slow rate in different directions, 
thought to be due to wind, boat movement and thermally-driven con
vection; these results are not presented further. Temperature profiles in 
the water and subsurface adjacent to the sheet piling was monitored 
using 8 thermistor strings (Geokon 3810) placed in steel pipes filled with 
water, with the locations shown in Fig. 3a. It is considered that the 
thermal energy extraction will have only a very limited impact on the 
canal temperature except for very locally to the heat exchanger. This is 
due to the large volume of water (and therefore thermal energy content) 
and large heat exchange area with the atmosphere, both due to the high 
width to depth ratio. On the deep loop activation side of the EQW, four 
thermistor sensor strings were installed extending to a depth of 15 m: 
D_C (denoting the Deep side of the test and in the Canal) and D_B 
(denoting the Deep side of the test and furthest Back from the canal) 
were positioned at 1.5 m from the EQW system, in the canal and soil, 

Fig. 1. Energy quay wall full scale test: soil layers and heat exchanger pipes layout.

Fig. 2. Steel heat exchanger pipes welded onto the Z-profile sheet piles for a) integrated loops and b) onto panels for the Add-on configurations (right).
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respectively, with sensors at 2-m depth intervals. Additionally, the 
sensor strings D_FL (denoting Deep Front Left) and D_FR (denoting Deep 
Front Right) were located at distances of 0.42 m and 0.5 m from the 
EQW system, respectively, with sensors at 1-m depth intervals. On the 
shallow loops side, four sensor strings (S_C, S_B, S_FL, and S_FR, with the 
S denoting the shallow side) were installed at the same distances from 
the EQW system as on the deep loops side, extending to a depth of 4 m. 
S_C string was positioned in the canal, while S_B, S_FL, and S_FR were 
placed in the soil. The subsurface temperature is measured at intervals of 
1 m for D_FL, D_FR, S_FL, and S_FR sensors and of 2 m for D_C, D_B, S_C 
and S_B sensors. All sensors were connected to a datalogger (Campbell 
Scientific CR6 and AM16/32B multiplexer), enabling continuous data 
collection every 15 min.

During the test operation, some thermistor sensors failed and are not 
considered in this paper. Additionally, due to installation issues, 

temperature measurements from thermowells within the heat exchanger 
pipes were significantly influenced by external temperatures during the 
first 100 days of testing. After this period, the thermowells were 
replaced, yielding more accurate data, although some dependency on 
external temperature remained. Consequently, data from the thermo
wells installed within the heat exchanger pipes are excluded from the 
analysis presented in this paper.

Electricity usage was monitored on aggregate level in using an 
electricity meter to the site, as neither the heat pump performance nor 
the entire system installation performance was the focus of the 
investigation.

2.1. Test methodology

Various operational test phases, detailed in Table 1, were 

Fig. 3. Hydraulic system configuration of the EQW full-scale test, indicating the positions of a) the flowmeter and thermowell sensors, b) Thermistor string locations 
and c) the technical installation. The thermal activation locations are indicated with the colours corresponding to those in Fig. 1, ie green and purple are Deep loops, 
red and blue are Shallow loops and yellow are the Add-on panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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implemented to assess the energy performance of the different subloops 
installed in the EQW full-scale test. The different phases aim to study the 
following aspects. 

1. Energy performance: The goal is to evaluate the system’s energy 
performance for different subloop combinations under a 24 h a day 
activation of the heat pump. The tested combinations were:

- Phase A: Both shallow loop circuits and add-on panels. This allows an 
investigation of the heat exchange with open water, with the highest 
density of shallow loops.

- Phase B: One shallow loop circuit (blue) and add-on panels. This 
allows an investigation of the heat exchange with open water, with a 
lower density of shallow loops as compared with Phase A.

- Phase C: Both shallow loop circuits active. This allows an investi
gation of the heat exchange with open water, with the same density 
of shallow loops as Phase B, but allows a comparison of the Shallow 
loops and Add-on panels.

- Phase D and G: Both deep loop circuits. This allows an investigation 
of the heat exchange with open water and soil.

2. Regeneration: natural and forced regeneration of soil temperature 
was tested, specifically:

- Phase E: Both the heat pump and the circulation pump were off, 
allowing the soil to recover its temperature through natural con
duction only.

- Phase F: The heat pump was off while the circulation pump was on, 
allowing the heat exchanger fluid to transfer heat from the open 
water and into the soil, facilitating temperature restoration and 
thermal energy storage underground. Both deep loop circuits were 
active, as temperature had been depleted also by both loops.

3. Energy performance with real heating demand: during Phase H, the 
heat pump was active during two periods per day to simulate the 
intermittent heating demands commonly encountered in real-world 
applications. Both deep loop circuits were active, as the focus was 
on the influence on soil temperatures with lower (more realistic) 
average heat extraction.

3. Results and discussion

3.1. Analysis metrics

The energy efficiency of a geothermal installation can be evaluated 
by analysing the exchanged energy over time. The thermal power pro
vided from the heat exchanger (q̇) can be calculated using the following 
formula: 

q̇= ṁ Cp [Tout − Tin] (1) 

where Tin and Tout represent the inlet and outlet temperatures of the heat 

Fig. 4. Photographs of the EQW full-scale test upon completion of the installation of a) the Deep loops and Add-on panels and b) the Shallow loops.

Table 1 
Overview of the EQW test phases.

Phase 
name

Start date End date Length 
[days]

Activated loops Operational mode Activated length 
along the canal [m]

Activated area 
[m2]

Loop 
length [m]

Flow per 
group [l/s]

A February 12, 
2021

March 15, 
2021

31 2 shallow loops +
add-on panels

24 h a day heat 
extraction

7.7 23.1 54 0.13

B March 15, 
2021

March 29, 
2021

14 1 shallow loop 
+ add-on panels

24 h a day heat 
extraction

6.3 18.9 36 0.13

C March 29, 
2021

April 12, 
2021

14 2 shallow loops 24 h a day heat 
extraction

4.2 12.6 36 0.13

D April 15, 2021 June 01, 
2021

47 2 deep loops 24 h a day heat 
extraction

4.2 63 180 0.1

E June 01, 2021 June 30, 
2021

29 None Passive 
regeneration

4.2 63 180 0

F June 30, 2021 October 01, 
2021

92 2 deep loops Active 
regeneration

4.2 63 180 0.1

G December 16, 
2021

January 15, 
2022

30 2 deep loops 24 h a day heat 
extraction

4.2 63 180 0.2

H January 15, 
2022

April 01, 
2022

75 2 deep loops Intermittent heat 
extraction

4.2 63 180 0.2
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pump [K], respectively. ṁ denotes the mass flow rate of the heat 
exchanger fluid [kg/s], and Cp represents the specific heat capacity of 
the heat exchanger fluid that is considered constant throughout all 
phases, i.e. 3690 J/kgK.

The evaluated thermal power gain is entirely attributed to the ver
tical steel U-loops for both shallow and deep loops. The power contri
bution from the HDPE pipes, which connect the sheet piling to the heat 
pump and link two consecutive steel U-loops, is considered negligible in 
comparison.

The coefficient of performance (COP) is calculated by dividing the 
total (thermal) energy gained by the (electrical) energy utilised for the 
whole system (circulation pump, heat pump and fan to exchange the 
produced energy with the air).

The flow type within the heat exchanger pipes is assessed using the 
Reynolds number (Re), calculated as follows: 

Re=
ρvd
μ (2) 

where ρ represents the density of the heat exchanger fluid which is a 
water 80 % -glycol 20 % mixture (1040 kg/m3), d denotes the hydraulic 
diameter of the steel heat exchanger pipes (0.02 m), v [m/s] is the flow 
velocity within the heat exchanger pipes which depends on the selected 
phase, and μ corresponds to the dynamic viscosity of the heat exchanger 
fluid set to 2.314 mPa s.

3.2. Shallow loops

Phases A-C focus on different operational aspects of the shallow 
loops (see Table 1 for more details). These phases were characterized by 
the continuous 24 h a day operation of the heat pump, spanning a total 
duration of 59 days. This period occurred in early spring, during an 
upward trend in both external air and open water temperatures until 
they reached a more constant value as shown in Fig. 5. The open water 
temperature was seen to follow the air temperature with a small time 
lag, a lower magnitude of variation and without dropping below zero. 
During the initial 10 days of Phase A, the temperature difference be
tween the inlet and outlet of the heat pump (as shown on Fig. 5) 
increased in response to rising water and air temperatures. Following 
this period, the temperature difference stabilized in the subsequent 
phases. While the inlet fluid temperature remained constant at 
approximately − 2 ◦C across all phases (as shown in Fig. 5), the outlet 
temperature varied, reflecting changes in the open water temperature 
underscoring the strong correlation between the outlet temperature and 
the open water temperature. This strong correlation indicates that there 
is no temporal decline in thermal power, as is typical in ground source 
boreholes where heat transfer to the loops is primarily by conduction. 

This is attributed to heat transfer in the water being primarily by con
vection either by density driven flow (due to induced temperature 
change) or water movement due to other processes, e.g. wind. There 
were three intervals—two during Phase A and one in Phase C—where 
the inlet fluid temperature increased by few degrees over a short period. 
This was likely due to a heat pump malfunction.

During these phases, the flow within the pipes remained constant at 
0.13 l/s. The calculated Reynolds number is 2337, which falls within the 
range of 2100–4000, indicating that the flow type within the heat 
exchanger pipes was transient but close to laminar flow.

Fig. 6 shows the temperature distribution within the first 4 m of soil 
recorded by the S_FL and S_FR sensors at the start of each phase and at 
the end of Phase C. In the upper 2 m, the soil temperature exhibited 
significant variation across the different phases. Despite the activation of 
the shallow loops and/or the addon panels, the temperature in this zone 
did not decrease over time but instead aligned closely with the open 
water temperature. For instance, at a depth of 1 m at the start of Phase A, 
the soil temperature was slightly above 1 ◦C for both S_FL and S_FR 
sensors, which corresponds closely to the open water temperature of 
1.5 ◦C and was higher than the air temperature of − 0.5 ◦C. The close 
alignment with the open water temperature with the soil temperature in 
these phases indicates that heat transfer between the soil and the water 
is more significant that heat transfer between the soil and the shallow 
loops. This is considered to imply that natural convection occurs in the 
open water, so that there is always thermal energy available in the water 
to maintain the soil temperature.

At a depth of 3 m, the temperature distribution showed less variation 
over time compared to the upper 2 m. This is due to the conductive heat 
transfer process through the soil which is slower. It is seen that between 
Phase A and Phase B, the soil temperature at 3 m depth is reduced due to 
the colder open water, and then rises in Phases B and C due to warmer 
open water. A cold ‘bubble’ is formed which first increases during Phase 
A and then decreases during Phases B and C. Although the temperature 
variation at 3 m was reduced, it still appeared to be more influenced by 
the open water temperature than by the heat transfer processes of the 
EQW system. For instance, the temperature at 3 m at the start of Phase C 
is higher than at the start of Phase B. This trend continues at a depth of 4 
m, where the temperature differences between phases were even smaller 
than at 3 m. The cause of this behaviour is considered to be that heat 
conduction from the water to the soil is the dominant process, so below 
3 m depth the temperature variation is significantly lower than in the 
upper section, and there is limited impact of the thermal energy 
extraction.

3.2.1. Heat extraction rate
The flow rate within the heat exchanger remained virtually constant 

Fig. 5. Temperature difference between the outlet and inlet of the heat pump, 
along with water, air and inlet fluid temperatures, recorded during Phases A, B, 
and C.

Fig. 6. Temperature profile within the soil detected from S_FL and S_FR sensors 
at the beginning of Phases A, B and C and at the end of Phase C alongside the 
open water temperature.
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during Phases A, B and C. Consequently, the trend in (thermal) power 
gained closely mirrors the variation in temperature difference between 
the inlet and outlet of the heat pump. Thus, observations regarding the 
temperature difference variation can be extrapolated to the thermal 
power produced.

Fig. 7a illustrates the power gained per activated area and per acti
vated length along the EQW as a function of the temperature difference 
between water and inlet fluid temperatures for the considered phases. 
The energy output fits a linear trend with a reasonable scatter. All the 
activation setups exhibit temperature differences between water and 
inlet temperatures ranging from 9 to 11 ◦C. Within this range, the 
configuration involving 2 shallow loops alone (Phase C) shows a 
moderately higher heat extraction rate per activated area compared to 
the combination of 1 shallow loop and add-on panels (Phase C) and the 
setup combining two shallow loops with add-on panels (Phase A). This 
disparity may be attributed to the lower density of the installation in the 
add on panels, increasing the activated area and length along the EQW, 
without increasing the loop lengths. On the other hand, the data points 
corresponding to Phase B exhibit a higher heat exchange rate per loop 
length (note that loop length is the total length of heat exchanger, which 
is double that of a U-tube length as often used in borehole heat 
exchanger calculations). This is illustrated in Fig. 7b and deviates from 
the linear trends observed in Phases A and C. The increased rate in Phase 
B can likely be attributed to the higher thermal interaction between the 
two shallow loops in Phases A and C, which are installed in adjacent 
steel quay wall profiles while the setup involving one shallow loop and 

one add-on panel, installed on opposite sides of the quay wall, has the 
lowest thermal interaction between the pipes. This indicates that there is 
an interaction between the adjacent loops, and where feasible maxi
mizing the activated area with a more limited number of loops can be a 
good design choice.

A linear interpolation can be utilised to evaluate the overall trend of 
the data points as shown in Fig. 7a. The resulting linear equations are: 

qAREA =(TWATER − TINLET) ⋅ 19.4
[
W/m2K

]
+ 10.6

[
W

/
m2] (3) 

qLENGTH =(TWATER − TINLET) ⋅ 58.2 [W /mK] + 31.8 [W /m] (4) 

where qAREA is the heat flux per activated area, qLENGTH is the heat flux 
per activated length along the canal, TWATER is the open water temper
ature and TINLET is the inlet fluid temperature. The linear interpolations 
both exhibit coefficients of determination (R2) of 0.65, with root mean 
squared errors (RMSE) of 32.90 W/m2 for Equation (3) and 98.70 W/m 
for Equation (4). These indicate that the primary relationship is 
captured, yet the relationship does not explain all causes. Note that this 
relationship will be moderately different for other densities of the loops 
per metre of quay wall, so it is mostly useful for initial scoping. It is 
important to note that the predicted heat extraction rate is evaluated for 
conditions where the open water remains unfrozen, with temperatures 
above 0 ◦C. The linear interpolation method may also be applicable for 
scenarios with frozen open water, where typically only the surface is 
frozen while the underlying canal water continues to flow, but data is 
not available to demonstrate this. When the open water temperature 
equals the inlet fluid temperature, the heat exchange rate is theoretically 
expected to approach zero; however, using the interpolated line, it yields 
values of 10.6 W/m2 or 31.8 W/m for activated area or activated length, 
respectively, so this relationship should be used with care with low 
temperature differences.

The scatter in the data points is primarily due to various factors 
influencing the heat extraction rate that are not represented in the chart, 
such as air temperature, that impacts the connecting pipes between the 
loops and the heat pump. In Fig. 7c, the same data is presented as in 
Fig. 7a, coloured by the difference between the air and water tempera
ture. Most points on the lower bound correspond to situations where air 
temperature was lower than the open water temperature, which nega
tively impacts the overall energy efficiency of the EQW system. 
Conversely, when air temperature exceeded open water temperature, 
the points tend to cluster on the upper bound of the distribution. 
Additional influences on the data point scatter include soil temperature 
(which reduces with ongoing energy extraction), annual variations in 
canal depth (approximately 20–30 cm), and the velocity and direction of 
the open water flow.

3.3. Deep loops

3.3.1. Continuous operation – Phase D
Phase D comprised the continuous operation of the heat pump over a 

24-h cycle. Spanning a duration of 47 days, extending from April 15th to 
June 1st, 2021. This temporal interval, transitioning from spring to early 
summer, witnessed a predominant upward trend in both air and open 
water temperatures illustrated in Fig. 8. The air temperature showed 
higher daily temperature fluctuations, ranging between approximately 4 
to 8 ◦C. Conversely, the open water temperature experienced fluctua
tions below 1 ◦C on most days. The water temperature is at the higher 
end of the range of the air temperatures throughout, thought to be 
mainly due to the impact of solar radiation and higher thermal mass of 
the water. The extractin is considered to have a negigible impact due to 
the extraction amount being low compared to the overall thermal energy 
content.

Flow within the pipes remained constant at 0.1 l/s during this phase 
resulting in a Reynolds number equal to 1905. With the Reynolds 
number falling below 2100, the flow is identified as laminar. Both the 

Fig. 7. Heat extraction rate of the shallow loops for Phases A, B, and C, 
considering every data collected from the monitoring system: a) heat flux per 
activated area and per activated length along the EQW plus linear interpolation 
b) heat flux per loop length and c) impact of air and open water temperature 
differences on the heat flux versus the temperature difference between open 
water and inlet fluid temperatures.
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inlet fluid temperature, depicted in Fig. 8, and outlet temperature of the 
heat pump remained relatively constant. Daily fluctuations of approxi
mately 0.5 ◦C of the outlet minus inlet fluid temperature difference can 
be attributed to the daily variation of water and air temperature. A 
marginal increase after the 195-day mark correlates with the rising 
temperatures of both the water and air.

On the initial day of Phase D, a high temperature difference between 
the inlet and outlet was observed. Subsequently, a gradual reduction in 
both the temperature difference and the outlet temperature persisted 
until day 95, with a decelerating rate, even though the open water 
temperature rose. This behaviour is predominantly linked to the 
decreasing soil temperature with ongoing energy extraction. The heat 
transfer towards the loops is considered to be a combination of con
vection in the water and conduction in the soil. The slower conduction 
process is responsible for the decelerating heat transfer rate.

The D_FL and D_FR thermistor strings, which have the highest 
number of thermistors, are utilised to analyse temperature variations 
within the 15-m soil profile. To improve visibility of the analysis, an 
averaging approach is adopted, averaging measurements from sensors 
located at depths of 1–5 m, 6–10 m, and 11–15 m, with the results shown 
in Fig. 9. It is observed that the temperature averages derived from 
depths of 6–10 m and 11–15 m exhibit a consistent decrease throughout 
the entire phase with the latter showing a smaller decrease than the 
former, confirming the slower heat transfer in the soil due to conduction. 
This discrepancy is attributed to the different thermal properties of the 
soil: sandy layers, present between 6 and 10 m depth, exhibit a higher 
thermal diffusivity, whereas clay soil at greater depths demonstrates a 
lower thermal diffusivity. Furthermore, the thermistors situated at the 
lowest depths within the string extended slightly beyond the base of the 

heat exchanger U-loop, leading to a reduced temperature fluctuation. 
The temperature trend associated with the average taken from 1 to 5 m 
depth is closely linked to the water and air temperature rather than 
influenced by the heat extraction from the energy quay wall – consistent 
with the behaviour seen in Phases A to C.

The temperature profiles detected from the D_FL and D_FR therm
istor strings at the start and end of Phase D, shown in Fig. 10, show the 
impact of heat extraction on soil temperatures at depths higher than 4 m. 
In the initial 3 m, it is observed that the temperatures at the end were 
approximately equivalent or exceeded those at the start of Phase D. 
Notably, the D_FL thermistor string showed a higher temperature vari
ation between the start and end of the phase compared to the D_FR 
sensor. This difference is attributed to the closer proximity of the D_FL 
thermistor string to the EQW.

3.3.2. Long-term operation – Phase H
Phase H encompasses the long-term operation of the system, char

acterized by two daily activation periods, each lasting 7-8 h—one in the 
morning and another in the afternoon. Phase E spanned 74 days, from 
January 15th to April 1st, 2021. During this temporal interval, tran
sitioning from winter to early spring, the recorded water and air tem
peratures exhibited a notable decrease compared to previous phases, 
with a predominant upward trend observed in both air and open water 
temperatures, as shown in Fig. 11.

Flow within the pipes remained constant at 0.2 l/s during this phase, 
resulting in a Reynolds number of 3600, i.e. transient conditions close to 
turbulent. Fig. 11 shows the temperature difference between the outlet 
and inlet of the heat pump when the heat pump was operational. Each 
time the heat pump transitioned from off to on, the temperature dif
ference between the outlet and inlet initiated from a high value and 
gradually decreased in the subsequent hours. During the off state, the 
heat exchanger fluid reached thermal equilibrium with the soil and 
water, resulting in a higher temperature at the outlet when the fluid 
again began circulating.

The initial temperature within the soil was observed to be lower than 
that recorded in Phase D. This temperature reduction occurred during 
Phase G, before Phase H, when the deep loops were in operation for a 
duration of 34 days. The soil temperature did not demonstrate a distinct 
recovery when the heat pump was inactive, as illustrated in Fig. 12, due 
to the distance between the loops and the sensors.

3.3.3. Long-term operation vs continuous operation – Phases D, G and H
To better understand the soil temperature decrease, a comparative 

analysis is conducted between Phase H for long-term heat pump oper
ation and Phases D and G for continuous operation. This was done over 
the first 29 days of operation to ensure a fair comparison. The temper
ature differences within the soil between the end and the start are 
calculated for the three different depth ranges for each phase. These 

Fig. 8. Temperature difference between the outlet and inlet of the heat pump, 
along with water, air and inlet fluid temperatures, recorded during Phase D.

Fig. 9. Average temperature variation within the soil across depths of 1–5 m, 
6–10 m, and 11–15 m for D_FL and D_FR sensors during Phase D.

Fig. 10. Temperature profile within the soil as measured by D_FL and D_FR 
sensors at the start and end of Phase D alongside the open water temperature.
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values are then divided by the total number of days the heat pump was 
active during the phase, which is equal to the phase duration in the case 
of continuous operation and is lower than the phase timespan for long- 
term operation, as shown in Fig. 13.

For the 1–5 m depth range, the values vary significantly for each 
case, as the temperature in this uppermost layer of the subsurface de
pends on water and air temperature values. Examining the 6–10 m and 

11–15 m depth ranges, the values are associated with the EQW energy 
extraction process. Specifically, for the D_FL thermistor string, during 
continuous operation phases (Phases D and G), the soil temperature 
decreases by up to 0.14 ◦C and 0.125 ◦C for the 6–10 m and 11–15 m 
depth ranges, respectively while Phase H shows only a decrease of 
0.04 ◦C per day for both the depth ranges. Despite the heat pump being 
active for a total of 55 days out of the 76 days in Phase H, the impact on 
the soil temperatures is less pronounced compared to continuous 
activation.

3.3.4. Passive vs active regeneration – Phases E and F
Phases E and F, which occurred during a period of elevated water and 

air temperatures, were carried out to represent periods where heat 
extraction was not needed, and the soil temperature could be restored. 
Phase E, named the passive regeneration phase, spanned 28 days from 
June 2nd, 2021, to June 30th, during which both the heat pump and 
circulation pump were inactive. In the initial 20 days, air and open water 
temperatures increased by approximately 10 ◦C, reaching 25 ◦C, fol
lowed by a 5 ◦C decrease as shown in Fig. 14. Phase F, named the active 
regeneration phase, extended over 93 days from June 30th to October 
1st, with the heat pump inactive and the circulation pump operational, 
maintaining a constant flow velocity of 0.24 m/s within the heat 
exchanger pipes. During this period, air and open water temperatures 
remained relatively stable around 20 ◦C, with a minor decline observed 
in the final days.

As depicted in Fig. 15, the temperature within various depth ranges 
at the start of the passive regeneration phase were lower than the un
disturbed temperature (12 ◦C). This discrepancy is due to the prior 
operation of the deep loops. Over the course of the passive regeneration 
phase, the average temperature recorded from 1 to 5 m depth experi
enced an increase of approximately 7 ◦C, primarily linked to the con
current rise in water and air temperatures during this period. 
Conversely, the temperatures in deeper ranges showed an increase of 
2 ◦C, representing heat recovery through natural conduction only, 
mostly in a vertical direction from the surface. In the active regeneration 
phase, the temperatures at the phase’s start were still lower than the 
undisturbed temperature, except for the average recorded from 1 to 5 m 
depth. Temperatures across all depth ranges exhibited a continual in
crease throughout the entire phase with a high gradient at the start 
reducing in time. By the conclusion of Phase F, temperatures in different 
depth ranges surpassed 12 ◦C, indicating not only the restoration of soil 
temperature but also the storage of heat extracted from the open water, 
forming a ‘heat bubble’ in the soil surrounding the EWQ.

In Phase E, both the heat pump and the circulation pump were 
inactive, causing the heat exchanger fluid to remain stagnant. During 
this period, the detected inlet and outlet temperatures of the heat pump 
were influenced only by external temperatures and they were excluded 

Fig. 11. Temperature difference between the outlet and inlet of the heat pump, 
along with inlet, water and air temperatures, recorded during Phase H. The heat 
pump temperature difference and the inlet fluid temperature are shown only 
during the heat pump operational periods.

Fig. 12. Average temperature variation within the soil across depths of 1–5 m, 
6–10 m, and 11–15 m for D_FL and D_FR sensors during Phase H.

Fig. 13. Average soil temperature changes per heat pump activation day, as 
detected by the D_FL sensor, for depth ranges of 1–5 m, 6–10 m, and 11–15 m 
during Phases D, G, and H. The circled numbers at the bottom of each column 
indicate the total days the system was active (left number) in comparison to the 
total days in the phase (right number).

Fig. 14. Temperature difference between the outlet and inlet of the heat pump, 
along with inlet, water and air temperatures, recorded during Phases E and F.
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from Fig. 14. When the active regeneration phase starts, the circulation 
pump was activated, initiating fluid flow within the heat exchanger 
pipes. In the first month of this phase, the inlet and outlet temperatures 
started at 12.5 ◦C and rose rapidly, closely following the open water 
temperature. For the remainder of Phase F, the inlet and outlet tem
peratures stabilized, and the soil temperature increased at a slower pace, 
again indicative of the soil thermal conduction process. When the soil 
temperature was below the undisturbed temperature, the active regen
eration phase facilitated a quicker restoration of ground temperature 
compared to when the temperature was above the undisturbed level.

3.3.5. Heat extraction rate
Fig. 16a illustrates the (thermal) power gained per activated area and 

per activated length of the quay wall along the canal of the deep loops, as 
a function of the temperature difference between water and inlet fluid 
temperatures. The data from Phase D spanned a different and larger 
range of temperature difference compared to Phases G and H, making 
comparison challenging. The heat extraction rate points within the 

9–11 ◦C temperature difference range in Phase D correspond to the 
initial 5 days of this phase. This period was characterized by the system’s 
transient behaviour, where both the outlet temperature of the heat 
pump and the soil temperature decreased rapidly. Similarly, the highest 
points for Phase G are also related to its first 5 days. Phase H shows some 
points with a heat extraction rate per activated area exceeding 90 W/m2, 
which are linked to the activation of the heat pump. Specifically, the first 
two points after the heat pump was turned on are influenced by the 
higher temperature of the heat exchanger liquid that was reached when 
the system was off. A similar analysis applies to the heat flux per unit 
loop length, as shown in Fig. 16a.

Similar to the approach used for the shallow loops, a linear inter
polation is employed to evaluate the overall trend of the data points, as 
shown in Fig. 16b. Data corresponding to highly transient portions of the 
EQW system behaviour are excluded, i.e., the first 5 days of Phases D and 
G, as well as the first 30 min of each heat pump activation in Phase H. 
The resulting linear equations are: 

qAREA =(TWATER − TINLET) ⋅ 3.0
[
W/m2K

]
+ 30.8

[
W

/
m2] (5) 

qLENGTH =(TWATER − TINLET) ⋅ 45.0 [W /mK] + 462.0 [W /m] (6) 

The linear interpolations exhibit an R2 of 0.53, with RMSE of 8.31 
W/m2 for Equation (5) and 124.65 W/m for Equation (6). The lower 
coefficient of determination than those relating to equations (3) and (4)
are generally driven by Phase H, where the operating conditions are 
different (not run continuously). Similar to the shallow loops, the pre
dicted heat extraction rate is evaluated under conditions where the open 
water remains unfrozen, with temperatures above 0 ◦C. When the open 
water temperature equals the inlet fluid temperature, the heat exchange 
rates determined using the interpolated lines are 30.8 W/m2 per acti
vated area and 460 W/m per activated length. In this scenario, thanks to 
the 12 m depth of the quay wall embedded in the soil, heat is extracted 
from the soil layers, enhancing the system’s energy efficiency even at 
very low open water temperatures. This may offer an avenue in system 
design to provide peak power in very cold periods.

The dispersion of data points is influenced by factors similar to those 
affecting the shallow loop, such as air temperature, albeit with a reduced 
dispersion under similar operating conditions due to the fact that a 
portion of the total energy extracted by the deep loops comes from the 
soil, which is less dependent on external temperature fluctuations and 
the characteristics of the open water.

3.4. Comparison between shallow and deep loops

To compare the heat extraction rates of shallow and deep loops, the 
two interpolated lines are shown in Fig. 17, considering both the acti
vated area and the activated length of the EQW. These lines extend to a 
temperature difference of 0 ◦C between the water and the inlet fluid 
temperature. The higher heat extraction rate per activated area for the 
shallow loops, compared to the deep loops, underscores the significant 
potential for heat extraction from open water. The deep loops only 
outperform the shallow loops when the temperature difference between 
the water and inlet is close to 0 ◦C. However, when considering heat flux 
per activated length of the EQW, the deep loops perform better due to 
the substantially greater length of heat exchanger loops and the energy 
extracted from the soil. As the temperature difference between the water 
and the inlet fluid increases, the heat flux per unit activated area of the 
shallow loops approaches that of the deep loops. This convergence oc
curs because part of the heat extracted from the open water in the deep 
loops is used to heat the soil, thereby lowering the overall energy effi
ciency of the deep loops. For the longer loops, additional capital expense 
is incurred for the welded metal heat exchanger loops, which must be 
considered against the additional energy yield. Importantly, the addi
tional energy yield occurs during the coldest periods where heating 
demands are the highest.

Fig. 15. Average temperature variation within the soil across depths of 1–5 m, 
6–10 m, and 11–15 m for D_FL and D_FR sensors during Phases E and F.

Fig. 16. Heat extraction rate of the deep loops for Phases D, G, and H, 
considering every data collected from the monitoring system: a) heat flux per 
activated area, per activated length along the EQW and per loop length plus 
linear interpolation b) impact of air and open water temperature differences on 
the heat flux versus the temperature difference between open water and inlet 
fluid temperatures.
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3.5. Coefficient of performance – COP

The system was designed to test the energy yield from an EQW in 
different situations, and therefore the energy system (heat pump etc.) 
was not optimised. Nevertheless, the COP of the test system holds 
interesting information as a minimum value that could be achieved, 
which is shown in Fig. 18. The electricity usage was only recorded at a 
test aggregate level (including all mechanical apparatus, specifically the 
heat pump, circulation pumps and the dry cooler used as the heat sink) 
in periods of a month during the final 8 months of the test, therefore the 
COP is shown on a monthly basis. The period recorded was during Phase 
H, and a later part of the testing programme not reported here (May to 
July 2022).

The COP (see Fig. 18a), always referring to the heating mode, was 
reasonably constant around 4 in the period of December to April, when 
the open water temperature was also reasonably constant, rising when 
the open water temperature rose (May to July) (shown in Fig. 18b).

4. Discussion

The EQW can be installed anywhere a quay wall needs to be replaced 
or refurbished, and therefore offers advantages over energy geo
structures that are a part of the building which requires heating. The 
EQW has between about double and 5 times the heat extraction rate of 
energy wall systems found in the literature (depending on whether 
comparing with the deep or shallow loops) due to the high level of 
extraction possible from the open water compared to air in the literature 
cases. This means that the length of loops to heat (or cool) a building is 
much lower.

This high heat exchange rate in comparison with energy walls (be
tween double and 5 times the rate depending on whether comparing 
with the deep or shallow loops), is considered to have a negligible 
impact on the canal temperature. However, this depends on the size and 
environmental conditions of the canal. In this field test, the canal is 
estimated to have a heat capacity around 250 MJ/K/meter of the canal, 
which is large considering the kW range of extraction. The wide canal is 
able to replenish the energy content from solar radiation and sensible 
heat transfer with the atmosphere. Therefore, environmental impact is 
considered to be minor, even with the quay wall thermally activated 
along the full canal length. However, in the winter, by extracting ther
mal energy the temperatures are reduced and there is a low amount of 
energy available. In the summer, this is the opposite. Therefore, there is 
an opportunity to combine energy quay walls with seasonal thermal 
storage (e.g., aquifer thermal energy storage) to take advantage of large 
amounts of thermal energy available in the summer, and thereby 
creating a positive environmental impact. This can further reduce the 
length of heat exchangers which would need to be installed, however 
would create a more complex energy system.

The heat exchange loops on the energy sheet piles that form the EQW 
are made from steel. This aids easy construction as they can be pushed in 
with the sheet pile and do not easily become damaged. In addition, the 
loops are installed on the soil side of the sheet pile, reducing the pos
sibility of damage from boat (or other) collisions. However, steel is 
susceptible to corrosion. Steel corrosion occurs primarily when oxygen 
and water are in contact with the soil. In quay walls, this is observed to 
occur in the ‘splash zone’ just above the water line. Again, by placing the 
heat exchanger loops on the soil side of the sheet pile, splashing is 
removed. No corrosion was observed at the end of the test after more 
than two years.

5. Conclusions

The full-scale test results demonstrate that the EQW system provides 
a viable and efficient solution for heating applications, with the open 
water temperature emerging as the primary factor influencing its energy 
performance. The heat extraction rate of shallow loops and add-on 
panels exhibits a strong correlation with open water temperature. The 
shallow loops and add-on panels behave independently of temperature 
recharge, and therefore have long-term stability. These systems also 
display a significantly higher heat flux per activated surface area (and 
loop length) compared to deep loops in most scenarios (~200 W/m2 at 

Fig. 17. Comparison of heat flux between shallow and deep loops per a) activated area and b) length of EQW.

Fig. 18. a) COP values for the final 8 months of EQW operation b) Water and 
air temperatures recorded during the last 8 months of thermal operation of 
the EQW.
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8 ◦C water temperature, compared with ~60 W/m2 for the deep loops).
In contrast to shallow loops and add-on panels, deep loops exhibit 

less sensitivity to open water temperature fluctuations, making their 
energy extraction more stable during colder periods, particularly when 
the open water temperature is low. During peak heating demand, typi
cally in the coldest months, deep loops achieve higher thermal energy 
extraction per activated EQW length than the shallow loops and add-on 
panels. Given that the cost difference between shallow and deep loops is 
mainly attributed to the extended length of steel heat exchanger 
pipes—an inexpensive component relative to overall costs—deep loops 
offer a cost-effective and efficient solution for maximizing total energy 
extraction in EQW systems.

The system achieves its highest efficiency during the summer 
months, with a COP exceeding 6, although during this period, heating 
demand is minimal. However, the EQW system can be utilised to pro
duce energy that can be stored. This is accomplished by activating deep 
loops to extract heat from the open water body and store it underground, 
thereby enhancing or maintaining the efficiency of deep loops by raising 
(restoring or elevating) soil temperatures. Coupling EQWs with shallow 
loops or add-on panels, which are more efficient at higher open water 
temperatures, enhances the potential for heat storage, particularly when 
integrated with other underground thermal energy storage systems.

Finally, the proposed linear interpolation between the heat flux per 
activated area (or length) and the temperature differential between 
water and inlet fluid temperature provides a quick and valuable tool for 
the preliminary estimation or design of EQW system energy efficiency.
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