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Abstract This study numerically investigates Heat Extraction Sheet Pile Walls (HESPWs) for
low-temperature geothermal energy using a 3D transient heat-transfer model in COMSOL Mul-
tiphysics. We analyze how flow rates, boundary conditions, and thermal interactions between
sheet piles, soil, canals, and the atmosphere affect performance in an urban canal context. Simu-
lations show higher flow rates lower outlet temperatures but boost total heat extraction, while the
Thermal to Pumping Power Ratio (TPR) drops due to increased pumping needs. Lower flow rates
improve TPR but limit energy output. These trade-offs emphasize tailoring flow rates to goals—
maximizing power for district heating or efficiency for smaller systems. HESPWs prove viable
for urban infrastructure, combining structural support with sustainable heating and cooling.

Keywords: Geothermal energy, Heat Extraction Sheet Pile Walls, Heat transfer, Pumping power
ratio.

1 Introduction

Global efforts to curb greenhouse gas emissions and reduce fossil fuel dependence have
intensified the search for renewable heating and cooling solutions. The Intergovernmen-
tal Panel on Climate Change’s call to limit warming to 1.5°C has driven governments
toward clean energy, with the European Green Deal pushing for decarbonized buildings
via geo-energy systems like geothermal structures (Laloui, Nuth, and Vulliet 2006;
McCartney et al. 2019), nuclear waste repositories (Tourchi et al. 2021; Bumbieler et al.
2021; Tourchi et al. 2023), and soil-atmosphere interactions (Cui 2022; Jabbarzadeh et
al. 2024; Scaringi and Loche 2022), including ground source heat pumps (GSHPs) and
aquathermal technologies. GSHPs tap into the stable thermal reservoir of soil and
groundwater, offering higher efficiency than air-source systems due to consistent sub-
surface temperatures.

Direct geothermal capacity has surged over two decades, underscoring shallow geother-
mal’s role in climate goals (Ziegler and Koppmann 2019; Lund, Freeston, and Boyd
2011). To cut drilling costs and boost heat transfer, heat-exchange loops are integrated
into structural elements like energy piles, diaphragm walls, tunnel linings, and heat ex-
traction sheet pile walls, which double as structural supports and heat exchangers
(Brandl 2006; Brandl 2010; Franzius and Pralle 2011; Schneider and Moormann 2010).



2

HESPWs, originally retaining structures for quay walls or excavations, can be retrofitted
with fluid-carrying loops to exchange heat with adjacent water or soil. This dual-purpose
design suits dense urban areas, eliminating new drilling needs, with studies showing
HESPWs can manage hundreds of watts per meter (BV 2020; Ziegler and Koppmann
2019). While energy piles lead in adoption, planar systems like basement walls and tun-
nel linings show similar potential, with research on “thermo-active seal panels” offering
strategies—optimizing groundwater contact, pipe placement, and flow rates—applica-
ble to HESPWs. Lab and numerical studies confirm steel HESPWs leverage high ther-
mal conductivity for heat exchange, potentially exceeding 400 W/m with water flow,
though this requires thermomechanical analysis and corrosion protection. Urban canal
upgrades are prime candidates for “energy quay” walls, aligning outputs with nearby
building demands (Ziegler and Koppmann 2019). Planar energy geostructures like HES-
PWs provide cost-effective, space-saving alternatives to boreholes, optimized through
integrated geotechnical, hydraulic, and thermal design.

2 Numerical Modeling

Numerical simulations of the HESPW system were conducted using COMSOL Mul-
tiphysics, integrating Heat Transfer in Solids and Heat Transfer in Pipes modules in a
transient 3D model. The model evaluates heat extraction efficiency influenced by pipe
flow rates, soil thermal conductivity, and external conditions, capturing conduction in
soil and sheet pile, and convection within geothermal pipes. The 24 m U-shaped pipe
(36 mm diameter) embedded within the steel sheet pile form a closed-loop system, mod-
eled with laminar flow and dynamically computed heat transfer coefficients for accurate
convective heat exchange. The steel sheet pile is modeled as a vertical structural element
driven 14 m into the ground.
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Fig 1. Geometric configuration of the ESPW model in COMSOL Multiphysics.

The initial temperature distribution in the soil and canal water domains is a key factor,
setting the baseline thermal state for heat extraction with HESPWs. Rather than a uni-
form temperature, a depth-dependent interpolation function models subsurface temper-
ature variations, reflecting geothermal gradients and seasonal shifts (Fig2a). This ensures
a realistic increase in temperature with depth, mimicking natural geothermal trends in
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the soil. In this study, the canal water temperature is set at a constant 7°C, despite a 1°C
ambient air temperature. This aligns with urban water bodies’ thermal behavior, where
thermal inertia, groundwater inflow, urban heat retention, and anthropogenic effects of-
ten keep water warmer than surrounding air, especially in winter (Van Megchelen,
2017).
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Fig 2. (a)Initial temperature boundary conditions; (b) 3D temperature distribution of the HESPW sys-
tem after 1 day of operation, simulated with a volumetric flow rate of 1.528 x 10—4 m3/s.

The geothermal pipes’ inlet temperature, set at a constant 1°C, drives the thermal gradi-
ent for heat extraction, reflecting peak winter conditions after fluid passes through a heat
pump or exchanger. The volumetric flow rate significantly influences heat exchange in
thermo-active geostructures like HESPWs. Higher flow rates reduce the fluid’s resi-
dence time in embedded pipes, decreasing the temperature difference between inlet and
outlet, yet the increased fluid volume per unit time often enhances total heat extraction
up to practical limits. Optimizing energy yield and pumping demands requires balancing
these opposing effects. This study examines six flow scenarios (Fig 2b; Fig 3) to assess
how flow magnitude impacts HESPW thermal performance. This range covers low lam-
inar flow to higher velocities nearing the transition regime, reflecting typical operational
conditions for energy geotechnical systems where turbulent flows are avoided due to
excessive pumping costs, especially in building-scale applications.

3 Results and Discussion

Numerical simulations explored how volumetric flow rates affect heat extraction in a
Heat Extraction Sheet Pile Wall (HESPW) system, using a 24 m U-shaped pipe (36 mm
diameter) embedded in the wall. Fig 3 shows outlet fluid temperatures for six flow rates
(0.028 L/s to 0.1528 L/s) over 1 day, with a constant inlet temperature of 1.0 °C. Results
indicate lower flow rates (e.g., 0.028 L/s) produce higher outlet temperatures (~3.05
°C), while higher rates (e.g., 0.1528 L/s) yield lower temperatures (~1.75 °C).

This highlights a key trade-off: low flows allow more heat absorption due to longer
residence time, increasing the temperature difference, whereas high flows limit temper-
ature rise but boost total heat extraction power (Qv x AT) due to greater fluid volume.
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Comparing the scenarios shows that higher flow rates reduce outlet temperatures but
may increase total heat extraction. Optimal flow balances pumping costs and efficiency,
with the transition regime (2,300 < R. < 10,000) enhancing heat transfer without exces-
sive friction. Even small flow adjustments measurably impact outlet temperature and
HESPW thermal performance.

4.0

3.5
3.0 —— Flow Rate=0.028 (1/s)
8 —— Flow Rate=0.05 (1/s)
g 2.5 ] Flow Rate=0.0625 (1/s)
:‘;: \ —— Flow Rate=0.0972 (1/s)
g€ 20 ‘\‘ —— Flow Rate=0,125(1/s)
g —— Flow Rate=0.1528(1/s)
® 15 T.in

1.0

o SESSESSSsREsssls

0.0 0.2 0.4 0.6 0.8 1.0

Time (days)

Fig 3: Temperature evolution over a 24-hour period for various flow rates in geothermal pipes.

4 Thermal Performance and Efficiency Analysis

Total heat extraction, denoted as P, represents the volumetric heat capacity of water, Q,,
is the volumetric flow rate (m3/s ), and T, and T}, are the outlet and inlet tempera-
tures, respectively. Specific power, defined as normalizes the total heat extraction by
the pipe length. Simulations conducted over a 24-hour period with a constant inlet tem-
perature evaluated the heat extraction performance across six distinct flow rates, with
results summarized in Table 1.

Table 1. Heat Extraction, Specific Power, Pumping Power and TPR at Different Flow Rates.

Flow Rate (L/s) Ty (°C) AT(K) P(W) Pgee W/m)  Ppymy (W) TPR
0.028 3.05 2.05 241 10.0 0.0006 373,000
0.050 2.17 1.17 246 10.3 0.0020 119,417
0.0625 2.12 1.12 294 12.3 0.0054 53,747
0.0972 1.99 0.99 404 16.8 0.0186 21,720
0.125 1.87 0.87 457 19.0 0.0367 12,452
0.1528 1.75 0.75 482 20.1 0.0640 7,531

As the flow rate increases, the total heat extraction rises from 241 W to 482 W, while
the temperature difference decreases from 2.05 K to 0.75 K . This trend indicates that
higher flow rates circulate more fluid, enhancing overall heat transfer despite shorter
residence times in the pipe. The specific power also increases from 10.0 W/m to
20.1 W/m, demonstrating improved heat extraction efficiency per meter of pipe. The
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system's efficiency is evaluated using the Thermal to Pumping Power Ratio (TPR), de-
fined as TPR = Pyermar /Ppump » Where Ppermar = P (from Table 1), and Py, is the
power required to circulate the fluid. The pumping power is calculated dynamically us-
ing the Darcy-Weisbach equation for pressure drop (AP) and the relationship Pyymp =
Q, - AP, with the friction factor determined by the flow regime via the Reynolds num-
ber. The TPR decreases significantly from 373,000 at 0.028 L/s to 7,531 at
0.1528 L/s. This decline occurs because Py, increases more rapidly than Pyemma
with higher flow rates, highlighting a trade-off: greater heat extraction comes at the cost
of reduced efficiency due to higher energy demands for pumping.

Optimizing the flow rate in the HESP system balances maximizing heat extraction with
energy efficiency. The trade-offs among thermal power output, temperature difference,
and pumping power across tested flow rates highlight the importance of selecting con-
ditions tailored to specific applications. The simulations indicate high theoretical effi-
ciency due to very low pumping power requirements. However, the practical choice of
flow rate significantly affects the system’s heat extraction capacity and compatibility
with downstream equipment, such as heat pumps. The highest flow rate (0.1528 L/s)
maximizes thermal output and is ideal for high thermal demand scenarios. Conversely,
the lowest flow maximizes efficiency, ideal for heat pumps requiring larger temperature
gradients. Intermediate flow rates provide a practical compromise between high thermal
output and efficiency, accommodating common equipment specifications and energy
budgets. The sharp decline in TPR with increasing flow rate results from a nonlinear
rise in pumping power, typically proportional to the cube of flow rate (Q*). Real-world
factors may significantly alter these results, emphasizing the importance of realistic
modeling.

5 Conclusions

This study demonstrates that HESPWs effectively harness shallow geothermal energy
while providing structural support, offering a dual-function solution ideal for urban ca-
nal environments. Using a 3D coupled heat-transfer model in COMSOL, we evaluated
how flow rate, inlet temperature, and boundary conditions influence heat extraction and
thermal-to-pumping power ratios. Results indicate that higher flow rates increase ther-
mal output but reduce temperature gradients, requiring an operational balance to opti-
mize performance and efficiency. Site-specific factors—including soil thermal proper-
ties, groundwater flow, and realistic pumping requirements—further impact these trade-
offs and should inform future analyses. Practical implementation of HESPWs must ad-
dress geotechnical constraints, corrosion protection, and local hydrogeological condi-
tions. Empirical validation and in-situ monitoring remain essential for confirming sim-
ulations and refining system designs. The integrated modeling approach presented here
enhances engineering decisions, highlighting HESPWs as a sustainable solution for re-
newable heating and cooling in densely populated areas.
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