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Abstract 

Ground Source Heat Pumps are promising technologies 

that can contribute to decarbonize the space heating and 

cooling in buildings. 

In this work, a particular ground heat exchanger for 

residential buildings is studied via numerical models. The 

system consists of a helical heat exchanger immersed in a 

water tank (cell) buried into the ground. A sensitivity 

analysis on the main parameters was carried out 

investigating the effect on the thermal behaviour. The 

system was also simulated through a numerical model 

named CaRM (Capacity Resistance Model), modified for 

these analyses. 

Simulation results show that the water volume, the 

installation depth and the ground thermal conductivity, 

can improve the thermal behaviour; on the contrary, pipe 

configuration and tank material do not affect the 

behaviour of the system. 

Key Innovations 

 A new ground heat exchager system is studied. 

 Analysis through numerical models was developed. 

 Numerical results were compared with field measured 

data. 

 Water volume inside the tank strongly affects the 

behaviour of the system. 

Practical Implications 

Starting from the ground heat exchanger proposed, 

consider how changes in geometry and configuration 

affect the temperature of water inside the tank (cell). 

Introduction 

In recent years, the energy use in both residential and 

commercial buildings received an increasing attention 

since it accounts for an important part of the global energy 

consumption. In Italy, the energy used in this sector in 

2018 was about 43% of the global consumption (Ente 

Nazionale Efficienza Energetica, 2020) with an important 

contribution to carbon emissions. For this reason, EU 

promoted the Directive 2009/28/EC (European 

Parliament and Council, 2009) with the goal of defining a 

path towards the increase of energy use from renewable 

sources in order to reduce greenhouse gases emissions.  

As the European Directive is concerned, one of the 

solutions to reduce fossil fuel consumption, is related to 

the use of new technologies, such as heat pumps. In 2018, 

the amount of energy produced in Italy with heat pumps 

was equal to 2,6 Mtep, which correspond the 24% of the 

overall thermal energy produced from renewable sources 

(Ministero dello Sviluppo Economico, 2020). A report by 

GSE regarding progresses on the EU-Directive goals 

shows that the installation of heat pumps has contributed 

to the reduction of emissions from 2009 to 2018 with a 

value between 5,1 and 6,9 MtCO2eq/year (Gestore dei 

Servizi Energetici S.p.A., 2020). 

Air source heat pumps (ASHP) are the most diffused 

configuration because of their reliability and for their low 

initial costs. However, their efficiency is strongly 

penalized when external air temperature is low or high. 

Moreover, defrosting is a necessary operation to limit 

freezing of external unit in heating mode, causing an 

additional drop in efficiency (Zhang et al., 2018). 

Compared to ASHPs, Ground Source Heat Pumps 

(GSHP) work with an average higher efficiency, as the 

ground temperature is more constant and higher in winter 

(lower in summer) than air temperature (Christodoulides 

et al., 2019; Maddah et al., 2020). Anyway, they present 

different critical aspects, mainly related to the 

configuration of the ground heat exchanger (GHE), which 

can be vertically or horizontally oriented. In case of 

vertical ground heat exchanger, drilling operations can be 

complicated and expensive (Mohammadzadeh Bina et al., 

2020); in case of horizontal ground heat exchanger the 

land area required increases considerably and the 

operation is affected by weather variations because of the 

shallower depth. In all these cases, another problem can 

be related to the geological or legal constraints, which can 

further increase costs, sometimes preventing the 

realization of the system. 

The solution to these problems is the focus of many 

studies. One of the main aspects is related to the 

optimization of the GHE, whose design influences the 

heat pump efficiency. In this context, Noorollahi et al. 

(2018) carried out a study in which they stated that GHE 

performances are influenced by different parameters: 

inside the pipe, velocity of the fluid and inlet temperature 

have great relevance; outside the pipe, the thermal 

conductivity of the grouting material is dominant; as the 

pipe configuration concerns, higher center-to-center 

distance of the vertical pipe and pitch for the spiral pipe 

are the most important parameters. Another approach is 

related to the coupling of a GSHP with a thermal energy 

storage (TES) system, which can have different 
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configurations (e.g., ice storage tank, solar collectors, 

water tank, ground storage, phase change material). A 

study of Zhu et al. (2014) concluded that the coupling 

with a TES system can reduce the electricity costs of the 

GSHP during operations and decrease the installation cost 

by reducing the GHE length. Recently, a new type of GHE 

was proposed by Zhang et al. (2019) and Warner et al. 

(2020), called underground thermal battery (UTB). It 

consists of a tank filled with water containing a heat 

exchanger and a phase change material. The tank is buried 

into the ground at low depth. It was found that this 

solution is cheaper than a conventional vertical GHE; 

moreover, the presence of water and phase change 

material mitigates temperature changes in response to 

thermal loads, which improves the efficiency of the heat 

pump. 

This paper investigates a new ground heat exchanger 

system for heat pumps. It consists of a helical shaped pipe 

immersed in a water tank, buried into the ground at low 

depth. A CFD-model of the system was created, and it was 

compared with measured data. Then, the performance of 

the heat exchanger was analysed through parametric 

simulations. The goal was to evaluate how different 

parameters affect the performance of the system. 

Case Study 

Description of the system 

The ground heat exchanger analysed in this work consists 

of a helical shaped pipe in high density polyethylene 

immersed into a water tank built in concrete. The whole 

system is buried into the ground and the bottom of the 

tank is placed at a depth of 3 m. A mixture of water and 

propylenic glycol flows inside the pipe. The tank could be 

filled with groundwater or greywater obtained from a 

purification system. 

The tank is a cylinder with a diameter of 1,1 m and it is 

2,58 m high; the thickness is 5 cm for the lateral wall, 8 

cm for both the bottom and the top of the tank. On the 

cover, the presence of an inspection pit allows to check 

the water level inside the tank. On the upper part of the 

lateral wall there are some openings that let water 

exceeding the nominal volume to be dispersed on the 

surrounding ground, increasing the thermal conductivity. 

The layout of the system is shown in Figure 1.A-B. The 

heat-carrier fluid flows inside a double helical shaped-

pipe, whose characteristics are reported in Table 1. 

 

 

 

Figure 1: Helical pipe and tank (A), section of the 

systems (B) (dimensions in mm). 

 

Table 1: Characteristics of the pipe. 

Parameter Value 

Pipe internal diameter 26 mm 

Pipe external diameter 32 mm 

Internal helix diameter 578 mm 

External helix diameter  722 mm 

Turns for each helix 21 

Tube total length  90 m 

Pitch between two turns 72 mm 

The system as a ground heat exchanger extracts (releases) 

energy from (to) the ground in heating (cooling) mode. To 

increase the amount of energy to be exchanged, it is 

possible to connect more tanks in parallel; in this case 

study, four tanks are installed. In general, the number of 

tanks to be installed depends on the size of the heat pump. 

Water tanks are also connected to each other through an 

equalization tube that keeps the same water level in each 

one, avoiding imbalances in the system. They are buried 

into the ground and the space between them is about 10 

m. 

The heat exchanger system is coupled to a heat pump, 

which is used for heating, cooling and domestic hot water 

production; the heat pump characteristics are outlined in 

Table 2. A control system introduces water into the tank 

if temperature increases or decreases too much while the 

heat pump is working, to avoid a drop in efficiency or 

freezing risk. 

 

 

 

 

A 

B 
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Table 2: Characteristics of the heat pump. 

Operation method Capacity COP Total Power 

Input 

Heating B0/W351  7,5 kW  4,57 1,7 kW  

Heating W5/W352  9,9 kW  6,10  1,6 kW  

Cooling B30/W183  12,5 kW  8,19  1,5 kW  
1evaporator brine inlet at 0°C, condenser water outlet at 35°C 
2evaporator water inlet at 5°C, condenser water outlet at 35°C 
3condenser brine inlet at 30°C, evaporator water outlet at 

18°C 

Description of the building 

The heat pump is installed in a residential building 

recently built in Vazzola (Treviso, northern Italy). It is a 

single floor house, with a surface of 136 m2 (Figure 2). 

The electricity is produced by a PV system, installed on 

the roof of the building. The house is connected neither 

with the drainage system nor with the gas grid. The 

envelope presents a good insulation level, with average 

values of thermal transmittance equal to 0,22 W/(m2 K) 

for the roof, 0,24 W/(m2 K) for the walls and 1,45 W/(m2 

K) for the windows. 

 

Figure 2: Plan view of the building and connections 

between tanks. (Dimensions are expressed in cm). 

Method 

Numerical model 

In order to study the behaviour of the ground heat 

exchanger system, computer simulations were performed 

using COMSOL Multiphysics, a finite element simulation 

software in which the system analysed was modelled in 

2D-axisymmetric mode (COMSOL AB, 2014). The 

application of both a fluid dynamic and a heat transfer 

module to the geometrical model gave the possibility to 

simulate the thermal behaviour of the ground heat 

exchanger. 

The domain considered for the simulations is a 5 m radius 

cylinder in which the top of the tank is placed at 0,5 m 

under the ground surface. The boundary condition is 

applied at 3 m below the tank. 

The representation of the pipe was made through holes in 

the water volume, each one representing a coil. The 

overall geometrical model used in simulations can be seen 

in Figure 3. A mesh with 47615 elements is constructed 

(Figure 4). It consists on both triangular and quadrilateral 

distribution. 

The simulations are performed using a time dependent 

solver, and the behaviour of the domain is studied for 24 

hours with 15 minutes timestep. The decision of 

performing daily simulations is due to the high 

computation time required for CFD simulations. 

For each simulated case, thermal performances in heating 

mode were analysed. The following boundary conditions 

were set: the heat load was assumed as a step function 

applied on the external surface of the tubes, with a value 

of -1000 W (heat extraction rate) between 8:00 and 18:00 

(Figure 5), during other time intervals the heat load was 

set to zero. The ground thermal conductivity was set at 1,5 

W/(m K) with a volumetric specific heat capacity equal to 

2,4 MJ/(m3 K). The initial temperatures were set for the 

simulation: a uniform temperature value (3,4°C) was 

given to the water inside the tank, while for the ground the 

temperature value was set according to the Eq. (1) by 

Kusuda and Achenbach (1965), which gives a 

temperature variation according to time and depth: 

𝑇(𝑧, 𝜏) = 𝑇𝑚 − 𝐴𝑇 ∙ 𝑒𝑥𝑝 (−𝑧 ∙ √
𝜋

𝜏𝑦∙𝛼
) ∙ 𝑐𝑜𝑠 [

2𝜋

𝜏𝑦
∙

(𝜏 − 𝜏𝑠ℎ𝑖𝑓𝑡 −
𝑧

2
∙ √

𝜏𝑦

𝜋∙𝛼
)]    (1)

 

Figure 3: Heat exchanger COMSOL model.  

 

A constant external air temperature during the day equal 

to 2°C was considered. At 5 m from the axis, the average 

temperature along the depth from Eq. (1) was used as 

boundary condition; at the bottom surface the temperature 

from Eq. (1) at the corresponding depth was set. 

The COMSOL model was built to represent the installed 

heat exchanger and the results obtained from simulations 

were compared with some field measurements. Then, 

different configurations related to the geometry and 

operating conditions of the heat exchanger tank were 

investigated to evaluate how diverse variations can affect 

the obtained results. 
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Figure 4: Mesh of the domain. 

 

Figure 5: Daily profile of the heat extraction rate. 

CaRM model 

To evaluate the thermal behaviour of the ground heat 

exchangers the capacitance resistance model (CaRM) was 

developed (De Carli et al., 2010). CaRM is based on the 

electrical analogy to solve the transient heat transfer into 

the ground, grouting material and heat-carrier fluid. A 

module of CaRM is dedicated to shallow helical heat 

exchangers (Zarrella and De Carli, 2013). Figure 6 shows 

the overall modelling approach and the equivalent 

electrical network made of thermal resistances and 

capacitances. In the original model the helical pipe is 

buried into the grouting material or ground, consequently 

only heat conduction takes place. In this work, the CaRM 

was modified in order to consider the helical pipe inserted 

into a water tank which is in turn buried into the ground. 

To this purpose, the heat convection between the external 

surface of the helical pipe and water was implemented 

whereas the modelling of the surrounding ground 

remained unchanged. 

Inside the water tank natural convection occurs. To 

evaluate the convection heat transfer coefficient on the 

external helical pipe surface, correlations reported in 

literature were considered (Mates, 1987). In particular, 

the correlation for the average Nusselt number as a 

function of the Rayleigh number as the following: 

𝑁𝑢̅̅ ̅̅ =  𝐶𝑅𝑎𝑚 (2) 

where: 

𝑅𝑎 =  
𝑔 ∙  ∙ (𝑇̅𝑝 − 𝑇̅𝑤𝑎𝑡𝑒𝑟) ∙ 𝐷𝑜

3

 ∙ α
 (3) 

 

(A) 

(B) 

Figure 6: CaRM modelling overall approach (A), helical 

pipe modelling (B). 

 

The range for the constant C and m is reported in Table 3 

(Mates, 1987). The thermal properties of the water are 

calculated at the average temperature between the helical 

pipe external surface and the water of the tank at each time 

step. 

Table 3: Values of the constants C and m. 

Ra range C m 

10-10 10-2 0.675 0.058 

10-2 102 1.02 0.148 

102 104 0.85 0.188 

104 107 0.48 0.25 

107 1012 0.125 0.333 

 

In order to consider the convection heat transfer between 

the helical pipe and the water inside the tank, the heat 

balance on the helical pipe is modified as: 

𝑇𝑐𝑜𝑟𝑒(𝑗) − 𝑇𝑝,2(𝑗)

1
𝐷𝑜,2ℎ𝑤

+
𝑇0(𝑗) − 𝑇𝑝,2(𝑗)

1
𝐷𝑜,2ℎ𝑤

+
𝑇𝑓,2(𝑗) − 𝑇𝑝,2(𝑗)

1
𝐷𝑖,2ℎ𝑖,𝑓

+
1

2 2
𝑙𝑛 (

𝐷𝑜,2

𝐷𝑖,2
)

= 0 

(4) 
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In similar way, the heat balance equation for the wall tank 

(thermal node 0 in Figure 6) was also modified. As the 

temperature difference between the inlet and outlet of the 

heat-carrier fluid inside the pipe is low (around 3°C), the 

effect of the buoyant forces was neglected; thus, the 

calculation of the convection heat transfer coefficient was 

done using the average temperatures of the helical pipe 

surface and water into the tank. With the same approach, 

also the heat transfer balance on the internal surface of the 

water tank was modified. Beyond the tank, the CaRM 

structure was unchanged, consequently the heat transfer 

takes place via heat conduction into the ground along both 

the radial and axial direction. 

Results from both COMSOL and CaRM were compared 

with field measurements available for a day in the 

investigated case study; these were made using a Pt100 

sensor with about ±0,1°C uncertainty. The simulations 

were carried out with the same boundary conditions and 

characteristics of the system. The daily profile of the 

average temperature of the water inside the tank obtained 

from simulations in heating mode was compared to the 

temperature measured inside the tank on 16 December 

2018 (Figure 7). A correspondence can be observed 

between simulations and measured values: the slope of 

the curves is very similar, both when the heat pump is 

working and when it is not. The difference could be due 

to the previous operating conditions that affected the 

ground temperature. During 10 hours of continuous 

operation, COMSOL and CaRM simulations detect an 

average water temperature drop respectively equal to 

2,4°C and 2,9°C, very similar values to the measured one 

which corresponds to 2,8°C. 

 

Figure 7: Measured and simulated average water 

temperature into the tank in heating mode. 

Sensitivity analysis 

Using the model implemented in COMSOL, a sensitivity 

analysis was carried out to evaluate how variations on 

geometry, configuration, materials, properties of the 

ground and depth of the installation affect the heat transfer 

between the water into the tank and the surrounding 

ground. All the cases and their characteristics are 

summarized in Table 4. 

Starting from the model of the real system (Case R), three 

more geometrical models were studied, each one with a 

change in geometry or configuration. First, it was decided 

to evaluate if, by varying the number of turns, with a 

double value of the pitch and 11 turns for each pipe, a 

change in behaviour of the heat exchanger can be 

observed (Case A). The second and the third configuration 

were obtained making the tank respectively 2 and 3 m 

high, keeping the same pitch than Case R, so that in the 

first case the turns became 30, in the second one 58 (Cases 

B-C). 

Then, the influence of other aspects, different from 

geometry, was analysed. Starting from the configuration 

with half turns, the system was modified to simulate 

different conditions. A first case is based on the 

hypothesis of changing the material of the tank, which 

turns into a 1,5 mm thick metallic tank, in Steel AISI 340 

(Case D). A second case considers the installation in a 

place where the ground has different thermal properties, 

i.e. with thermal conductivity equal to 3 W/(m K) (Case 

E). Finally, the influence of installation depth was studied, 

simulating the different behaviour of a tank with the 

bottom located at 5 m depth (Case F). 

Table 4: Characteristics of different simulated cases. 

Case Description Characteristics 

R 
Real 

geometry 

21 turns for each pipe, pitch 72 

mm, tank 2,58 meters high, tank in 

concrete, walls thickness 5 cm, 

ground thermal conductivity 1,5 

W/(m K), bottom of the cell at 3 m 

depth 

A 
Half-coils 

configuration 

Same as R but with 11 turns for 

each pipe and pitch 144 mm 

B Lower tank 
Same as R but with tank 2 meters 

high and pipe with 30 turns 

C Higher tank  
Same as R but with tank 3 meters 

high and pipe with 58 turns 

D INOX tank 
Same as A but with tank in AISI 

340 and wall thickness 1,5 mm 

E 

More 

conductive 

soil 

Same as A but with ground 

thermal conductivity 3 W/(m K) 

F 
5 m depth 

installation 

Same as A but with bottom of the 

tank at 5 m depth 

Results and discussion 

Sensitivity analysis results 

The average temperature of water inside the tank, 

calculated through the application of a volume average on 

the water domain in COMSOL, is the parameter used to 

compare different configurations of the heat exchanger 

between each other. Different daily profiles are compared 

in Figure 8, where they are distinguished between cases 

with changes of the geometry or configuration of the heat 

exchanger (Cases A, B, C) and others with modification 

related to the operating conditions (Cases D, E, F). 

The choice of the average water temperature as a 

significant parameter was taken considering its direct 

relationship with the temperature of the heat-carrier fluid 

inside the pipes and, consequently, with the energy 

efficiency of the heat pump: in fact, during the heating 

season, a temperature increase of water into the tank is in 

general related to a rise of the machine efficiency. 
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The different profiles obtained point out some important 

differences among the configurations assumed for the 

present study. The first aspect is related to the different 

configuration of the helical pipe: as the profiles of Case R 

and Case A are substantially overlapping, it can be 

concluded that a change in the pipe configuration (number 

of turns and pitch) does not lead to a great difference in 

the thermal behaviour of the heat exchanger. 

A different influence can be observed if the volume of 

water inside the tank is changed: a lower volume involves 

a higher temperature drop (Case B), while a tank 

containing a greater volume of water involves a lower 

temperature drop (Case C). 

As the operating condition changes are concerned, 

reported results point out that a higher installation depth 

is preferable, because it increases the operating 

temperature in the considered case. At the same way, the 

configuration concerning the more conductive ground 

(Case E) implies higher temperature of the water in the 

tank, thanks to an improved heat exchange with the 

ground. Results obtained from simulations of Case D 

show the effects of a decrease of thermal resistance of the 

tank due to a change of material: in few timesteps, the 

water shows a rapid increase in temperature, but in the 

remaining time the profile is similar to the reference one.  

In addition, the temperature of the ground surrounding the 

heat exchanger was analysed. The profiles shown in 

Figure 9 are obtained through the evaluation of the 

average temperature on a cylindrical surface of ground 5 

cm beyond the tank, starting from the ground surface for 

5 m depth. 

A lower temperature value for the ground just outside the 

cell is related to a higher capacity of the water volume to 

extract heat from the surrounding ground. These results 

confirm what already expressed in the previous analysis: 

the tank with the largest volume of water (Case C) and the 

deeper installation (Case F) are the two configurations 

which show higher ability to extract energy from the 

surrounding ground, allowing the heat exchange inside 

the tank to occur at higher temperature.  

Figure 8: Daily profile of the average water temperature inside the tank for different configurations. 

Figure 9: Daily profile of the ground temperature at 5 cm from external surface of the tank for different configurations 

Referring to Case E, a composition of the soil which 

increases heat transfer results in a lower temperature 

decrease on the ground outside the tank during the 

working hours and in a better performance when the plant 

is off: this improvement is highlighted by the fact that 

while the simulation time proceeds, the profile of Case E 

keep on deviating from the reference one (Case R). In this 

case, the higher temperature of the ground is not related 

to the inability of the heat exchanger to extract energy, but 

to a higher heat flux from the ground far from the heat 

exchanger which increases more rapidly the temperature 

near the tank, taking to a continuous improvement of the 

working conditions. 

Another parameter used to compare the different cases, is 

the energy exchanged between the pipe, the water inside 

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
3057

 
 

https://doi.org/10.26868/25222708.2021.30377



 

 

the tank and the ground. In this analysis, an amount of 

energy of 10 kWh (Figure 5) is extracted by the pipes 

during one day. Part of this energy is absorbed from the 

ground, part is stored in the water volume, according to 

the tank configuration. The parameter used to carry out 

this analysis is the temperature difference (ΔT) of the 

water in the tank between the time steps the system is 

switched on and switched off, which correspond to the 

interval 8:00 – 18:00 in simulations. The analysed 

parameter is correlated to the volume of water in the tank 

and their relationship is shown in Figure 10. As it can be 

seen, the higher is the volume of water inside the tank, the 

lower is the ΔT, and this aspect is related to a different 

thermal capacitance among analysed configurations. At 

the same way, ΔT is related to the energy that the water 

tank stores while the plant is on. Thermal storage has a 

positive effect on the system because it allows a 

continuous energy exchange, also when the plant is not 

working, contributing to reduce temperature changes in 

response to thermal load, which leads to an increase in 

efficiency. 

 

Figure 10: Correlation between ΔT and water volume.  

The energy stored during the operating hours is evaluated 

through the following equation: 

 𝑄𝑠 = 𝜌 𝑉 𝑐𝑝 ∆𝑇 (5) 

This parameter describes the energy that the tank stores in 

the water volume. It is affected by the ability of different 

heat exchangers to extract energy: a lower interaction 

with the ground leads to increase the value of Qs and, 

consequently, a lower water temperature in the tank. 

Therefore, considering that in this case the heat load was 

imposed, the lower the Qs, the higher is the energy 

exchanged with the ground. Results obtained from 

simulations are shown in Figure 11. As it can be seen, the 

tank installed at a higher depth (Case F) and the 

installation in a more conductive ground (Case E) 

presents a lower value of Qs. 

A cost analysis was also carried out on the presented 

system (Case R), comparing this solution with a common 

double U-tube configuration. For both systems, costs 

related to the heat pump and horizontal coupling were 

neglected. For the tank heat exchanger, the cost analysis 

concerned a system with four tanks installed in parallel. 

Similarly, for double U-tube configuration, the 

installation of two boreholes in parallel, each 100 m deep, 

was considered for a plant of equal power; in this case, the 

installation cost was assumed equal to 40 €/m, that is the 

mean value in the Region of the case study. The 

comparison between the different configurations shows 

that the cost for the realization of the heat exchanger tank 

is equal to 4980 €, whereas the cost for common boreholes 

is about 8000 €. 

 

Figure 11: Energy stored for different configurations of 

the water cell. 

Conclusions 

In this work, a new ground heat exchanger for ground 

source heat pumps has been studied. It was modelled 

through a finite element software and modifications on an 

existing Capacitance Resistance Model were developed to 

adapt it to the analysed system. 

Simulation were carried out in heating mode, and their 

results show that variations of the water volume inside the 

tank influence daily temperature profiles: in case of 

higher volume, a decrease of 31% can be observed on the 

temperature drop, whereas a lower volume take to an 

increase of 33% of the same parameter. 

Other parameters were considered in this work: it was 

concluded that installation at higher depth or in a more 

conductive soil can take to a higher water temperature 

inside the tank, whereas pipe configuration and material 

of the tank seems not to influence too much the system 

behaviour. 

The work carried out was based on the short-term, 

because of the high computational time required for CFD 

simulations; the application of the capacitance resistance 

model was preparatory to long-term analysis, which will 

be the aim of future works. 

Acknowledgements 

The authors would like to thank Eng. Ferdinando 

Dall’Acqua for the excellent cooperation, allowing the 

analysis on the system designed by himself, and for the 

possibility of using the monitored data. 

Nomenclature 

𝐴𝑇: annual amplitude of the monthly average air 

temperature cycle (K) 

𝐶: constant correlation (-) 

𝑐𝑝: specific heat (J/(kg K)) 

𝐷𝑖,2: internal pipe diameter (m) 
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𝐷𝑜,2: external pipe diameter (m) 

𝑔: gravity acceleration (m/s2) 

ℎ𝑖,𝑓: convection heat transfer coefficient inside pipes 

(W/(m2 K)) 

ℎ𝑤: convection heat transfer coefficient outside pipes 

(W/(m2 K)) 

𝑚: constant correlation (-) 

𝑁𝑢: average Nusselt number (-) 

𝑄𝑠: energy stored in the tank during operations (J) 

𝑅𝑎: Rayleigh number (-) 

𝑇: temperature (K) 

𝑇0: tank wall temperature (K) 

𝑇𝑐𝑜𝑟𝑒: tank core temperature (K) 

𝑇𝑓: temperature of the fluid in the pipe (K) 

𝑇𝑚: annual average air temperature (K) 

𝑇𝑝: wall temperature of the pipe (K) 

𝑇𝑝: average wall temperature of the pipe (K) 

𝑇𝑤𝑎𝑡𝑒𝑟: average water temperature (K) 

∆𝑇: temperature drop in the tank during operations (K) 

𝑉: volume of water inside the tank (m3) 

𝑧: depth (m) 

𝛼: ground thermal diffusivity (m2/s) 

𝛽: coefficient of thermal expansion (1/K) 

𝜆2: pipe thermal conductivity (W/(m K)) 

𝜈: kinematic viscosity (m2/s) 

𝜌: density of water in the tank (kg/m3) 

𝜏: time (s) 

𝜏𝑦: time of one year (s) 

𝜏𝑠ℎ𝑖𝑓𝑡: time to account for the date of minimum surface 

temperature (s) 
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