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Introduction: The use of the ground as a reservoir or source of thermal energy is well established 

with examples dating back to antiquity.  In more recent times systems utilising modern engineering 

technology have become more widespread with examples including ground source heating (e.g. 

Florides and Kalogirou 2007), shallow energy piles (e.g. Wood et al. 2010), passive heating and 

cooling of buildings (e.g. Rees et al. 2000; Zoras 2009) and inter-seasonal thermal energy storage.    

The performance of near surface ground energy collection and storage systems is highly dependent on 

the amount of energy present in the near-surface region of the soil and its temporal variation as well as 

the design of the installed system.  To allow the assessment and design of such systems it is therefore 

necessary to be able to correctly represent a number of key factors including: the transfer of heat 

between the ground surface and the atmosphere; the movement of heat within the engineered soil 

mass; and the movement of heat energy within the collector and storage systems.  In this paper, these 

factors are explored in the context of modelling an inter-seasonal heat storage facility, with a 

comprehensive experimental dataset (Carder et al., 2007) from a two year-long inter-seasonal heat 

storage system demonstration project used to validate the adopted approach.  Inter-seasonal heat 

storage systems are of use in applications that have an cyclical annual thermal energy demand 

typically driven by energy demands in the winter (e.g. for heating buildings and winter thermal 

maintenance of highways or aircraft stands) and an excess of heat energy in the summer (with high 

levels solar energy availability and in some cases waste heat availability from various heating and 

ventilation systems).  

Modelling Framework: The analysis of an inter seasonal heat storage facility requires the solution of 

the transient heat transfer equation in a 2D or 3D soil domain coupled with the solution of the transient 

heat advection equation representing the heat transfer in the collector and storage pipe systems. 

Suitable boundary conditions are required to represent both energy balance at the soil surface and 

energy transfer between the soil mass and the pipes.  The transient heat transfer equation can be 

expressed as 
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where Cp,b (J/m3K) is the volumetric heat capacity of the soil, bulk λb (W/mK) is its thermal 

conductivity, Ts (˚C) temperature of the soil and t is time.   

 

A general energy balance is used to define the boundary condition at the soil surface. The energy 

balance takes into account solar radiation, infrared radiation, convective and evaporative heat fluxes 

and can be expressed as: 
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where αS is the solar albedo, n̂ is the unit vector normal to the surface, R (W/m2) is the magnitude of 

solar radiation, σ (W/m2K4) is the Stefan-Boltzmann constant, εss is the infrared emissivity of the 

surface, εsky is the emissivity of the sky, Ta (˚C) and Ta,K (K) are the temperature and absolute 

temperature of the air respectively, Tss (˚C) and Tss,K (K) are the temperature and absolute temperature 

of the soil surface respectively, ea (kPa) and ess (kPa) are the water vapour pressure of air and soil 

surface respectively, hE (W/m2kPa) is the evaporative heat transfer coefficient, hC (W/m2K) is the 



 

 

convective heat transfer coefficient.  The soil surface can be composed of different types of material, 

in this paper two particular cases are considered: bitumen pavement and soil partially covered by 

vegetation. For the first case, values for variables used and specific expressions for hE and hC in (2) are 

taken from Jansson et al. (2006). In the second case, the energy balance is modified to take into 

account the presence of a canopy cover as suggested by Herb et al. (2008) whom also provides 

suitable values for variables and coefficients present in (2).  

The heat transfer process in the pipes constituting a buried heat exchanger is assumed to be defined by 

the heat advection equation as presented by Pérez Guerrero et al. (2009): 
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where uf (m/s) is the velocity vector field that describes the fluid's motion, Tf (˚C), ρf (kg/m3) and cp,f 

(J/kgK) are its temperature, density and specific heat capacity respectively. Qf (W/m3) takes into 

account heat generation inside the pipes. The thermal interaction between the pipes and the ground is 

treated as a boundary condition (for the soil domain) while it is treated as an internal heat source, Qf 

(W/m2), for the pipe domain. This approach is applicable if the relative size between the soil mass and 

pipe domains allows the latter to be treated as a 1D system. The magnitude of thermal energy 

transferred between soil and pipes is a function of temperature (through the thermal properties of the 

fluid), the fluid velocity and the pipe geometry.  The coupling between the two transient governing 

equations (1) and (3) can be successfully achieved by adopting an iterative algorithm, full details of 

which are available in Muñoz-Criollo (2015). 

Modelling an inter-seasonal heat storage facility: The above model has been used to investigate the 

factors influencing the performance of the field scale demonstration project presented by Carder et al., 

(2007).  This allows validation of the modelling approach and the impact of various system parameters 

to be explored.  The system is comprised of a collector pipe array (5 m wide and 30 m long using 10 

polyethylene pipes spaced at 0.25 m centres and arranged in a horizontal U loops) placed at a depth of 

0.1m below the road surface and a second similar storage pipe array at a depth of 0.875 m, below a 

0.2m thick insulation layer, as illustrated in Figure 1.  In the summer months pumps were activated 

when the temperature difference between the control sensors located at the collector and storage levels 

was approximately 1.4 ˚C. Once active, the pumps were turned off when the temperature difference 

dropped to approximately 0.3 ˚C.  In the winter the pumps were active when the temperature at the 

road surface fell below 2˚C.  Figure 1 indicates the thermal energy stored at the end of the summer 

storage and winter usage periods. Figure 2 shows a comparison of the measured and modelled 

variations in temperature at the collector and storage pipe depths.  A series of further analyses have  

 

Figure 1 – Temperature (°C) at the end of Summer 2005 (left) and at the end of Winter 2005-2006 (right) 
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Figure 2 - Transient variations of soil temperature under the road at a) 0.1325 m (collector depth) and b) 0.8475 m 

(storage depth) for Summer 2005 (collection). 

been undertaken (see Muñoz-Criollo (2015) for full details) investigating the impact of surface 

conditions (including material type, shading and vegetative canopies) on surface thermal fluxes. 

Discussion and overall conclusions: Results show that correct representation of the transfer of heat 

between the ground surface and the atmosphere; the movement of heat within the engineered soil 

mass; and the movement of heat energy within the collector and storage systems is critical in the 

assessment of the performance of such systems.  In particular it is necessary to take into account both 

low level vegetative canopy cover and diurnal shading, with the presence of nearby objects that might 

prevent the collection surfaces of the system from receiving optimal amounts of solar radiation and in 

turn reduce the thermal potential of the system being key.  Analyses of system activation protocol 

found it has a significant impact and that optimising overall system performance requires careful 

consideration of system running costs.  In terms of energy efficiency comparison of the energy used in 

running the pumping system and the energy used in heating the road surface during winter indicates a 

coefficient of performance of ~4.8, with 70% of the electrical energy being used in the summer 

storage period.  It is believed that use of innovative materials where material properties can be 

controlled could lead to significant improvements in the system efficiency and these possibilities are 

currently under investigation. 
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