Modelling of Heat Energy Recovery Potential form Underground Railways with Nearby Vertical Ground Heat Exchangers in an Urban Environment

ABSTRACT
Ground source heat pumps (GSHPs) in urban environments can take advantage of surplus ground heat energy generated by subterranean infrastructures such as underground railways (URs). This paper describes seminal work in this area and a novel 3D numerical investigation into the heat energy recovery from URs with nearby vertical ground heat exchangers (GHEs). The investigation uses the London Underground (LU) as a case study but its results are generic worldwide. The investigation included a number of studies considering different geometrical configurations of the railway tunnels and the nearby GHE array, and the impact of that variation on the GHEs heat extraction rates. The results showed that heat extraction rates of GSHPs installed near UR tunnels can be significantly improved by up to ~ 43%. This will enhance overall GSHP system efficiencies, resulting in substantial savings in both operational costs and carbon emissions. In addition, the outcomes were used to develop a relationship which allows approximating the GHEs heat extraction improvements due to the nearby tunnel(s) heat load(s). This could give guidance to engineers working in fields where thermal interactions between URs and nearby GHEs arise.
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1. Introduction
In March 2007, the European Council made a commitment to reduce greenhouse gas emissions by 20% by 2020 (European Commission, 2009). The UK Government went further and established a target to reduce the nation’s CO2 emissions overall by 80% by 2050 in comparison to the 1990 reference point (The Stationery Office, 2008). Later it was shown that more than 40% of fossil fuels are burnt for low temperature heating of buildings (Nera Economic Consulting, 2009). Therefore, to achieve the 2050 targets, the decarbonisation of the heat sector through the implementation of low carbon heating solutions is essential. Reductions in heating related carbon emissions become a focus of many cities across Europe. For example The Mayor of London supports the greater use of renewable and low carbon generation technologies. The Mayor has also set a target for London to generate 25% of its heat and power requirements through the use of local, decentralised energy systems or also called district heating networks (DHNs) by 2025 (GOV.UK, 2015). Renewable decentralised energy opportunities including the use of energy from secondary sources such as sewers, electricity cable tunnels or underground railways (URs). These urban infrastructure systems, are potent and untapped energy sources, are often in close proximity to areas of high heat demand and could potentially provide a year-round heat supply. In the UK, It was shown that the total heat which could be delivered from secondary sources in London is of the order of 71 TWh/year, which is more than the city’s total estimated heat demand of 66 TWh/yr in 2010 (The GLA and Buro Happold, 2013). Some of these secondary heat sources have the limitation that their location is too far from where the heat is needed or that they are only available at a particular period of the year. However, UR tunnels are often in close proximity to areas of high heat demand and could potentially provide a year-round heat supply (Revesz et al., 2016). 
Heat recovery from URs can be achieved using different techniques. For example, embedded tunnel liner heat exchangers could be viable solutions for newly constructed tunnels, which are routinely built as part of city and infrastructure planning. Early examples of this form of heat recovery from URs are reported in Austria, where geothermal energy systems have been installed in tunnels lined with sprayed concrete (Adam and Markiewicz, 2009). An example of an activated floor slab solution is the Messe-Prater metro station of the U2 metro line in Vienna. In Germany, segmental tunnel linings equipped with heat exchangers have been installed to supply a municipal building with heating energy. The CO2 emission savings compared with gas-fired boilers were estimated at between 25-35% (Franzius and Pralle, 2011). The work of Winterling et al. (2014) provided an overview of a tunnel energy segment system for London’s Crossrail. The proposed heat recovery system included embedded closed-loop water-filled pipework in tunnel segments, to extract heat. It was shown that this could provide both cooling to the tunnels and heating for adjacent buildings. 
Heat utilisation through the ventilation system of an UR, has also been a focus of a number of studies. This method uses a heat exchanger built in the railway network’s ventilation shaft which may capture the heat from the air and a water circuit then transfers it to a heat pump. The heat pump may be connected to a third party’s building or small-scale district heating system. The work of Thompson and Maidment (2010) showed that air source heat recovery through the ventilation system of an UR was viable. This was further supported by Gilbey et al. (2011) and by Ninikas et al. (2016). A more recent study by Davies et al. (2017) called Metropolitan Integrated Cooling and Heating (MICAH) proposed a concept for integrating LU cooling systems with a District Heating Network (DHN) in London. The proposed scheme involves the use of a fan coil heat exchanger located close to the head of the railway’s ventilation shaft.  The fan is reversible, enabling its use in either: (i) supply mode, whereby ambient air is drawn through the heat exchanger and cooled, with the chilled air generated being supplied to the underground tunnels via the ventilation shaft, (ii) extract mode, whereby heated air exhausted from the tunnels is directed across the heat exchanger. In both cases the heat extracted from the air is transferred to cold water, flowing through the heat exchanger, raising its temperature. This approach is currently being implemented in London Borough of Islington where waste heat from the LU tunnels will help warm hundreds of local homes with cheaper, greener heating (Euroheat & Power, 2017). A similar scheme is currently being implemented within the Bucharest metro, Romania, as part of the H2020 project, ReUseHeat (2017).The project aims to develop an innovative heating network that can recover the waste heat from the ventilation system of the metro network. The heat will be used in either the Bucharest district heating network or a separate heat supply network.
The soil surrounding UR tunnels also contains large amount of heat energy which could potentially be extracted through ground source heat pumps (GSHP). However, the potential for this type of heat recovery has not yet been established, and is the subject of this paper.

2. Investigation of heat energy recovery potential from URs with nearby GHEs
2.1 Preliminary investigations
Revesz et al. (2016) have reviewed and identified potential modelling technics which could be implemented for the analysis of the thermal interactions between URs and nearby vertical ground heat exchangers (GHEs). The authors have also introduced a preliminary 2D investigation which had the key objective to establish key phenomena for more comprehensive research (Revesz et al., 2015). The main outcome of that initial investigation was that the interaction between URs and nearby vertical GHEs is a genuine phenomenon. It was therefore worth further research to promote energy efficiency in GSHP installations. Since the operation of the URs and GSHP involves complex, transient, three-dimensional (3D) transport phenomena and extreme geometrical aspect ratios, 3D numerical models of URs and GHEs were independently developed and validated by  Revesz et al. (2017). Each of these numerical models were built with the software package COMSOL Multiphysics (COMSOL Muliphysics, 2017). Validations of the numerical models were achieved by comparing simulation results against measured temperature data at the LU network as well as against analytical solutions such as the Finite Line Source (FLS) method. The individual UR and GHE models were then built into the same modelling environment for their combined analysis. 
2.2 Geometrical features of the 3D UR-GHE numerical model
For the investigation detailed in this paper, the combined UR-GHE numerical model was used to present 5 of the many different studies. The 3D reference model included a single UR tunnel and 40 vertical single looped GHEs with a depth of 100 m (~8000 m of overall GHE pipe length). This is a medium sized GSHP installation that would usually be found in urban areas.  The different ground conditions that typically exist down to 115 m below the surface within the central London area were taken into account in the building of the model. The soil layers are illustrated in Figure 1 and their thermo-physical properties are summarized in the work of Revesz et al. (2015). It is important to note that in most locations in London, UR tunnels run through London clay, a soil of very low permeability. For this reason, the combined model assumes negligible groundwater movement. The width of the soil domain is a function of the number of GHEs in the “x” direction of the model geometry and the depth of the soil is a function of the number of GHEs in the “y” direction with spacing between the individual GHEs set at 6 m in both directions. The overall height of the soil domain is 15 m deeper than the GHEs, i.e. 115 m. The UR tunnel diameter is 4.4 m with a concrete tunnel liner thickness of 0.5 m. The depth of the centre of the UR tunnel is 24 m below the ground surface. The proximity, which is the separation distance between the tunnel wall and the closest line of the GHE array to the tunnel, was set as 3 m. This figure was chosen as it is the minimum distance that LU allows for any structures to be constructed near the tunnels (TfL, 2013). The 3D model geometry and boundary conditions were built in a way that allows to easily modifying the tunnel configurations (i.e. single or multiple tunnels or the number of heat exchangers within the GHE array or the aspect ratio of that array). Modifying the depth and looping configuration (i.e. single or double looped) of the array is also allowed within the model geometry.
The finite element mesh of the soil domain was built using tetrahedral elements. The first two soil layers, Made Ground and Thames Gravels, were more refined than the London Clay. This was because the vertical temperature gradient caused by climatic effects was considered to have a more significant effect within those layers. Free triangular mesh elements were built on the centre of the tunnel inlet surface. These triangular elements were extended with a boundary layer mesh which was built with layered prism elements. Both the triangular and prism elements then were swept along the tunnel from its inlet to its outlet. It can be seen on the right side of Figure 1, that the mesh was more refined in and around the circumference of the GHEs, at the air/concrete interface of the UR tunnel, and within the first two layers of the soil domain. The mesh independency of the model generated results was achieved through an analysis which included comparing temperature values at a specific point using five different mesh density configurations. Two out of five converged towards nearly the same value at the point of interest and the one with the lower number of elements (663,580) was selected in order to achieve a faster simulation time.
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Figure 1: 3D UR-GHE model geometry (left) and mesh (right)

2.3 Modelling objective
The investigation detailed in this paper includes five different studies. The key modelling objective for each study was to investigate the potential improvements on the GHEs heat extraction rates due to the proximity of the UR tunnel(s). When such thermal interactions of URs with GHEs are investigated, it is important to consider the initial effect of the UR operation on its surroundings. Starting a simulation of an UR-GSHP model from a uniform soil temperature profile would not be realistic for a London based case study. This is because the operation of the URs over an extended period would have impacted on the surrounding soil temperature prior to the installation of the GSHP. For this reason the numerical UR-GHE analysis first considered an initial 50 year long simulation period with the operation of the UR only. After that many years of operation the warming effect of the UR on the surrounding soil is almost negligible. This was shown by a preliminary investigation presented by Revesz et al. (2017). The results of that initial study were then used as starting conditions, for a second transient study, which was performed with both the UR and GHE operation over a 2 year long simulation period with a maximum time step of 1 day. Figure 2 illustrates an example where the average fluid temperature at the GHE pipe outlet is shown over a 10 year simulation period whilst circulating fluid at a constant temperature, 5˚C, at the pipe inlet. It can be seen in the figure that this period does not achieve full convergence of the results. However, over 90% of the change does occur in the first 2 years making this a suitable point to consider the impact of any of these changes. Therefore, the results should not be considered as a final steady state response. 

[image: ]
Figure 2: Average GHE fluid temperature at the pipe outlet over 10 year period

The 3D UR-GHE numerical model was then used to investigate the impact of the UR tunnel heat load on the nearby GHEs, based on a number of different geometrical scenarios. The set-ups and results of these 5 different studies are detailed in section 3. During each study the following outputs were monitored and then later analysed:
The GHEs’ average fluid temperature at the pipe outlets [˚C]
The GHEs’ average heat extraction rate [kW]

2.4 Model Characteristics
A simplified temperature boundary condition was applied for the soil surface which follows Equation 1. The formula represents a periodic annual cycle which starts in the month of May. A similar method was used by Busby et al. (2009) as well as by Lazzari et al. (2010). The initial temperature of the soil domain  was set according to Equation 2 where the average UK geothermal gradient is 0.026°C m-1. The lateral boundary of the domain was assumed to be adiabatic therefore a Neumann boundary condition was applied that can be expressed as Equation 3.
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Where:




The fluid flow and heat transfer problems in the GHE pipes were physically modeled using linear pipe elements, reducing the 3D flow problem to 1D. This resulted in a greatly improved computational efficiency over meshing and computing 3D pipes with finite diameter. The boundary conditions which were defined on the inlet point of the linear pipe elements were the volume flow rate and a prescribed temperature. A mixture of water and propylene glycol with a concentration of 20% by volume was used as the heat exchange fluid. The thermal properties of the water-antifreeze solution were taken from the ASHRAE Handbook Fundamentals (ASHRAE, 2009) and are summarised in Table 1. The GHEs operational characteristics were kept the same within the five studies. That is, they had fixed temperature and volume flow rate boundary conditions applied at the inlets of the GHE, 5˚C and 0.1 l/s respectively. The former was used to describe the heating of the fluid, whilst the latter was used to define the flow of the circulation fluid inside the pipes. These are typical operating conditions for a London based GSHP system which is functioning in its heating mode (i.e. cooling the ground). Such a single operating mode (heating only) is often not suitable for GSHPs due to the resulting imbalanced ground temperatures. However, within the modelling scenario which is investigated in this paper, such that the GHEs are installed near an UR tunnel, the soil temperature remains relatively warm due to the operation of the trains. This is because the trains are dissipating GWs of heat into the soil compared to the scale of heat which is being taken out by the GHEs, which is in the range of kWs. In addition, the emphasis of this part of the investigation was to understand how different geometrical configurations of the GHE array in the vicinity of the UR tunnel(s) would work under typical optimum load conditions. It is proposed by the authors that in future work, the operation of the GHEs will be modified based on the ground temperatures surrounding the GHEs and the operation will be matched to the seasonal energy requirements of the building to which the system is connected to.
[bookmark: _GoBack]The pipe flow problem was determined by solving the momentum and continuity equations as described by Barnard et al. (1966). Within these equations, the model makes use of the Darcy friction factor,  which accounts for the continuous pressure drop along a pipe segment due to viscous shear, and is expressed as a function of the Reynolds number,  and the ratio of the surface roughness to the hydraulic diameter. The estimation of  is detailed within the software’s user manual. 
The heat transfer in pipes problem is governed by the equation for an incompressible fluid flowing in a pipe as given by Equation 4. The second term on the right hand side corresponds to friction heat dissipated due to viscous shear. The radial heat transfer from the surroundings into the pipe is given by Equation 5. In Equation 5,  is an effective value of the heat transfer coefficient  (W/(m2*K)) multiplied by the wall perimeter (m) of the pipe and  (K) the external temperature outside of the pipe. In the numerical model, corresponds to the temperature field computed in the 3D domains. The heat transfer coefficient per unit length of pipe, including internal film resistance and the wall resistance, are described with Equation 6. The internal film resistance can be calculated as Equation 7 where  is the fluid thermal conductivity, is the pipe hydraulic diameter and,  is the Nusselt number which defined as the ratio of convective to conductive heat transfers across a boundary. 

	
	
	(4)



	
	
	[bookmark: _Ref472951454](5)

	
	
	

	
	
	(6)

	
	
	

	
	
	(7)

	
	
	


The model inputs related to the operation of the UR system were fixed during the different studies. This is due to the fact that the operational characteristics of the deep level URs in London do not differ significantly. The model takes into account the heat release from the trains. For minimising the computational effort, it uses a 1D linear element for simulating the train as a line heat source within the tunnel. This source, train is regarded as a general source with a distribution of unit power per unit length [W/m]. The heat dissipation is a highly varying phenomenon due to the high train frequency during normal operating hours. In order to reduce this level of complexity within the model an average continuous heat rate was assumed. This was based on the typical trains per hour (TPH) profile of the LU which is illustrated in Figure 3 (left). 
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Figure 3: Typical hourly TPH profile of the LU (left) and the resulting hourly averaged heat dissipation values (right)

The TPH values were then converted into hourly averaged heat train heat dissipation rates assuming that the TPH of 10 equates to a typical train heat dissipation rate of 200 W/m. The resulting averaged W/m values are illustrated in the right side of Figure 3. It can be seen that the heat dissipation from the trains shows a similar trend to the train frequency and it peaks at around 480 W/m during the rush hours. Based on these values the average daily train heat load was estimated and implemented into the model. This average daily train value is 284 W/m, as is highlighted with the dotted line in Figure 3 (right). Removing the short term variation in train heat dissipation rates substantially improved computational efficiencies.
The material that surrounds the line heat source is air. Incorporation of the air domain within the model gives additional flexibility for future analysis in terms of allowing changing the operation of the railway if needed or analysing the mutual impact of the UR tunnels with the nearby GHEs. The air enters at the tunnel inlet at a specified temperature then, flows through the entire tunnel domain with a specified velocity and finally leaves the tunnel at its outlet. The temperature of the air entering the tunnel is time-dependent. This has been set based on the work of Gilbey et al. (2011) who showed that there is a linear relationship between platform and outside air temperatures and it can be expressed as Tplatform = 0.36 × Toutside_air + 19.5. The authors’ work also showed that tunnel temperatures are typically 2 to 3°C cooler than platform air temperatures. This was explained as being a result of the heat produced by the braking mechanism concentrating at the platforms. To reflect this in the model, the time dependent tunnel air inlet temperature boundary within the model was set as shown in Equation 8. To prevent the inclusion of an additional parameter the model assumes that the outside air temperature (ambient as used by Gilbey et al. (2011)) can be approximated as soil surface temperature from Equation 1.

                                                                                      (8)

The other condition is a net inflow into the tunnel domain. The single phase air flow was assumed to be turbulent with a high Reynolds number. The velocity of the tunnel air was assumed to be a fixed value of 3.5 m/s, which is an approximate average value of the LU’s air flow for operational and non-operational periods (Ting et al. 2009). The equations solved for the turbulent air flow are the Reynolds-averaged Navier-Stokes (RANS) equations for conservation of momentum, the continuity equation for conversation of mass, and an algebraic equation for the scaled wall distance. The derivation of RANS equations are widely explained within the literature and are therefore not detailed here. Detailed information about how the COMSOL Multiphysics (2017) solves these equations can be found in the tool’s user manual. For solving the transient heat transfer within the air domain the model uses Equation 9. To determine the local heat transfer coefficient at the air-tunnel interface the model uses the Dittus-Boelter equation which is a correlation for internal forced convection in tubes.
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In terms of the geometrical parameters of the UR railway, the only variation was to compare a single tunnel scenario with a multiple tunnel one. The 3D model geometry and the main domains such as: (i) Soil; (ii) UR tunnel; (iii) GHEs are illustrated in Figure 4. The governing physics (GP) for each domain as well as some of the applied boundary conditions are also presented in the figure. 
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Figure 4: The 3D model geometry: domains and governing physics

The thermophysical properties of the different materials within the numerical model are summarised in Table 1. 
	Table 1. Thermophysical properties

	Material
	Value
	Unit

	Ground: Made Ground, Thames Gravels, London Clay
	
	

	  Thermal conductivity
	2.2, 0.95, 1.3
	W/m*K

	  Specific heat capacity
	3982, 920, 790
	J/kg*K

	  Density
	1800, 2000, 1920
	kg/m3

	Circulation fluid in GHEs
	
	

	  Dynamic viscosity
	2.02
	mPa∙s

	  Thermal conductivity
	0.48
	W/m*K

	  Specific heat capacity
	3962
	J/kg*K

	  Density
	1020
	kg/m3

	Concrete tunnel liner
	
	

	  Thermal conductivity
	1.1
	W/m*K

	  Specific heat capacity
	880
	J/kg*K

	  Density
	2400
	kg/m3

	Tunnel air 
  
	Built in material properties in COMSOL Multiphysics (2017)



3.  Results
3.1 Study 1: Single vs multiple tunnels
The aim of Study 1 was to establish whether the heat load from multiple running tunnels would have a larger impact on the nearby GHE array than a single tunnel. The aspect ratio of the GHE array was chosen as 1x40 (i.e. a single line of GHEs at 3 m horizontal separation distance from the wall of the UR tunnel). The 3D model geometries with a single and multiple UR tunnels are illustrated in Figure 5. 
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Figure 5: 3D model of geometry of multiple UR tunnels and 1x40 GHEs

All parameters were the same between the two model geometries, however in the multiple UR tunnel option the second tunnel’s centre point was positioned 27 m below the ground surface (3 m below the 1st tunnel’s centre point). This layout was chosen to represent the typical ‘rising’ and ‘falling’ alignment of the tunnels. Within the multiple tunnels model setup the horizontal distance between the centres of the tunnels was set as 7.5 m. In both model geometries the proximity, which is the separation distance between the tunnel wall and the closest line of the GHE array to the tunnel, was set as 3 m. GHE spacing was set as 6 m which resulted in an overall array length of 234 m.
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Figure 6: Study 1-Average GHE fluid temperature increment (left) and heat extraction rate (right)

Figure 6 shows the simulated averaged temperatures of the GHEs fluid at the pipe outlets. It can be seen that the fluid temperature increased by an average of 0.7˚C due to the tunnel heat load from a single tunnel and of 0.9˚C when a multiple tunnel heat load scenario was applied in the model. This higher temperature profile was observed from the very beginning and throughout the simulation time. This shows that the initial ground temperature which is affected by the URs is an important characteristic to consider when UR-GSHP interactions are being investigated. The increment of the GHEs’ average fluid temperature in percentage was measured as 8.9% for single and 11.5% for multiple tunnel geometry. On the other hand, the GHEs average heat extraction rate increased by 24.7% when the single and by 31.8% when the multiple tunnel heat load was applied within the model.  This is shown in the right side of Figure 6.
3.2 Study 2: GHEs between multiple tunnels
Study 2 considered a geometrical scenario whereby the vertical GHEs are placed between multiple tunnels at 3.5 m horizontal distance from the centre points of the tunnels. This is illustrated in the magnified section of Figure 7. The soil domain parameters, length and depth of the tunnels and the GHE array aspect ratio were kept the same as in Study 1. It was expected that such an arrangement would increase the interactions; although in reality, it would apply to only a small range of places in London and would not be common unless part of an integrated holistic design of new build facilities, for example new UR stations. 
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Figure 7: Study 2 model geometry with magnified section 

Simulation results showed that the GHEs circulated fluid temperature is higher when the GHE array is built between multiple running tunnels. This is shown in Figure 8. The left side of the figure shows the average fluid temperatures leaving the GHEs with and without the multiple tunnel heat loads. It can be seen that when the tunnel heat loads were applied in the model (both initially and during the two years simulation period), the temperature of the fluid leaving the pipes increased on average by approximately 1.2˚C, which equates to an increment of 14.8% compared to a scenario where the tunnel heat loads were neglected. In addition Figure 8 (right) shows the average heat extraction rates with and without the tunnels heat loads. It can be seen that the GHEs heat extraction rates of the GHEs have significantly increased, by approximately 41% due to the heat loads from the tunnels.
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Figure 8: Study 2- Average GHE fluid temperature increment (left) and heat extraction rate (right)

3.3 Study 3: GHEs aspect ratio variation
Studies 1 and 2 considered a single line of GHEs with an array aspect ratio of 1x40. However GHE arrays are often constructed with different geometrical arrangements. In order to explore how UR-GSHP interactions are influenced by the aspect ratio of a rectangular GHE array, two new geometrical options with the same overall pipe lengths (~8000 m) were constructed (i) option b, with GHEs having an aspect ratio of 2x20, and (ii) option c, with 4x10 GHEs. These new geometrical options, alongside the original 1x40 model geometry (option a), are illustrated in Figure 9. The depth of each GHE array option was kept as 100 m. The separation distances between the tunnel wall and the closest line of the GHE array to the tunnel, for each option was kept as 3 m.
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Figure 9: Study 3 model geometry with different aspect ratios

For each option, the GHEs fluid temperature and heat extraction rates were investigated and the results are shown in Figure 10, Figure 11, and Figure 12 respectively. The left sides of these figures show the average GHE fluid temperature increment at the pipe outlets due to the UR heat load. The right sides of the same figures in turn show the average heat extraction increment based on that temperature difference. It can be seen that the highest impact from the UR tunnel on the GHEs was achieved in geometrical option a (Figure 10), where the array has the smallest width and runs the longest distance next to the tunnel. For option a, the average temperature of the GHEs fluid leaving the pipes increased by almost 9% due to the nearby tunnel heat load. This equates to a nearly 25% increment in the average heat extraction rates by the GHEs. For option b and option c the increments were 22.3 and 18.2 % respectively.
[image: ][image: ]
[bookmark: _Ref474839886][bookmark: _Toc494207837]Figure 10: Study 5 - option a – Average GHE fluid temperature increment (left) and heat extraction rate (right)
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[bookmark: _Ref474840583][bookmark: _Toc494207838]Figure 11: Study 5 - option b – Average GHE fluid temperature increment (left) and heat extraction rate (right)
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[bookmark: _Ref474841158][bookmark: _Toc494207839]Figure 12: Study 5 - option c – Average GHE fluid temperature increment (left) and heat extraction rate
(right)

3.4 Study 4: Single vs double looped GHEs
Study 4 aimed to investigate how UR-GHE thermal interactions are affected, when the GHEs are constructed in double looped configuration near to a single tunnel. The array aspect ratio and the overall GHE pipe length were kept the same as they were in the previous studies (1x40 and 8000 m). However, double looping the GHE pipes made the depth of the GHEs shorter, to 50 m. The 3D diagram of the model geometry in Study 4 is shown in Figure 13. The diagram also has a magnified section of a double-looped GHE.
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Figure 13: Model geometry in Study 4 with magnified section

Results of Study 4 are illustrated in Figure 14. It can be see that the average fluid temperature leaving the pipes is lower than it was when the deeper single looped GHEs were simulated in the previous studies. This is because the soil temperatures are higher at greater depths as a result of the geothermal gradient condition imposed on the soil domain. On the other hand, when the tunnel heat load was applied, the heat extraction rate of the GHEs increased by almost 43%, compared to the scenario when the tunnel heat load was neglected. This is a substantial increase and it is about 18% higher than the increment observed in Study 1 with a single UR tunnel. The reason for this is that although the length of the GHE pipes were kept the same 8000 m as within the previous studies, the double looped configuration applied in Study 4 reduced the overall depth of the GHE array. This in turn allowed greater interactions between the two systems by having built the majority of the GHE array within the soil regions where the impact of the UR is higher.
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[bookmark: _Ref474861639][bookmark: _Toc494207841]Figure 14: Study 4 - Average GHE fluid temperature increment (left) and heat extraction rate (right)

3.5 Study 5: Proximity variations
Within studies 1 to 4, a fixed UR-GHE horizontal distance of 3 m was used. Therefore these previous studies have explored the improvement in the GHEs heat extraction rates by considering geometrical options with the largest possible thermal interaction potential. Study 5 aimed to explore to what extent the interactions are affected by moving the GHE array further away from the wall of the UR tunnel. The base case scenario, to which the newly built geometrical options were compared, was set as the original 3 m horizontal separation distance. This was then gradually increased in order to investigate how the UR-GHE interactions were affected by horizontally separating the systems. The base case scenario, option a, and the other four horizontal distance options (options b to e) were set at 3, 6, 12, 24 and 35 m  respectively between the wall of the tunnel the vertical GHEs. A plan view of these different geometrical options of the 3D UR-GHE model are illustrated in Figure 15.
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Figure 15: Plan view of the different UR-GHE horizontal distance options in Study 5

Simulated results showed that as the horizontal UR-GHE wall to wall distance increases, the UR impact on the GHE array becomes smaller. This lesser impact was confirmed by the results in the GHEs fluid temperature variation in Figure 16 (left).
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Figure 16: Study 5 - Average GHE fluid temperature increment (left) and heat extraction rate (right)

According to Figure 16 the average temperature of the GHEs fluid leaving the pipes is reduced as the UR-GHE horizontal separation distance increases. However, it can be seen that in option b, the impact from the tunnel was almost as high as it was in option a. This suggests that at a 6 m radial distance from the wall of the UR tunnel the thermal impact from it is still relatively large. The results also show that after about 24 m from the wall of the tunnel the impact on the GHEs is small and after about 35 m it is almost negligible. In the context of the GHEs heat extraction performance, Figure 16 (right) illustrates the average heat extraction rate for each geometrical option studied. It can be seen that the GHEs extract less heat as their horizontal distance increases from the tunnel. The results showed that constructing the GHE array at 6 m distance from the wall of the tunnel would still result heat extraction rate improvement greater than 20%. On the other hand, the results show that at 35 m from the tunnel wall, the GHEs heat extraction rates would only improve by less than 5% compared to a scenario where there was no additional heat source available from a nearby UR tunnel.

4. Summary of results and analysis
The combined UR-GHE numerical model was used to perform five different studies, investigating different geometrical options of URs with nearby vertical GHE arrays. The key aim of these studies was to explore how the waste heat generated in the ground by the operation of URs could potentially enhance the heat extraction rates of the GHEs. The results of these investigations are summarised in Table 2. The Greek Theta symbol () was used to represent the improvement on the GHEs’ average heat extraction rates in %. It can be seen that the highest  was achieved in Study 4 (~43%) when the GHEs were double looped, where the array’s geometrical centre was closer to the tunnel. This way the thermal interactions between the systems become larger.
	Table 2. Results of the numerical investigations

	Study
	Number of UR tunnel(s)
	Improvement on the GHEs’ average heat extraction rates ( )

	
	
	[%]

	1
	1/2
	24.7 / 37.8

	2
	2
	41

	3
	1
	24.7 / 22.3 / 18.2

	4
	1
	42.9

	5
	1
	24.7 / 21.6 / 17.3 / 9.8 / 4.6



In order to be able to characterise the thermal interactions between URs and the GHEs, a new geometrical variable was introduced. The variable was named as UR-GHE interaction proximity with a symbol of Ω. It was defined as the distance between the geometrical centre of the UR tunnel and the geometrical centre of the GHE array (i.e. the array centre point at the half of the width, length and depth of the array). The values of Ω for each study (which considered a single tunnel in the model geometry) are listed in Table 3. It can be seen from the table that for the number of studies analysed there are several geometrical scenarios which have different GHE array layouts but the same UR-GHE interaction proximity (Ω). For example Study 3: Option b has the same Ω value as Study 5: Option b as well as Study 3: Option c and Study 5: Option c. These values of Ω were compared against the improvement on the GHEs heat extraction rates and were found to be consistent. This is illustrated in Figure 17.

                                 Table 3.  Ω for the different studies
	Study
	Ω

	
	[m]

	1
	26.5 / NA

	2
	NA

	3
	26.5 / 27.2 / 29.6

	4
	5.4

	5
	26.5 / 27.2 / 29.6 / 36.9 / 45.4 










It can be seen from Figure 17, that an almost linear relationship (with an R2 of 0.97) can be derived, when Ω, as a single variable, was compared against the improvement in the GHEs average heat extraction rates () due to the tunnel heat load. This relationship can be described with a formula as shown in Equation 10. It is clear that as Ω becomes smaller the impact of the UR on the nearby GHEs would become larger. For the scenarios which have identical Ω but different GHE array aspect ratio, there are small disparities (+/- 1% difference) between the improvement rates. For better visualisation, these specific points are highlighted with circles in Figure 18. Therefore, Ω can be regarded as a key variable for quantifying the thermal interactions of URs with nearby vertical GHEs.

                                                                                                            (10)
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[bookmark: _Ref475027162][bookmark: _Toc494207853]Figure 17: GHEs heat extraction improvement in relation to Ω

5. Conclusions 
This article has described a seminal study investigating a novel way of capturing waste heat from underground railways (URs). It describes an original numerical investigation into the thermal interactions of URs with nearby vertical GHEs of GSHPs. The motivation for this work was the potential utilisation of waste heat energy generated by urban URs with localised GSHP installations. The modelling objectives were to establish the potential for heat recovery from URs and identify the level of improvements of vertical GHEs due to heat load from an UR tunnel. For minimising the computational effort, the model was built using 1D linear elements for simulating the operation of train in the tunnel as well as the GHE pipes. The investigation included details of five of the many different studies which were conducted to consider alternative geometrical parameter variations of the systems. Within all studies, the model configuration represents the operation of a typical UR in London using time dependent boundary conditions. The emphasis of this part of the investigation was to understand how the different geometrical configurations of the GHE array in the vicinity of the UR tunnel would work under typical optimum load conditions. Thus the inlet temperature of the GHEs assumed to be constant based on an average inlet temperature during the heating season. It is proposed by the authors that in future work, the operation of the GHEs will be modified based on the ground temperatures surrounding the GHEs and the operation will be matched to the seasonal energy requirements of the building to which the system is connected to. Findings of the numerical investigations showed that the impact of the operation of an UR tunnel on nearby vertical GHEs can be substantial. For example, it was shown that the improvement on the GHEs average heat extraction rate due to the heat load from the UR tunnel can be high as ~43%, depending on the size and shape of the array and its proximity to the tunnel. This will enhance overall GSHP system efficiencies, resulting in substantial savings in both operational costs and carbon emissions. The results also showed that in order to achieve a large heating impact from the tunnel(s) on the GHEs, the geometrical centre of the GHE array should be as close as possible to the geometrical centre of the tunnel. This distance was introduced as a variable defined as the interaction proximity (Ω). This single variable was then used to characterise the thermal interactions of URs and nearby vertical GHEs with different geometrical layouts. It was shown that there is a nearly linear relationship between this variable and the average increment of the GHEs’ heat extraction rates due to the UR heat load. Therefore, Ω can be regarded as one of the key variables when the thermal interactions of URs with nearby vertical GHEs are being investigated. The results are generic to many applications worldwide and could give guidance to engineers working in fields where thermal interactions between URs and nearby GHEs arise.
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