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ABSTRACT 

Old and deep subway lines suffer from overheating 

problems, particularly during summer, which is 

detrimental for passenger comfort and health. 

Geothermal systems could serve as one of the 

potential green energy efficient cooling  solutions, 

compared to energy intensive conventional cooling. 

The waste heat of the subway tunnel can be harnessed, 

to provide heating to residential and commercial 

blocks above the tunnels. The climate of a 

representative section of the London Underground’s 

(LU) Central Line (CL) is modeled using a 1D 

Modelica based software called IDA Tunnel. A 3D 

Comsol model that includes geothermal vertical 

boreholes on the tunnel sides is developed to asses 

their potential in cooling the LU tunnels and 

platforms. The IDA and Comsol models are co-

simulated through exchanging boundary outer tunnel 

wall temperature information inorder to model the 

transient interactions between the boreholes and the 

tunnel and platform environment.  

INTRODUCTION 

Underground transportation systems are large 

electricity consumers at a regional scale and the 

largest within a city (Ampofo et al., 2004). The heavy 

use of electricity to power the train carriages and the 

auxiliary systems along with train braking in the 

underground system generates large amounts of 

rejected heat, resulting in a substantial increase in air 

and surrounding ground temperatures. This 

temperature increase when coupled with high ambient 

temperatures can lead to passenger discomfort and 

health issues (Gilbey et al., 2011). This is specially the 

case for old and deep subway stations that were built 

before the invention of air conditioning and modern 

ventilation and were not designed to accommodate 

high numbers of passengers, as in the case of London 

Underground (LU) ,which is the oldest underground 

rail system dating back to 1863). Geothermal systems 

could serve as one of the potential green energy 

efficient  solutions to cool the LU, while providing 

heating to residential and commercial blocks above 

the tunnels. Such systems can also take advantage of 

subsidaries and benefits under the UK Government’s 

domestic Renewable Heat Incentive Scheme (EST, 

2014). To do so, one must be able to quantify the net 

gains: How much useful heat can be feasibly extracted 

from the Underground over a time period ?, What is 

the resulting temperature drop in the underground 

tunnels and platforms ?  

Environmental modelling of underground transit 

system is typically 1D (SES, IDA). However, the 

behaviour of underground heat exchangers is better 

quantified via 3D finite element models. This paper 

couples a 1D model of a representative section of an 

old subway system with a 3D FEM model of vertical 

ground heat exchangers.The 1D tunnel model is used 

to model the transient heat and air flows in the 

underground, while the FEM model simulates vertical 

boreholes next to the tunnels. The two models are co-

simulated such that information is passed back and 

forth through a common temperature boundary layer 

at the outer tunnel walls, until both models converge. 

The cooling effect of the vertical tunnel boreholes on 

the underground climate is examined, and the 

boreholes heat extraction rates are compared with 

standard stand alone boreholes. 

MODEL SETUP 

One Dimensional Model 

Modelling the environmental conditions in the 

underground requires the combination of heat transfer 

and fluid equations that are transient in nature. 3D 

numerical methods can be employed to model subway 

systems with high accuracy, but are limited to small 

scales because of their high computational cost 

(Colella et al., 2009). 1D models are suitable for 

simulating the underground's environment on a large 

scale of kilometres, but don't provide accurate analysis 

of small scale optimization problems, such as 

redesigning ventilation shafts, or particular tunnel 

sections (Kim & Kim, 2009), since 1D methods use a 

simplified representation of the tunnels and ventilation 

ducts. Parsons Brinkerhoff developed the Subway 

Environment Simulation Program (SES) under the 

supervision of the United States Department of 

Transportation in 1976 (Engineers et al., 2001). The 

SES enables underground designers to estimate the 

temperatures, airflows, and humidity as well as air 

conditioning requirements for subway systems. SES 

has been the benchmark of subway system modelling 

and continuous to be used till today. IDA Tunnel is a 

more recent 1D Modelica based tunnel environment 
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simulation program that was developed by EQUA in 

1995 (IDA, 2006). It is based on the SES modelling 

approach, but resolves many of its drawbacks. 

Multiple geometrical and thermal parameters can be 

input into the IDA Tunnel model to simulate the 

environmental conditions and airflows including 

pollutant dispersal. The work presented in this paper 

employs IDA Tunnel to model an existing old subway 

line:  LU’s Central Line (CL), which serves as a 

representative case of an old subway system that 

suffers from overheating and ventilation problems. 

IDA Tunnel Underground Model Representation 

Modelling the entire CL would be cumbersome and 

computationally penalizing, since it takes several 

hours to simulate just a single day of operation of a 

subway system. Consequently, a representative 

section of the CL is modeled (Figure 1) which would 

emulate the characteristics of the subway system as a 

whole. The model constitutes 4015 m of bi-directional 

continuous tunnels westwards and eastwards, and 3 

platforms of 140 m in length each. Tunnel sections A 

& D (which are open to ambient) and platforms 2 & 3 

serve to homogenize the underground climate 

conditions and therefore provide feasible boundary 

conditions for tunnel sections B & C and platform 1. 

This sub-section of the CL is similar to the ones found 

in majority of the CL system, with the exception of the 

tunnels and platforms close to the tunnel exits. The 

tunnel lengths between platforms 1, 2 & 3 are typical 

for CL stations in central London, while the tunnel 

diameter is 3.57 m. The middle station at platform 1 is 

modeled based on the Tottenham Court Road CL 

station schematics (Crossrail, 2014), as most of the CL 

stations follow similar design patterns. The modeled 

station box includes the passenger entrance, ticketing 

hall, escalator and passages. The model assumes no 

interference from other lines in the station. Also, the 

cross service tunnels between the eastward and 

westward bound tunnels are neglected, since their 

effect is localized. 

The model’s boundary conditions consist of the 

outside ambient climate conditions and the 

surrounding soil. The weather profiles for London 

were generated using Meteonorm, a software that 

outputs a statistical weather profile based on recorded 

climate conditions between 1996-2010. The weather 

data input into IDA Tunnel includes: air temperature, 

relative humidity, wind speed and wind direction. The 

outer ambient conditions act on the tunnel’s entry/exit 

points (west and east), the entrances of station boxes, 

and the ventilation shafts. The background soil 

temperature is set to 14 oC, based on recorded 

temperature measurements (Ampofo et al., 2004). The 

tunnel wall is composed of a thin 2 cm cast iron layer, 

followed by a grout layer, while the surrounding soil 

is composed of London Clay. The soil is assumed to 

be infinitely thick because the CL stations are 

typically at a depth of 30 m, where the background soil 

temperatures are fairly stable.  The upper first floor of 

the station is made of a composition of brick walls and 

glazing. The ventilation fans in the LU are generally 

operated at full capacity 24 hours a day all around the 

year. High capacity ventilation shafts (Figure 1) are 

operated in exhaust at approximately 30 m3/sec 

(Gilbey et al., 2011). 

The heat sources in the subway are accounted for in 

every section of the model. The station contains lights, 

signs, and advertisements, while the tunnels contain 

lights and stop signs. There are also lifts, escalators 

and ticketing machines operating in the station box. 

The passenger’s numbers in the station are modelled 

based on LU reports that account for the numbers of 

passengers entering/exiting the station throughout a 

day (TfL, 2011). The passengers are assumed to be 

walking on their way from the station entrance to the 

platform, and remain standing in the platform, where 

their metabolic rate is specified to be 207W and 126W 

respectively (ASHRAE, 2001). The passengers are 

assumed to be distributed equally among the station 

sections, in which a third are in the upper ticket hall, a 

third in the escalators and passages, and a third in the 

platforms. The rolling stock used in CL is the 1992 

Stock, and their specifications and dimensions are 

obtained from reports provided by TfL (TfL, 2010). 

The CL train schedules are provided by LU, where 

there are 462 trains/day and 37 trains/hour at peak 

times (8-9 am & 5-6 pm). There are two Routes in the 

model: eastbound and westbound. Figure 2 shows the 

Figure 1 IDA Tunnel Schematic for the Central Line Model. 
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contributions of the different heat sources during peak 

times in the system. 

IDA Model Calibration and Simulation Setup 

The model is at first executed for 114 years on ‘long-

term mode’ to estimate the initial ground temperatures 

in the end of year 2012, since the CL has been 

operating for around a century. Long-term simulation 

mode simplifies the model so that computations can 

run at an acceptable time. The model is then simulated 

in detail, per minute, for the year of 2013. The 

simulated tunnel and platform temperatures are 

compared with temperature sensor data for the CL in 

the same year (obtained from TfL). At peak times, 

braking contributes to approximately 61% of heat 

dissipation in the subway system (Figure 2), as the 

1992 stock has no brake regeneration. Passenger 

traffic contributes approximately 34% as heat source.  

In order to asses the impact of vertical boreholes on 

the Underground’s climate, a radial boundary soil 

temperature is introduced at specific portions of tunnel 

sections B and C in the model (see figure 1), to 

emulate the soil temperatures resulting from borehole 

heat extraction. A 10 oC constant temperature is 

applied at a distance of 20 cm from the tunnel walls to 

represent the boreholes (underground heat 

exchangers). The model is simulated for an entire year 

for the scenarios having the 10 oC temperature 

boundary applied on 1% (15m), 25% (375m), 50% 

(750m) and 100% (1500m) of tunnel sections B and 

C, where it is applied on the center of sections B and 

C, both westbound and eastbound, and is expanded or 

contracted depending on the scenario. The resulting 

tunnel and platform  air temperatures are compared 

with existing temperatures. 

Three Dimensional Comsol Borehole Model  

Several 1D, 2D and 3D simulation  models both 

numeric and analytic have been developed to model 

single or an array of boreholes, in both transient and 

steady state conditions (Connolly et al., 2011). Widely 

used classical 1D models for modelling heat transfer 

outside boreholes are the Kelven’s line source model, 

and the cylindrical heat source model (Carslaw & 

Jeager, 1947; Ingersoll & Zobel, 1954). Hellström 

(1991), Kavanaugh (1995), Bernier et al. (2004) and 

Hikari et al. (2004)  have focused on making the 1D 

analytic borehole models more accurate and 

comparable to numerical ones (Fayegh & Rosen, 

2000). A 2D finite line source model was established 

by Zeng et al. (2002) who has worked on a 2D finite 

line source analytic borehole models, while Cui et al. 

(2006) and Man et al. (2010) developed finite 3D 

vertical borehole analytic models (Yi et al., 2012). 

However, significant simplifications in the analytical 

borehole models render them unsuitable for complex 

geometries and short-time step transient simulations 

of boreholes (Yi et al., 2012). Numerical borehole 

models are attractive when they aim is to obtain very 

accurate solutions or in parametric analysis. However, 

numerical models need to be setup efficiently, since 

they can be computationally time penalizing. Some 

noteworthy numerical models include the work of 

Eskilson and Claesson (1988), Muraya (1994), Zeng 

et al. (2003) and Al-Khoury et al. (2006) (Javed et al., 

2009).  

Therefore, to model the transient thermal interactions 

between multiple vertical boreholes and subway 

tunnels, a 3D Comsol model is developed. 

Comsol Borehole Model Geometry, Setup and 

Boundary Conditions 

A 3D Comsol model is developed to model the 

thermal interactions between the borehole and the 

tunnel. A typical borehole design that adheres to 

DECC’s Microgeneration Certification Scheme 

standards are used (GSHP, 2012). As seen in Figure 3 

and Figure 4, the model consists of two tunnels, 10 m 

apart, representing the eastbound and westbound 

tunnels in the Central Line. The boreholes are 13 cm 

in diameter, and 100 m deep. They are located 20 cm 

from the tunnel outer walls: the primary aim of the 

boreholes is to cool the tunnels, and the optimum way 

to achieve this, is by placing them as close as possible 

to the tunnel walls.  Boreholes are placed on both sides 

of the two tunnels, such that they are 6 m apart in the 

direction of the tunnel and 4.14 m apart between the 

two tunnels (Figure 3). The boreholes are exclusively 

Figure 2 Peak time heat source distribution in the 

Central Line. 

Figure 3 Schematic of the vertical borehole and 

Central Line tunnels. 
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placed on the sides of the entire tunnel sections B & C 

and not the station platforms. The soil properties are 

taken to be London Clay, and the soil properties are 

assumed uniform ( variation of the soil thermal 

properties due to local moisture content are 

neglected). The background soil temperature is taken 

to be 14 oC at a 50 m distance from the tunnel centres 

in all directions. The temperature of the borehole 

surface is assumed to be constant at 0 oC. This 

assumption is commonly used in modelling soil 

temperatures surrounding the boreholes (Fayegh & 

Rosen, 2000), where 0 oC temperature is a typical 

average borehole refrigerant fluid temperature 

(GSHP, 2012). For this initial modelling study, the 

boreholes are assumed to be always operating, though 

this is unrealistic since boreholes, usually operate 

based on heat demand.  

Figure 4  shows the cross section view of the model, 

where the two tunnels are in the centre, and each has a 

set of vertical 100 m deep boreholes. The circular 

sections that surround the tunnels in Figure 4 are for 

specifying initial soil temperatures at specific 

distances from IDA long term simulation soil 

temperature profile. The meshing is ‘very fine’ 

between the tunnel walls and a radius of 19 m from the 

tunnel walls, beyond which the mesh is set to be 

coarser in the remaining sections of the model. In 

order to reduce computation time and disk space, 

symmetry is applied on the model’s geometry along 

the z-axis through the midpoint between the two 

tunnel centers, and along the x-axis through the two 

tunnel centers. Also, symmetry is applied along the zx 

planes in both the positive and negative direction, to 

model a contious array of borholes on the sides of the 

two tunnels, where the Comsol geometry contains 4 

boreholes, and the remaining ones are modeled using 

symmetry (Figure 4). 

Comsol and IDA Models Co-simulation 

After the IDA model is simulated for 114 years on the 

so-called ‘long-term mode’, the obtained radial soil 

temperature profile for the IDA model tunnel sections 

B & C is used as initial soil temperatures in the 

Comsol model. Afterwards, sections B & C outer 

tunnel wall temperature’s output by IDA regular 1 

year simulations are used as boundary temperatures 

for the tunnels in the Comsol model tunnel walls. The 

Comsol model is simulated at the same time scale as 

that of the IDA model. The average radial soil 

temperature output by the Comsol model at 20 cm 

from the outer tunnel walls is used as boundary 

temperatures in the IDA model sections B & C. The 

IDA model is re-simulated with the same time 

interval, but with the updated soil temperature 

boundary from Comsol. The newly obtained IDA 

outer wall temperature is re-input in the Comsol 

model. This process is repeated until the change in the 

outer tunnel wall temperature in IDA becomes 

negligible after a number of iterations, indicating that 

both the 1D IDA and 3D Comsol models have 

converged. 

The IDA and Comsol models are co-simulated over a 

time period of a month, starting January, and as the 

models converge, the co-simulation is moved to the 

following months, until the entire year is covered. The 

models are also co-simulated over time intervals of 3 

month for an entire year as well, and the results are 

compared to the single month simulations. 

The yearly tunnel and station air temperatures 

obtained from the coupled IDA-Comsol models, are 

compared to the existing temperatures. Thus, the 

cooling effect of the boreholes in the CL is examined. 

A single vertical borehole solely surrounded by soil, 

and having a background soil temperature of 14 oC is 

simulated over a period of 1 year. The resulting heat 

fluxes from this borehole are compared to that of the 

boreholes surrounding the subway tunnels. The total 

annual extracted heat is thus estimated as well.   

RESULTS AND DISCUSSION 

IDA Central Line Model Verification 

After the long term simulations, the obtained ground 

temperature radial profile is used to simulate the 

model for an entire year at a time step of 1 min. The 

temperatures of tunnel sections B and C are similar, so 

the tunnel section C is used to display the simulated 

tunnel temperatures, whereas the simulated platform 

temperatures are shown for platform 1. Actual 

temperature data was obtained for the operational 

times (6 am to midnight) in the form of a linearized 

relationship between the outer ambient temperature 

and the air temperature measured in the tunnels and 

platforms. The measured data shows that platform 

temperatures tend to be around 2 oC warmer in average 

than the tunnels, because of localized train braking 

(Figure 5). The simulated temperatures for the tunnel 

and platform during operational hours are plotted in 

Figure 5 and compared with measured data. The 

simulated temperatures for both the tunnel and 

platform are very close to the measured data, when 

fitted linearly. The linear fit for the simulated platform 

temperatures indicates that the model predicts a 

slightly cooler platform temperature at low ambient 

temperatures (winter conditions). This difference can 

be attributed to air-heated train cabins during winter 

conditions, which are not included in the model, nor 

Figure 4 Cross section of the Comsol vertical borehole 

model. 
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are the additional sources of spot/localized heating in 

areas of the subway stations (eg information and 

ticketing offices). The simulated tunnel temperatures 

(Figure 5) match the measured data, except for a slight 

0.5 oC higher temperature prediction at 30 oC ambient 

temperatures. This slight difference is attributed to the 

simplification of the tunnel system in the model. 

Indeed, cross tunnels between eastbound and 

westbound tunnels were neglected in the current 

model. Thus, the model has slightly less tunnel 

volume than the actual tunnel, but similar amount of 

heat dissipation. 

IDA and Comsol (IC) Models Co-simulation 

The IDA tunnel long term simulation results are used 

to setup the initial soil temperatures around the two 

tunnels in Comsol. Figure 6 shows the change of the 

outer tunnel wall temperatures for the month of 

January as a result of consecutive monthly iterations 

using the coupled IDA-Comsol (IC) co-simulation 

described in the previous sections. At first the outer 

tunnel wall temperatures drops significantly, then with 

every iteration the temperature decrease rate slows 

down until it is negligible (Figure 6),  

indicating that the transient IC co-simulations have 

converged. Since the Comsol model assumes that the 

vertical boreholes start operation at the beginning of 

January, the outer wall temperatures in all the 

iterations are identical at the beginning of January.  

Then they start diverging as the cooling effect of the 

boreholes takes effect, where at the end of January the 

boreholes manage to cool the tunnel walls by      2 oC. 

As will be shown later, the borehole cooling effect will 

be much significant during summer months. The 

converged outer tunnel wall temperatures for 1 month 

and 3 month time interval iterations are compared in 

Figure 7. The outer tunnel temperatures were almost 

identical for both iteration intervals over the periods 

of January, February, and March. Thus, the IC models 

can be co-simulated over longer time intervals without 

affecting the accuracy of the solution.   

Tunnel Borehole Cooling Effect 

The IDA and Comsol models are co-simulated over an 

entire year, where each single iteration time interval 

was 4 month. Consequently, the total number of IDA-

Comsol iterations for the entire year was 33 iterations, 

since every four month required 11 iterations to 

converge. The resulting tunnel and platform air 

temperatures from the converged IC model, is plotted 

in a similar way as Figure 5, where the data is 

Figure 5 Central Line IDA Tunnel model simulation for (right) platform and (left) tunnel temperatures and 

comparison with measured data. 

Figure 6 Variation of the outer tunnel wall temperature for 

the month of January with every Comsol-IDA iteration (IT) 

Figure 7 Comparison of IDA-Comsol outer tunnel wall 

temperature results for the months of January, February, 

and March, using 1 month iterations, and 3 month iterations. 

Proceedings of BS2015: 
14th Conference of International Building Performance Simulation Association, Hyderabad, India, Dec. 7-9, 2015.

- 2305 -



linearized (Figure 8) and compared to the original CL 

temperatures. The CL IDA model containing a 10 oC 

soil temperature boundary of 1%, 25%, 50%, and 

100% of tunnel sections B & C by length are simulated 

over a year. Similarly, the tunnel and platform air 

temperatures are plotted versus the ambient outer air 

temperature then linearized and compared to the 

original CL IDA model and the Tunnel borehole (IC) 

model (Figure 8). In Figure 8 WB is the tunnel portion 

without boundary soil temperature and B is the tunnel 

portion, containing the boundary soil temperature, 

where the portion of the tunnels within sections B and 

C having the boundary temperature is indicated by the 

percentage number close to it.  

Results show that the Comsol tunnel boreholes 

manage to significantly cool the CL climate, where 

platform and tunnel air temperatures decrease by 4 oC 

and 4.5 oC respectively during summer conditions 

(Figure 8).  

The influence of the 10 oC soil boundary temperature 

depends on the portion of the tunnel it is applied to as 

seen in Figure 8. When it is only applied to 1% (15m) 

of the tunnel, it has negligible effect on the tunnel and 

platform air temperatures. However, as this portion is 

increased to 25% (375m), 50% (750m) and 100% 

(1500m) the cooling effect is clearly noticed, where 

the temperature decreases as the tunnel portion of the 

soil temperature boundary increases (Figure 8). 

Naturally, the portion of the tunnel containing the 

boundary temperature will be cooler than the tunnel 

portion without the boundary temperature, since it will 

experience the highest heat transfer, due the high 

temperature gradient created by the 10 oC temperature 

in the soil. This is shown when comparing Tunnel 

WB-25% with Tunnel B-25%, and Tunnel WB-50% 

with Tunnel B-50%, except for Tunnel WB-1% with 

Tunnel B-1% which are almost identical, since the soil 

boundary temperature is applied to only 1% of the 

tunnel which is only 15m in size. Thus, the IDA-

Comsol co-simulations are necessary when large 

portions of tunnels are fitted with boreholes (i.e 25% 

and above), since they start having a significant 

influence on the LU’s climate. Also, the cooling effect 

of applying a 10 oC boundary soil temperature on all 

the tunnels (100%) is double than the Comsol tunnel 

boreholes, where the tunnel and platform air 

temperatures decrease by 8 oC and   9 oC respectively 

(Figure 8), knowing that the tunnel boreholes are also 

applied over all the tunnels as well (100%). In the case 

of the tunnel boreholes the annual average soil 

temperature, 20 cm from the tunnel walls was 17 oC, 

which is 7 oC higher than    10 oC, which explains why 

the Tunnel-100% 10 oC temperature boundary had a 

more significant cooling effect. The 10 oC continuous 

soil boundary is actually an extreme ideal case, whose 

use is to quantify the maximum cooling effect limits 

of applying boreholes in the Central Line.  

Borehole Heat Fluxes and Annual Extracted Heat 

The heat fluxes at the Comsol tunnel borehole (TB) 

and the single stand-alone borehole (SAB) surfaces 

are compared over a year in Figure 9 , where negative 

Figure 8 Comparing the original simulated Central Line linear fitted platform (left) and tunnel (right) temperatures, 

with the Comsol borehole fitted tunnels (Tunnel Borehole), and 10 oC tunnel soil boundary temperature case studies. 

Figure 9 Comparison between the Comsol tunnel borehole 

and single stand-alone borehole annual heat flux variations.   
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heat fluxes indicate heat transfer inward the borehole 

surface. Also, the portions of the tunnel borehole (TB) 

heat fluxes are compared to investigate the effect of 

the CL’s relatively high tunnel wall temperatures on 

the borehole performance, where in Figure 9, borehole 

(0m-9m), represents the TB section from the height of 

the tunnel center to 9m above and below the tunnels, 

and borehole (9m-19m) at the TB section between 9m 

to 19m above and below the tunnel center elevation, 

and the same applies to TB (19m to 50m), so all the 

TB is covered since the entire borehole is 100m in 

length. The averaged heat flux over the entire borehole 

is shown in TB Averaged (Figure 9).   Assessing heat 

fluxes at different sections of the SAB is redundant, 

since the heat transfer is uniform over its entire length, 

except at the tips. The SAB extracts heat from the soil, 

where the heat flux magnitudes are relatively high at 

the beginning, but as the surrounding soil cools, the 

heat flux magnitude decreases gradually till steady 

state is reached after 3500 hours of continuous SAB 

operation. On the other hand, the TB displays both 

steady state and transient components as seen in the 

averaged TB heat flux (Figure 9), which has slight 

fluctuations due to the transient temperature profile of 

the tunnel walls. This is explicitly shown when the 

heat fluxes in different sections of the TB are 

examined, where transient effects are very dominant 

near the tunnels at TB (0m-9m), and slightly dominant 

at TB (9m-19m), and negligible at TB (19m-50m), 

where steady state pattern is dominant. As seen in 

Figure 10, the heating effect of the tunnels, and its 

interaction with the TB is mostly encompassed within 

the first large circle which is 9 m in diameter, so the 

tunnels mostly influence 18 m of the 100 m boreholes 

(18%). 

The averaged TB heat flux is slightly higher in 

magnitude compared to SAB until 2500 hours, since 

the surrounding soil temperature is initially higher. 

After 2500 hours, the TB heat flux magnitude slightly 

drops below the SAB, because of the TB thermally 

interfering in the direction across the tunnel as seen in 

Figure 11. The averaged TB heat flux magnitude 

reaches 8W/m2 less than the SAB after a year of 

operation (8784 hours). The thermal interference 

between the boreholes is particularly noticeable in TB 

(19m-50m) plot, after 1500 hours, when it starts 

deviating from the SAB till it has 13 W/m2 less heat 

extraction than the SAB after a year. The TB section 

near the tunnels, TB (0m-9m), has the highest heat 

flux magnitude, which is around 50% (19 W/m2) more 

than the SAB, because of the relatively high 

temperatures of the tunnels. The low heat fluxes in TB 

(19m-50m), are compensated by the high heat fluxes 

in TB (0m-9m) making the average TB heat flux close 

in performance to the SAB. This compromise is 

necessary, since to better cool the tunnels, the 

boreholes have to be placed as close as possible to the 

tunnels. Another way to increase the efficiency of the 

TB is by limiting its length to just below the tunnels 

by around 19 m, so the entire length of the boreholes 

will be reduced, and the area influenced by the high 

tunnel temperatures, TB (0m-9m) and TB (9m-19m) 

would encompass 50% of the entire borehole length, 

which is a 12% increase compared to the current 

boreholes. However, this would come at the expense 

of decreasing the total amount of heat extracted as a 

whole by the ICB, since it will be shortened by 31 m. 

Using surface integration in Comsol about the entire 

surface of the boreholes, the annual heat extracted by 

the boreholes is computed. The annual heat extracted 

in a single TB is 28100 KWh, and in the SAB it 

slightly increases by 9% to 30700 KWh, where this 

difference is due to thermal interference between the 

TB boreholes. The average annual UK house heating 

space and heated water demand in 2013 was 9300 

KWh (DECC, 2013), so a single TB borehole can 

supply an equivalent of 2-3 UK houses with their 

heating requirements. The TB has an annual average 

heat flux magnitude of 42 W/m2, which is equivalent 

to 17.64 W/m for every meter of the TB, where this 

value is close to the tabulated value of 20 W/m in the 

Microgeneration Installation Standard for vertical 

borholes (GSHP, 2012) for 0 oC average borehole 

refrigerant fluid having a diameter of 13 cm and 

surrounding background soil temperature of 14 oC, 

while operating for only 7200 hours compared to the 

TB simulation of 8784 hours.   

Figure 10 Cross sectional Comsol borehole model 

temperature distribution at the end of April. 

Figure 11 Top plane section (19m above tunnel centres) 

of the Comsol borehole model, temperature contour 

distribution at the end of April simulation. 
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CONCLUSION  

A 1D model was developed using IDA Tunnel to 

model the climate conditions in the London 

Underground’s (LU) CL station and tunnel, which is 

considered the busiest in the LU system. The 

Simulation results are verified with measured 

temperature data in both the platforms and the tunnels. 

A 3D Comsol finite element model was developed to 

model thermal transient interactions between the 

subway tunnels and vertical boreholes, to assess their 

Effectiveness in cooling the CL tunnels and platforms. 

The 1D IDA CL and the 3D Comsol models are co-

simulated, through exchanging outer tunnel wall and 

soil temperature profiles, until both models yield a 

similar outer tunnel wall temperature, which indicates 

that both models have converged to a single solution. 

The IDA-Comsol co-simulations converged in 11 

iterations, where varying the iteration time interval 

between 1 month and 3 month yielded equivalent 

results, which allows for conducting annual 

simulations with fewer numbers of total iterations. 

The tunnel boreholes (TB) manage to cool the tunnel 

and platform temperatures in the CL model by 4.5 oC 

and 4 oC respectively during summer conditions. A 

single TB annual heat extraction (28100 KWh) was 

9% slightly below a stand-alone borehole (30700 

KWh), because the tunnel boreholes thermally 

interfered along the sides of the tunnel, which slightly 

reduced their performance. This was a necessary 

compromise, since to better cool the tunnels, the 

boreholes were placed as close as possible to the 

tunnel outer walls. Never the less, a single TB’s annual 

heat extraction was found to be equivalent to the 

annual heat demand of 2-3 UK households. These 

results provide a starting point to examine the 

potential of using vertical boreholes to cool the older 

lines of the LU while providing district heating to the 

surrounding buildings above. A parametric analysis is 

required to optimize the design of the boreholes in 

terms of borehole diameter, refrigerant fluid 

temperature, borehole length and borehole locations to 

reduce thermal interference (misaligned borehole 

arrangement). Another aspect to take into 

consideration in future work is the variation of 

building heat demand across the year, which dictates 

the borehole’s operation schedule. IDA-Comsol co-

simulations using the IDA ‘long term mode’ rather 

than regular detailed simulation will be investigated, 

which would allow for studying the long-term effects 

of boreholes in time scales of decades.                
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