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Abstract

:

Increasing demands on mobility and transport, but limited space above ground, lead to new traffic routes being built, even more underground in the form of tunnels. In addition to improving the traffic situation, tunnels offer the possibility of contributing to climate-friendly heating by indirectly serving as geothermal power plants. In this study, the geothermal potential of the future longest railway tunnel in the world, the Brenner Base Tunnel, was evaluated. At the Brenner Base Tunnel, warm water naturally flows from the apex of the tunnel towards the city of Innsbruck, Austria. In order to estimate its geothermal potential, hydrological data of discharge rates and temperatures were investigated and analyzed. The investigations indicated the highest geothermal potential in the summertime, while the lowest occurs during winter. It could be shown that these variations were a result of cooling during discharge through areas of low overburden (mid mountain range), where the tunnel atmosphere is increasingly influenced by the air temperatures outside the tunnel. Nevertheless, the calculations showed that there will be a usable potential after completion of the tunnel.
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1. Introduction


In view of demographic changes and the growing demand for energy, future-oriented heat supply technologies, such as geothermal energy, are strategic. At the same time, due to limited available space and the current efforts to expand infrastructure networks, the construction of transport routes will increasingly shift underground. In addition, European transport corridors are currently being uniformly expanded to create a Trans-European Transport Network (TEN-T) for efficient and sustainable freight transport [1]. In order to comply with the Green Deal [2] demanded by the European Union and to minimize the impact of man-made climate change, a synergy of various climate-friendly, CO2-neutral technologies is required. An innovative contribution can be provided through the geothermal use of infrastructure projects. An example is the Brenner Base Tunnel (BBT), which is part of the European Corridor SCAN-MED [3]. Once construction is completed, the BBT will be the longest railway tunnel in the world, connecting Innsbruck in Tyrol, Austria, and Franzensfeste-Fortezza in South Tyrol, Italy (Figure 1) [4].



On its path, the tunnel crosses different mountain ridges, valleys, and a complex crustal area in the alpine collision zone [5], with a maximum overburden of approximately 1700 m on the Italian side and approximately 1400 m on the Austrian side (Figure 2) [6].



With an average geothermal gradient of 25 K/km, the rock mass temperature at the tunnel level reaches approx. 35 °C on the Austrian part. This heat can be extracted by components that are in contact with the ground [7], such as energy segments [8], energy geotextiles [9], and energy anchors [10]. As the construction progress of the BBT has been already started at the time of the presented research project, construction-related changes to the overall system are restricted. However, at the BBT, in addition to the use of geothermal energy from components in contact with the ground, drained and heated tunnel water is available. This warm water results from interactions with the rock mass through which it percolates [11]. As deep tunnels act as drainage, water may enter and accumulate during discharge on the way to the tunnel portal. At this point, the heat inherent in the tunnel water could then be extracted and transferred to a heating network. For the BBT, this might be applied at the northern portal at the Sill Gorge near Innsbruck, where it could be redistributed to consumers in Innsbruck (capital of Tyrol, Austria). The location at Sill Gorge would be optimal due to its proximity to the city of Innsbruck. Here, an efficient short-range heat transfer into a heating network with low forward temperatures would be practical.



Since at the BBT drained warm water could be used, it can be classified as an open hydrothermal tunnel system (HT). Currently, HT systems can be found in Central Europe, with the majority of them being established in Switzerland [12]. Thereby, an annual heat output of 5.3 GWh was generated in 2017 [13]. However, examples from Germany [14] and Austria [15] also show the magnitude of heat extraction from tunnels as well as the distribution to consumers [16,17].



This paper presents the results of the ThermoCluster project [18], funded by the Austrian Research Promotion Agency, aimed at evaluating the geothermal potential of the tunnel water of the BBT. An overview of the database and its further processing is presented together with the results and a discussion. Finally, an outlook of further research needs is presented.




2. Materials and Methods


2.1. The BBT Drainage System


The BBT consists of two main tunnel tubes, running about 70 m apart, and an exploratory tunnel (ET) about twelve meters, centrally below, to optimize the main tunnel drives during the construction phase (Figure 3). The entire tunnel system has a total length of 230 km, of which 151 km has already been excavated as of April 2022. Currently at the BBT, the excavation for ET and the access tunnels have already been completed for the most part as of March 2022. A distance of only about two kilometers still needs to be excavated to reach the national border at the Brenner Pass. In addition, the first parts of the main tunnels have already been excavated. During operation, the ET will serve as the service and drainage tunnel [19]. Thus, all water entering the tunnel system is drained through the ET to the tunnel portals, within the bottom channel of the invert segment. The apex of the tunnel system is located in the area of Brenner Pass at the national border between Austria to the north and Italy to the south. Therefore, water entering the 32 km long section on the Austrian part accumulates, mixes inside the tunnel, and discharges at the northern portal at Sill Gorge into the receiving watercourse, Sill River. Water entering the southern tunnel section flows to the southern portal to Franzensfeste-Fortezza. Thus, the geothermal potential at Sill Gorge is determined by water entering the northern tunnel section between Innsbruck and Brenner Pass [20].




2.2. Data


To determine the thermal performance of the discharged water, two parameters are of particular importance, namely the discharge rate and the temperature of the fluid at the tunnel portal [16]. At the BBT, the concept of sectional discharges is applied in addition to many individual discharge measurements. Part of this concept is that tunnel sections with homogeneous hydrological conditions and therefore homogenous properties are clustered and considered as a unique system. A single cluster is thus called sectional discharge (Sd). Each of these is hydrologically monitored, including parameters of temperature and discharge rate [21]. These measurements form the basis for assessing the geothermal potential of the tunnel water. All water entering the BBT on the Austrian side will finally be discharged into Sill River in Sill Gorge near the city of Innsbruck (Figure 4). Hence, the sum of the sectional discharges, as well as their thermal characteristics, give the total water discharge (Dtotal) and temperature (TTW). In total, the northern section of the Brenner Base Tunnel is divided into seven sectional discharges, which will contribute to the tunnel water outflow at Sill Gorge during operation (Table 1). However, before the data were evaluated, it was investigated whether the tunnel water shows a stable range of discharge rate and temperature over time, as the establishment of hydrological equilibria is time-dependent [22]. For this purpose, hydrographs of the single sectional discharges were analyzed.




2.3. Drainage System during Construction and Operational Phase


Brenner Base Tunnel is still under construction. The drainage system, and therefore the discharge rates and water temperatures differ significantly during the construction and operational phase. During construction, discharge rates are, to some extent, influenced by the excavation. Furthermore, temporary tunnel water redirections can lead to changes in the total amount of water discharged (Dtotal) and the temperature (TTW). Therefore, data on the temperature and discharge rate of all sectional discharges were pre-processed and checked for plausibility. Moreover, for an adequate evaluation and estimation of the geothermal potential during the operational phase, the following aspects must be considered:




	
The southernmost part on the Austrian side of the ET (Sd1) has not yet been excavated; therefore, the quantities of water discharge and the temperature must be estimated in advance for this section. Prognoses, based on hydrogeological models, indicate ranges of 30–49 L/s and temperatures between 23–26 °C. Water from this hydrologically homogeneous area provides the greatest geothermal potential, since this section features the highest overburden on the Austrian side, combined with high water inflows.



	
Near the northern tunnel portal (between access tunnel Ahrental and Sill Gorge) there are several diffuse water inflows (Sd7), which cannot be measured directly. However, they are measured as part of the total water discharge at the Sill Gorge. Since the other sectional discharges contributing to the total water discharge are quantified, it is possible to determine the amount of diffuse inflows by subtracting the individual sectional discharges from the total water discharge. The diffuse inflows occur in the area of a low overburden, from the northern tunnel portal to tunnel kilometer 6 (cf. Figure 2). These inflows represent the same hydrological regime as the sectional discharges Sd5 and Sd6. Therefore, the water temperatures are calculated using the average values of Sd5 and Sd6.



	
During the construction phase, Sd1 and Sd2, south of access tunnel Wolf—are not yet fed into the overall drainage system. The water of this construction lot is pumped back to the surface and discharged into the receiving water—the Upper Sill. When the BBT will be in operation, Sd1 and Sd2 will be directed into the main drainage system, which will considerably increase the total discharge rate of water. Therefore, in order to give a forecast of water discharge and temperature for the operational phase, Sd1 and Sd2 must be considered.



	
In the area of the Sill Gorge, the total amount of the tunnel discharge water and its temperature are measured. The measurement location is situated within the tunnel, yet rather close to the surface. Thus, temperatures inside the tunnel adjust according to the outside temperatures. Consequently, the air temperature within the tunnel can drop significantly, especially in wintertime, resulting in a cooling of tunnel water. Therefore, at least the monthly mean data should be used for valid calculations. After completion of the construction, the heat exchange of the tunnel water and the tunnel air will be reduced, as the drainage system will reach its final state. In this phase, all water will be discharged within the invert segment (bottom channel) (Figure 5) from the national border to into the Sill River. In addition, the flow velocity will increase due to higher quantities of water.



	
Once the main tunnels are excavated, the amount of water entering the tunnels will increase in the hydrographically homogeneous areas where the main tunnels is excavated. This is related to the increase in surface area through which water can enter the tunnel. This increase in the discharge rate is estimated by a factor of 1.1–1.3, based on experiences of the first excavated main tunnel sections.



	
Regarding the prognoses ranges of Sd1 and Sd3, two scenarios were elaborated. Scenario 1 is predicted on the premise that during the operational phase Sd1 will account for a discharge rate of 30 L/s and 23 °C. An increase in discharge by a factor of 1.1 is further assumed for Sd3, since the main tunnels are not yet excavated and therefore more water will enter the tunnel system. Scenario 2 assumes a contribution of Sd1 to the water discharge rate of 49 L/s and 26 °C during the operational phase. An increase in the discharge induced by the excavation of the main tunnels by a factor of 1.3 is taken for Sd3. These scenarios are the most probable, even if the exact discharge rate will depend on the success of necessary sealing works (cf. Section 3.2). Therefore, inflow volumes could also be significantly lower.








Given these differences, the discharge rate (Dtot) and its temperature (Ttotal) during construction are defined by:




	
Sd3



	
Sd4
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Sd7



	
Air temperature inside the tunnel in the area of the Sill Gorge








After completion, the discharge rate (Dtot) and its temperature (Ttotal) will be described by:




	
Sd1 taken in Scenario 1 (30 L/s at 23 °C) or Scenario 2 (49 L/s at 26 °C) into account



	
Sd2



	
Sd3 taken in Scenario 1 (multiplied by 1.1) or Scenario 2 (multiplied by 1.3) into account



	
Sd4



	
Sd5



	
Sd6



	
Sd7



	
Air temperature inside the tunnel area of Sill Gorge








The data for this study are measured values obtained from May 2020 to May 2021 to represent an entire year. Table 2 shows the expected mean discharge rates and mean temperatures of the individual sectional discharges contributing to the total tunnel water discharge after completion.




2.4. Cooling of the Tunnel Water in the Area of the Sill Gorge during Operational Phase


In the area of Sill Gorge, cooling of tunnel water occurs, caused by heat transfer of the warm tunnel water towards the colder tunnel air. To evaluate the magnitude of this cooling, the theoretical mixing temperature (   T  T W t h e o    ) is calculated using Richmann’s mixing rule [23]. The theoretical mixing temperature represents the temperature of the tunnel water while neglecting the influence of the tunnel air during the outflow towards the portal. The magnitude of cooling is represented by the delta (  Δ T  ) of the theoretical mixed temperature and the actual measured temperature (   T  T W m e a s    ), as the actual measured temperature includes the cooling induced by the outflow:


   T  T W t h e o   −  T  T W m e a s   = Δ T  



(1)







The heat emitted from tunnel water to ambient air during the construction phase is related to the temperature change,   Δ T  , of the tunnel water. In order to obtain a reference value for the cooling, the heat transferred from the tunnel water to the tunnel air must be calculated. Since there is no phase change, the water heat content is:


    Q = m × c × Δ T  



(2)




where  Q  represents the thermal energy (kJ),  m  is the mass of the fluid (kg) and  c  is the heat capacity of water (=4.183 J/(kg K) at 20 °C).



The heat energy emitted during the construction phase indicates a maximum value for the operating phase, since the water will have less opportunity to emit heat to the tunnel air. To calculate the maximum cooling of the tunnel water during the operational phase, the formula is rearranged according to   Δ T  . The calculated  Q  and mass  m  of the water, which is to be expected during the operational phase, must be inserted. The recalculated   Δ T   is subtracted from the theoretical mixing temperature during the operational phase. The result is the minimum temperature for the tunnel water during the operational phase.




2.5. Calculation of Heating Power of Tunnel Water


By knowing the tunnel water discharge   (  D  t o t a l   )   and its temperature   (  T  T W   )  , it is possible to calculate the thermal power. Heating power    P  T W     is calculated [21,24] using:


   P  T W   = c ×  ρ  W a t e r   ×  D  t o t a l   × Δ  T  T W    



(3)




where    ρ  W a t e r     is the density of water and   Δ  T  T W     is the temperature spread (   T  T W   −  T 0   );    T 0    is the temperature to which the tunnel water is lowered.



The lowering temperature,   Δ  T  T W    , is controlled by two factors. On the one hand, by the heat extraction capacity of the heat exchanger, and, on the other hand, by the quantity and temperature of the tunnel water that is discharged into the receiving watercourse in compliance with environmental regulations [21]. For the calculation of the thermal power in this project, a cooling temperature (   T 0   ) of 10 °C is used, as the receiving Sill River has an average discharge rate of 26 m3/s and an average water temperature of 6.6 °C. Therefore, cooling of 10 °C might be acceptable, which, of course, needs to be investigated in more detail to not influence the receiving watercourse.





3. Results


3.1. Discharge Rates and Temperatures during the Construction Phase


Figure 6 shows the discharge rates and temperatures at the northern tunnel portal from May 2020 until May 2022. Discharge rates at the Sill Gorge portal decreased continuously over the period of May 2020–May 2021, from 49.1 to 40.0 L/s. In the period of May 2020–April 2021, one of the largest heat supply sections, in particular, Sd3, showed a continuous decrease until the discharge rate increased again in May 2021. The theoretical temperature calculated by Richmann’s mixing rule showed the highest temperatures in August at 22.0 °C and the lowest temperatures in April at 18.7 °C. In the wintertime, from December to April, the temperature ranged between 19.7 °C and 18.7 °C. In the warmest months, the temperature varied from 22 °C to 20.1 °C.



Regarding the onsite measured temperature of the tunnel water it was observed that it varied from 20.4 °C in August to 14.7 °C in January. In the wintertime, from December to April, it displayed values between 16.3 °C and 14.7 °C.



The deviation (cooling of tunnel water during the discharge within the tunnel) of the measured temperature from the theoretically calculated temperature was largest in January at 4.4 °C, while it is lowest in June and September at 1.2 °C.




3.2. Discharge Rates and Their Temperatures during the Operational Phase


3.2.1. Scenario 1


Figure 7 shows the prognosis for the operational phase of Scenario 1. It determines that the discharge rates vary between 96.4 L/s in September 2020 and 88.6 L/s in April 2021. Slightly higher discharge rates occur from September to December 2020. The theoretically highest temperature would occur in July at 21.6 °C, while the lowest would occur in December of the same year with 18.5 °C. The minimum temperature brought by cooling in the midmountain region would be highest in July, at 20.9 °C, while it would be lowest in December at 16.9 °C. The deviation of the theoretical to the minimum temperature is lowest in September at 0.6 °C, while it would be highest in January at 2.1 °C.




3.2.2. Scenario 2


Figure 8 displays Scenario 2. The discharge rate would be highest in September 2020 at 120.9 L/s and lowest in April 2021 at 111.6 L/s. Again, slightly higher discharge rates would be present during the months of September to December. The theoretically highest temperatures would appear in July at 23.2 °C, while the minimum would occur in December at 20.6 °C. The calculated minimum temperature would be lowest in December with 19.4 °C and highest at 22.6 °C in July. The deviation of the theoretical temperature and the temperature influenced by cooling would be highest in January at 1.6 °C and lowest in September at 0.5 °C.





3.3. The Predicted Geothermal Potential after Completion of the BBT


Figure 9 and Figure 10 show the geothermal power calculated be means of equation (3) for Scenarios 1 and 2 and indicating that the heating power is higher when considering the theoretical mixing temperatures. On an annual average, it is 0.45 MW higher than the heating power calculated on the minimum temperatures. The highest deviation is therefore observed in January with 0.78 MW, while the lowest occurs in June at 0.24 MW. For Scenario 1 (Figure 9), the highest power is expected in July and ranges between a maximum value of 4.50–4.21 MW. The lowest thermal power is expected in December and January with 2.61–3.34 MW. Scenario 2 (Figure 10) also displays that the highest power is expected in July and ranges between a maximum value of 6.52 MW–6.23 MW. The lowest thermal power is expected in December and January with 4.54–5.27 MW and the highest also in July with 6.22–6.51 MW.




3.4. Interpretation


3.4.1. Total Tunnel Water Discharges and Temperatures during Construction


Within the period May 2020–April 2021, a decrease in the total tunnel water discharge rate was observed. This decrease of discharge rate resulted from Sd3, whereas the other contributing sectional discharges indicated minor seasonal variations. Sd3 discharge rate showed a slight decrease until April 2021 as in May 2021, the discharge rate of Sd3 increased to 25 L/s. The change of discharge rate in Sd3 is related to the transition from transient to stationary flow conditions of the major water inflows on the one hand and to the complex hydrogeological boundary conditions in the area on the other. However, the comparison of the theoretical tunnel water mixing temperatures and the temperature recorded at the tunnel portal in Sill Gorge reveals a high discrepancy    (  Δ T  )    (Figure 6). The measured tunnel water temperature is lower than the theoretically determined temperature. This observed discrepancy arises as the theoretically calculated temperatures do not include cooling or heating of the tunnel water during discharge, while the measured temperatures already account for them. Therefore, cooling occurs during the outflow, as the tunnel air temperature is lower than the tunnel water temperature. Since the northernmost area of the BBT has a low overburden (cf. Figure 3) and due to the open portal enabling air circulating inside the northernmost tunnel section, the rock mass temperatures and, thus, the tunnel air temperature are lower than in the sections with higher overburden. The highest deviation of the theoretically calculated tunnel water temperature from the measured temperature is observed in December and January. During these months, the average air temperature of the city of Innsbruck (measured at the University of Innsbruck, close to the Portal Sill Gorge) is −0.5 °C in January and 1.8 °C in December [25]. The difference of the theoretically calculated tunnel water temperature (approx. 19.5 °C) and the tunnel air adapting to the outside temperatures should be about 18.5 °C during the construction phase, thus producing cooling in the wintertime. In the summertime, this deviation and therefore the natural convection is reduced, due to higher temperatures outside the tunnel.




3.4.2. Total Tunnel Water Discharges and Temperature Predictions during Operation


Except for Sd1 and Sd3, all sectional discharges that will determine the future discharge are based on observed values. During the operational phase, Sd1 and Sd3 will significantly contribute to the total discharge but their amounts are subject to uncertainties. Although for Sd1 forecasts for the discharge rate and temperatures are available, this section contains hydrological uncertainties, which is why these forecasts are expressed in a bandwidth. One reason for the given range is, that in the section of Sd1 rock sealing works will reduce the hydraulic permeability of the rock mass as they will be essential to ensure a safe tunnel excavation. The rock sealing techniques in this tunnel section will mainly be in the form of grout injections and will reduce the water ingress to a minimum, and sustain the shallow original water levels in this region. The specified bandwidth thus reflects the predicted amount of water.



Another uncertainty is the discharge rate increase induced by the excavation of the main tunnels affecting Sd3. At the present status of excavation, it is not possible to specify the exact factor by which Sd3 will increase. Sd3 is the largest heat energy supplier after Sd1, thus its discharge rate and temperature have a huge impact on the total discharge rate at the northern tunnel portal at the Sill Gorge.



Moreover, cooling of the tunnel water in the area of Sill Gorge (area of low overburden) will also occur during the operational phase. The calculation of the maximum cooling during operation in the area of Sill Gorge, respectively in the area with low overburden, is based on the expectation that the tunnel water cannot release more energy during the operating phase than the construction phase. Assuming all conditions remain the same (tunnel air temperatures, tunnel water flow velocity, etc.), the difference of the theoretical tunnel water temperature from the actual future tunnel water temperature will however decrease as the result of the larger water mass    (  Δ T  )   . As the mass and therefore the volume of the tunnel water increases during the operational phase, the cross section of the bottom channel remains the same. This leads to an increased flow velocity. Consequently, the water has less time to adapt to the temperature of the tunnel air. As a result, the cooling is reduced, through which the predicted minimum temperature and the theoretical temperature further converge. In addition, future tunnel ventilation will have an effect on the final discharge temperature, since the temperature inside the tunnel is influenced by the ventilation. The magnitude of influence resulting from tunnel ventilation cannot be estimated at this stage.




3.4.3. Geothermal Power of the BBT Tunnel Water


To represent bandwidths brought by prognosis uncertainties of Sd1 and Sd3, two scenarios were presented. In principle, the higher the water discharge and water temperature, the higher the thermal output. Since according to Scenario 2 a higher discharge rate in combination with higher temperatures are predicted, Scenario 2 represents the optimal and Scenario 1 the suboptimal case. However, the calculations of the geothermal potential assume that the tunnel water is cooled down to 10 °C. A further cooling of the temperature leads to a wider span of the applicable temperature range. This would increase the output considerably as shown in Figure 9 and Figure 10, since the upper end of the range is calculated based on the theoretical mixing temperatures, while the lower end is calculated using the post-cooling temperatures. Both Scenarios 1 and 2 show that the lowest thermal power will be available in the winter. Due to the stronger cooling of the water in the winter, the range of the predicted thermal power increases before decreasing in the summer months. Figure 9 and Figure 10 also show how a supposedly small temperature difference affects thermal performance. For example, in Scenario 2 the thermal power in July is 6.37 MW at 22.9 °C and 117.8 L/s. In January, the thermal power is 4.91 MW at 19.8 °C and 113.12 L/s.






4. Discussion and Conclusions


When considering the calculated energy quantities (or the discharge rates as well as the water temperatures), it is evident that there are still some uncertainties which will be clarified in the course of the construction progress. Despite these uncertainties, the results show significant geothermal potential inherent in the BBT water. After completion of excavation of the last tunnel section to the national border (Sd1), the main prognosis uncertainty will be eliminated, and the range of the potential can be refined further. From this point on, it is recommended to work with numerical modeling regarding the cooling effect after construction is finished.



However, the geothermal potential is expected to be somewhere between Scenarios 1 and 2, whereby the impact of the necessary sealing work in section Sd1 is difficult to estimate. Once the tunnel will be in operation, it can be assumed that the cooling of the tunnel water in the area of Sill Gorge will continue to decrease and the tunnel water temperatures approach the theoretically calculated temperatures. The increase of the flow velocity leads to a reduced adaption time for the water to the tunnel air temperature. Secondly, the interaction with the outside air will be reduced and thus the cooling minimized, especially during the wintertime. In addition, except for the last section with a lower overburden, the air temperatures are occasionally higher than the theoretically calculated temperatures of the tunnel water, which would result in a warming of the tunnel water in these sections. Nevertheless, this study also shows that the geothermal potential is very sensitive even to small variations in temperature. Therefore, the waterways should be isolated as much as possible, at least in the area with low overburden, where cooling occurs. Moreover, it should be noted that the temperatures obtained from the tunnel are significantly lower than the temperatures prevailing in a conventional district heating network [26].



At the BBT, the application of the system of sectional discharges and the detailed monitoring provides the basis for estimating the geothermal potential, although forecasting of the water inflow into a tunnel is a highly complicated task [27]. The broad data base presented in this study enables the possibility to give initial assessments several years before the construction work is completed. Hence, the application of the system of sectional discharges is an opportunity for the evaluation other tunnels as well. Further, the data enables an optimization at an early stage or an adaptation of the monitoring at certain points. These optimizations can be achieved by means of separate discharges of cold water inflows or by a subsequent installation of heat absorbers inside the tunnel. These absorbers could be installed in areas of high overburden and thus high rock mass temperatures. Using absorbers could additionally heat the water and increase its temperature at the tunnel portal.



It can be concluded that the geothermal use of the BBT could contribute as an added value to the benefits yield by this new infrastructure of the European transportation system.
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Figure 1. Location of the BBT, part of the Scandinavian–Mediterranean Corridor, for short Scan-Med Corridor, taken from [4]. 
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Figure 2. Geological longitudinal section of the Brenner Base Tunnel, modified from [7]. 
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Figure 3. Sketch of the BBT cross section, modified from [21]. 
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Figure 4. Tunnel water discharge system at the Austrian section of the BBT (* not to be scaled). 
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Figure 5. Invert segment with bottom channel and concrete slab (taken and modified from [6]). 
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Figure 6. Discharge rates [L/s] (primary axis) in connection with the by the Richmann’s mixing rule calculated theoretical (green line) and the measured (blue line) temperature [°C] at the nothern portal of the BBT, Sill Gorge during construction. 
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Figure 7. Discharge rates [L/s] (primary axis) in connection with the by the Richmann’s mixing rule calculated theoretical (brown line) and the min. theoretical temperature (blue line) temperature [°C] at the nothern portal of Innsbruck, Sill Gorge, during operation for Scenario 1. 
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Figure 8. Discharge rates [L/s] (primary axis) in connection with the by the Richmann’s mixing rule calculated theoretical (brown line) and the min. theoretical temperature (blue line) temperature [°C] at the nothern portal of Innsbruck, Sill Gorge during operation for Scenario 2. 






Figure 8. Discharge rates [L/s] (primary axis) in connection with the by the Richmann’s mixing rule calculated theoretical (brown line) and the min. theoretical temperature (blue line) temperature [°C] at the nothern portal of Innsbruck, Sill Gorge during operation for Scenario 2.
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Figure 9. Range of possible thermal power [MW], which might be available during the operational phase of the tunnel for Scenario 1. 
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Figure 10. Range of possible thermal power [MW], which might be available during the operational phase of the tunnel for Scenario 2. 
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Table 1. Overview of the sectional discharges.
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	Abbreviation
	Name of Sectional Discharge





	Sd1
	Border—status of excavation work



	Sd2
	Access tunnel Wolf



	Sd3
	Assembly cavern



	Sd4
	Access tunnel Ahrental



	Sd5
	Emergency station



	Sd6
	Connection tunnel



	Sd7
	Diffuse water ingress



	Tunnel water total (TWtot)
	Sill Gorge
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Table 2. Mean values of sectional discharges from May 2020 to May 2021 (* estimated values). Bottom row shows total discharges and average temperature measured during excavation.
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	Sectional Discharge
	Discharge Rate [L/s]
	Temperature [°C]





	Sd1 *
	30–49
	23–26



	Sd2
	15.0
	12.2



	Sd3
	26.5
	23.7



	Sd4
	5.4
	16.3



	Sd5
	0.5
	15.6



	Sd6
	2.5
	14.7



	Sd7
	10.9
	15.2



	Total discharge (TWtot)
	45.8
	17.8
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