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Abstract: District heating (DH) systems in Europe predominantly belong to the second and third generations, operating at temperatures often exceeding 100℃, which poses challenges for integrating renewable energy sources (RES). The feasibility of incorporating large-scale groundwater heat pumps into such systems was explored in this study, with a focus on adjusting the supply water temperature to thermal substations. This adjustment, achieved by lowering the temperature below design values in response to rising outdoor temperatures, facilitated the integration of RES and improved system efficiency. Additionally, groundwater or geothermal heat pumps enabled the effective utilisation of waste heat (WH) from industrial processes or excess heat from renewable sources, particularly during periods when the thermal demand of the DH system was insufficient to justify direct supply. This excess heat, once collected, can be stored in the ground and later retrieved for use during the heating season, contributing to the system’s overall sustainability. The integration of seasonal thermal storage further enhances the operational flexibility of DH

systems by allowing for the balancing of supply and demand over extended periods. The findings underscore the technical viability and environmental benefits of such integration, providing a pathway for the modernisation of DH

infrastructure and the advancement of energy transition goals. 
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1 Introduction

In its 2023 Energy Efficiency Directive, the European Commission revised the definition of efficient DH and cooling, setting progressive targets to be achieved over the coming years [1]. These targets include at least 50% RES, 50% WH, 75% combined heat and power (CHP) or 50% of a combination of them before 2028; at least 50% RES, 50% WH, 80% high-efficiency combined heat and power (HECHP) or 50% combination of them with at least 5%

RES or WH before 2035; at least 50% RES, 50% WH, 80% HECHP or 80% combination of them with at least 35%

RES or WH before 2040; at least 75% RES, 75% WH or 95% combination RES, WH and HECHP with at least 5%

RES or WH before 2045; a combination of at least 75% RES and WH before 2045; combination of 100% RES and WH before 2050. 

A crucial condition to meet these decarbonisation targets is related with a reduction in the supply temperature of water in the existing systems [2–5]. When most of the large DH was built, it was common to consider design values of the supply temperature above 100℃ in order to reduce the circulating mass flow rate and thus the pipe diameters, which is the 2nd generation DH. The 3rd generation DH, characterized with supply temperatures of the order to 90℃, was adopted during the 1970s and 1980s and represents nowadays the majority of existing DH systems. Current design targets, especially in the case of small systems, are the low temperature systems operating at 50-70℃ and ultra-low temperature systems operating at 35-50℃ [6, 7] as well as neutral DH, operating at about 20-35℃. 

A major challenge in this field lies in transitioning second- and third-generation DH systems to lower operating temperatures, enabling the integration of heat from geothermal and solar plants, industrial and commercial excess heat [8–10], and power-to-heat solutions such as heat pumps [11–14]. Reasonable target temperatures for this transition are values of about 60-70℃ [15]. The main limitations are associated with the requirements of the heating systems currently installed in the connected buildings (often high-temperature radiators), the size of the heat
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exchangers installed in the substations and the pipe diameters of the network [16, 17]. In the case of large networks, where the structure can be considered as composed of a transport network, connecting the various plants to the different areas of the town and multiple distribution networks, each connecting the transport network to the different buildings of an area, a possible approach to overcome the limitations consists of reducing the operating temperatures at a distribution network level. The approach adopted in this study consists of keeping the operating temperature at a transport network level as constant during the heating season, while the temperature in the distribution networks is adjusted according to proper requirements through mixing hot water coming from the transport network and warm water produced by a heat pump. In the case examined in this study, the availability of groundwater [18] was exploited to feed a heat pump as well as to store excess heat when the thermal demand of the network is small. 

2 Temperature Reduction in the Distribution Network

A large DH network which supplies heating to more than 6,500 buildings was considered. The thermal demand in winter was about 1 GW, with morning peaks reaching 1.4 GW, which was covered using mainly HECHP plants, while thermal storage units covered the peak demand. The supply temperature was kept at about 120℃ during the heating season. The distribution network analyzed in this application was very small, consisting of only three office buildings, but it served as the site for the experimental application of the proposed concept. The annual thermal energy request was 945 MWh, while maximum thermal demand (at daily steady state without considering the morning peaks) registered in recent years was about 900 kW and corresponded to an average external temperature of -1.1℃. It should be noted that the external temperature is registered by the temperature sensor used to control the substation and measurements are slightly higher than the real temperature because of the interactions with the building where it is installed. 

A steady-state model of the substations, whose characteristics were obtained from measurements, was used to calculate the minimum supply temperature to each building as a function of the external temperature. The available measurements in each operating condition are the water mass flow rate on the DH side (G), the four temperatures at the heat exchanger, namely T 1, T 2, T 3 and T 4 in Figure 1, and the external temperature (T out). 

Figure 1. Schematic of a thermal substation

The first step of the procedure consists of the evaluation of the energy signature of the buildings, which represents the steady-state thermal demand as the function of the external temperature [19]. The heat flux was evaluated as the product of the mass flow rate on the network times the specific heat of water times the temperature difference on the supply and the return (T 1 − T 2). The thermal signature of one of the three buildings connected to the distribution network is shown in subgraph (a) of Figure 2. The available data from the substation was introduced in a mean logarithmic temperature difference expression to obtain the quantity U A, which is the product of the heat transfer area times the global heat transfer coefficient of the heat exchanger. This is represented in subgraph (b) of Figure 2, which shows that the global heat transfer coefficient increases with the mass flow rate. The mean logarithmic temperature difference model was then used to obtain the mass flow rate required to supply a certain heat flux to the substation depending on the DH supply temperature. This is shown in subgraph (c) of Figure 2, where the model results are compared with the experimental data. This graph shows that, to a certain extent, the network supply temperature which is required to exchange a certain heat flux in the substation can be reduced by increasing the mass flow rate. As the maximum value of the water mass flow rate that can be supplied to a thermal substation is limited by the pipe diameters and the operating condition of the network, the last graph can be used to determine the minimum supply temperature that is required to exchange a certain heat flux. This minimum temperature reduces when the heat demand of the substation reduces, if the circulating mass flow rate is kept to the maximum allowed value. 
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Figure 2. Substation model: (a) Thermal demand; (b) Effect of mass flow rate on the global heat transfer coefficient; (c) Operation of the heat exchanger

The analysis was conducted by considering the daily average temperatures along the heating season, as shown in Figure 3. 

Figure 3. Evolution of the average daily temperature along the heating season 280
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3 Heat Pump Installation

A groundwater heat pump able to produce up to 350 kW hot water at a maximum temperature of 85℃ was installed in the distribution network, as shown in Figure 4. The impact of the size of the heat pump on the decarbonisation was then analyzed. The nominal coefficient of performance (COP) of the heat pump is 2.99 when the supply temperature is 85℃, the return temperature is 70℃ and the groundwater temperature is 15℃ (undisturbed temperature). 

Figure 4. Installation of the groundwater heat pump on the distribution network Figure 5. Thermal demand of the substations (heat flux and supply temperature) and heat pump operation The connection to the transport network guarantees that the thermal demand is covered even when the demand is larger than 350 KW and the minimum supply temperature exceeds 85℃. Assuming that T1,1, T1,2 and T1,3 are the minimum supply temperatures of the three substations, the supply temperature of the distribution network Ts was selected as the maximum between these three values. The total heat flux and Ts were guaranteed by selecting the water mass flow rate extracted from the transport network and the temperature of water exiting the heat pump. 

Figure 5 shows the heat flux requested by the distribution network as the function of the external temperature and the portion of heat covered by the heat pump (the remaining part is covered by the water extracted from the transport 281
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network). When the external temperature is lower than about 2.5℃, the contribution of the heat pump is lower than 350 kW because the supply temperature to be supplied to the substations exceeds 85℃, as shown in the diagram below. When the external temperature is above 13℃, the heat pump is able to comply the requirements of the substations both in terms of heat flux and supply temperature. 

Considering the distribution of the external temperatures along the heating season, the heat pump would operate covering about 62.5% of the heating demand, with an average COP of 3.19, which is larger than the nominal COP

due to the fact that the supply temperature reduces when the external temperature is above 2.5℃ and the return temperature decreases when the outdoor temperature increases. 

The percentage of heat produced from renewable sources is thus between 43% (in the case the electricity feeding the heat pump is not produced from renewable energy) and 62.5%. 

Figure 6. Min and max share of renewable energy in the distribution network as the function of the heat pump capacity

Figure 6 analyses the contribution of RES to the total demand in the case of renewable and non-renewable electricity to feed the heat pump, depending on the size of the heat pump. The curve associated with the maximum share is strictly related with the percentage of heat covered by the heat pump; the marginal additional contribution tends to decrease as the heat pump size increases. The curve associated with the minimum share is also affected by the COP of the heat pump. The larger the size, the smaller the average COP, which passes from 3.28 in the case of a 250 kW heat pump to 3.15 in the case of a 500 kW heat pump. 

4 Groundwater Flow Modelling

A further improvement that can be implemented in this system consists of the possibility to take advantage of summer operation of the heat pump as a chiller. In this case, the heat released from the condenser can be stored in the groundwater and extracted during the heating season in order to increase the performance of the heat pump. Similar advantage can be obtained by storing in the groundwater excess heat from productive processes, supermarkets or data centres from renewable plants (mainly solar collectors) or heat released from other chillers. As the groundwater in the area considered for the installation is flowing with a velocity of the order of 1-2 m/day, the groundwater extraction must be performed downstream the injection at a proper distance which depends on the time delay between the excess heat availability and its use. 

To properly calculate the efficiency of this thermal storage, a computational fluid dynamic model of the subsurface was used. This model considers the momentum and energy equation. Momentum equation is written in the form of the Darcy equation:

k

v = − ∇p

(1)

µ

where, v is the velocity vector, k is the ground permeability, µ is dynamic viscosity, and p is the pressure. Eq. (1) was substituted in the continuity equation, as shown in Eq. (2), to obtain the partial differential equation to be solved, as shown in Eq. (3):

∇ · v = 0

(2)
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Figure 7. Groundwater temperature distribution during the first year operation k ∇2p = 0

(3)

µ

The energy equation is written in transient form:

∂ T

λ∇2 T = ρcv · ∇ T + ρc

(4)

∂t

where, λ is the equivalent conductivity (considering the contributions of both the soil and water), T is the temperature, ρ is the density, and c is the specific heat. The computational domain which was adopted for the specific installation examined in the present work includes the injection well, the extraction well (located at about 220 m downstream the injection), the unsaturated unit (i.e., the upper portion of the ground without water flow), and the first saturated unit. 

This model was validated through comparison of the numerical results with the temperature measurements available from piezometers [20]. 

Figure 8. Groundwater temperature distribution during the second year operation The cooling demand for the three buildings was estimated as 325 MWh and occurred in the period between middle May to middle September. The heat injection in the groundwater was estimated as 450 MWh. Figure 7 and Figure 8 show the groundwater thermal plume evolution during the operation of the first and second years in the case the heat injection is combined with an extraction performed according to the heat pump operation presented in Figure 5. The figure also shows the two wells, which are located at a distance of 190 m. When the system operates in cooling mode, the upstream well injects hot water in the groundwater system (which is extracted from a well located upstream and not represented), while during the heating season, the water is extracted from the well located downstream, thus taking advantage of a higher temperature. 

283

[image: Image 15]

[image: Image 16]

[image: Image 17]

Figure 9. Heat flux exchanged with the groundwater

Figure 10. Temperature of the extracted groundwater

Figure 11. Heat flux exchanged with the groundwater

The annual efficiency of the storage system with the examined configuration, calculated as the ratio between the thermal energy associated with the temperature deviation of the water extracted from the ground with respect to the undisturbed temperature (15℃) and the energy injected in the groundwater, is about 85% when evaluated considering two-year operation. Figure 9 shows the heat flux injected in the ground (+) and the heat flux extracted during two-year operation. 

The resulting temperature profile of the water extracted from the downstream well during the second heating season is shown in Figure 10, which shows that temperature is always larger than the perturbed value and reaches a maximum of about 21.2℃. 

The COP of the heat pump along the first heating season operation is shown in Figure 11, where it is compared with that obtained feeding the heat pump with water at the undisturbed temperature. The average COP increases 284

from about 3.2 to 3.45, therefore, the minimum contribution to the share of renewable increases from about 0.43 to almost 0.45%. 

5 Conclusions

In this study, the integration of a groundwater heat pump in the distribution network of a second-generation DH

was proposed. The thermal demand of the buildings connected with the DH was managed through proper selection of the supply temperature in the distribution network; requirements in terms of supply temperature and heat demand were fulfilled by mixing water produced at 85℃ by the heat pump and water at 120℃ available from the transmission network. This approach significantly increased the percentage of heat produced from renewable energy without requiring modifications to the operational settings of building heating systems or substations. Depending on the size of the heat pump, the share of renewable heat supplied to the end-users of the distribution network varied between 33%-47% (in the case of non-renewable electricity and renewable electricity, respectively) to about 53%-77%. 

An additional option, which consists of taking advantage of extra heat stored in the groundwater, was also examined. This allows one to further increase the share of renewable energy used to feed the examined portion of DH network. In addition, a further 7% reduction in the electricity consumption of the heat pump was achieved. 
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Abstract: District heating (DH) systems in Europe predominantly belong to the second and third generations,
operating at temperatures often exceeding 100°C, which poses challenges for integrating renewable energy sources
(RES). The feasibility of incorporating large-scale groundwater heat pumps into such systems was explored in this
study, with a focus on adjusting the supply water temperature to thermal substations. This adjustment, achieved by
lowering the temperature below design values in response to rising outdoor temperatures, facilitated the integration
of RES and improved system efficiency. Additionally, groundwater or geothermal heat pumps enabled the effective
utilisation of waste heat (WH) from industrial processes or excess heat from renewable sources, particularly during
periods when the thermal demand of the DH system was insufficient to justify direct supply. This excess heat, once
collected, can be stored in the ground and later retrieved for use during the heating season, contributing to the system’s
overall sustainability. The integration of seasonal thermal storage further enhances the operational flexibility of DH
systems by allowing for the balancing of supply and demand over extended periods. The findings underscore the
technical viability and environmental benefits of such integration, providing a pathway for the modernisation of DH
infrastructure and the advancement of energy transition goals.

Keywords: District heating decarbonisation; Groundwater heat pumps; Supply temperature reduction; Seasonal
thermal storage

1 Introduction

In its 2023 Energy Efficiency Directive, the European Commission revised the definition of efficient DH and
cooling, setting progressive targets to be achieved over the coming years [1]. These targets include at least 50% RES,
50% WH, 75% combined heat and power (CHP) or 50% of a combination of them before 2028; at least 50% RES,
50% WH, 80% high-efficiency combined heat and power (HECHP) or 50% combination of them with at least 5%
RES or WH before 2035; at least 50% RES, 50% WH, 80% HECHP or 80% combination of them with at least 35%
RES or WH before 2040; at least 75% RES, 75% WH or 95% combination RES, WH and HECHP with at least 5%
RES or WH before 2045; a combination of at least 75% RES and WH before 2045; combination of 100% RES and
'WH before 2050.

A crucial condition to meet these decarbonisation targets is related with a reduction in the supply temperature of
water in the existing systems [2—-5]. When most of the large DH was built, it was common to consider design values
of the supply temperature above 100°C in order to reduce the circulating mass flow rate and thus the pipe diameters,
which is the 2nd generation DH. The 3rd generation DH, characterized with supply temperatures of the order to 90°C,
was adopted during the 1970s and 1980s and represents nowadays the majority of existing DH systems. Current
design targets, especially in the case of small systems, are the low temperature systems operating at 50-70°C and
ultra-low temperature systems operating at 35-50°C [6, 7] as well as neutral DH, operating at about 20-35°C.

A major challenge in this field lies in transitioning second- and third-generation DH systems to lower operating
temperatures, enabling the integration of heat from geothermal and solar plants, industrial and commercial excess
heat [8-10]. and power-to-heat solutions such as heat pumps [11-14]. Reasonable target temperatures for this
transition are values of about 60-70°C [15]. The main limitations are associated with the requirements of the
heating systems currently installed in the connected buildings (often high-temperature radiators), the size of the heat
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