

  sustainability-15-04985




sustainability-15-04985







Sustainability 2023, 15(6), 4985; doi:10.3390/su15064985




Article



Impact of Heat Pump and Cogeneration Integration on Power Distribution Grids Based on Transition Scenarios for Heating in Urban Areas



Marten Fesefeldt *[image: Orcid], Massimiliano Capezzali[image: Orcid], Mokhtar Bozorg[image: Orcid] and Riina Karjalainen





Institute of Energy and Electrical Systems (IESE), School of Engineering and Management Vaud, HES-SO University of Applied Sciences and Arts Western Switzerland, Route de Cheseaux 1, 1400 Yverdon-les-Bains, Switzerland









*



Correspondence: marten.fesefeldt@heig-vd.ch







Academic Editor: Luca Cioccolanti



Received: 22 December 2022 / Revised: 1 March 2023 / Accepted: 8 March 2023 / Published: 10 March 2023



Abstract

:

Electrification of final use sectors such as heating and mobility is often proposed as an effective pathway towards decarbonization of urban areas. In this context, power-driven heat pumps (HP) are usually strongly fostered as alternatives to fossil-burning boilers in municipal planning processes. In continental climates, this leads to substantially increased electricity demand in winter months that, in turn may lead to stress situations on local power distribution grids. Hence, in parallel to the massive implementation of electric HP, strategies must be put in place to ensure the grid stability and operational security, notably in terms of voltage levels, as well as transformer and line’s capacity limits. In this paper, three such strategies are highlighted within the specific situation of a mid-sized Swiss city, potentially representative of many continental, central Europe urban zones as a test-case. The hourly-based power flow simulations of the medium- and low-voltage distribution grids show the impact of various future scenarios, inspired from typical territorial energy planning processes, implying various degrees of heat pumps penetration. The first strategy relies on the implementation of decentralized combined heat and power (CHP) units, fed by the existing natural gas network and is shown to provide an effective pathway to accommodate heat pump electricity demand on urban power distribution grids. Two alternative solutions based on grid reinforcements and controlled usage of reactive power from photovoltaic (PV) inverters are additionally considered to ensure security constraints of grid operation and compared with the scenario relying on CHP deployment.
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1. Introduction


In almost all European countries, the penetration of heating technologies aimed at replacing standard oil and natural-gas-based boilers has been steadfast since many years. This change is driven by local and national policies aimed at decreasing both greenhouse-gas emissions, as well as the usage of fossil energy sources. In the case of oil-based boilers, their replacement is also called for, in order to reduce particulate pollution in dense urban zones. Among the alternatives to these well-established, easy-to-use, but environmentally questionable technologies, power-driven heat pumps (HP) are penetrating the heating market in a substantial way and are often supported by local energy planning policies, since they do not emit any local direct pollution [1]. However, other possibilities are also finding a position in the evolving heating market, such as wood boilers, solar thermal collectors, combined heat and power units (CHP), along with a wide variety of district heating networks (DHN) typologies, covering from a few blocks to entire cities/regions and relying on both renewable (e.g., wood or geothermal energy) as well as non-renewable (e.g., natural gas) supply sources. In Switzerland, for example, public policies tend to favour both power-driven heat pumps and DHN configurations [2].



Power-driven heat pumps require massive amounts of electricity during winter time in continental, cold climates. This constitutes a major energy supply security issue in many European countries, in a period of decreasing available conventional power generation capacities—providing both baseload and peak power—and also due to the fact that solar PV generation in wintertime is limited on Central European latitudes [3]. In the case of Switzerland, PV is a favoured renewable option at power distribution level from an energy planning and local policy point of view. The penetration rate of PV, notably in terms of decentralized generation, is steadfast and is expected to continue in the next two decades [4]. PV production is intermittent and follows day-night, as well as summer-winter variations. On one hand, the integration of PV production on local power distribution grids, as well as additional charges such as electricity-driven HPs and increased amount of electric vehicles, must be carefully studied to avoid any violation from grid operation security constraints such as voltage limits and transformers and line’s capacity (loading) limits. On the other hand, even limited grid reinforcements typically require relatively large investments, especially in dense urban territories [5,6]. Hence, if electrification of usages by way of heat pumps in the heating sector but also in the mobility sector is presently on the way, the overall electricity and energy system resilience towards such evolutions—desirable from a sustainability point of view—needs to be carefully analysed and quantified in order to understand the impact on local grids. To the best of the authors’ knowledge, no study has attempted to quantitatively tackle how to balance the distribution grid requirements with the penetration of new decentralized production by way of PV and of massively increased (winter and night) demand through heat pumps, by focusing on a real grid configuration of an existing urban area and based on a hourly approach. The present study intends to cover this gap by proposing, quantifying and comparing three possible routes to increase HP implementation with PV production in urban areas, while fulfilling the physical and operational constraints of power distribution grids, based on real data.



In a previous article [7], the authors have demonstrated with an economic-based optimization how CHP units distributed on a given territory are able to bring one possible answer to the above-described issue of concomitant increase of power demand and intermittent power production on the distribution grids. Indeed, by generating both heat and distributed power in simultaneous and synergetic fashion, CHP contribute to additional and crucial local power supply matching new power consumptions, such as those emanating from newly installed HPs in winter time and electric vehicles charging units. However, in that paper, focus was mainly set on the economic optimization of the natural gas grid topology, while the potential contribution of adequately chosen CHP units with respect to the secure operation of the power distribution grid was estimated only on a yearly basis.



In the present paper, we follow up on [7] in several important directions. First, we focus on the hourly dynamics of power distribution grids, using real energy demand and supply data for the Swiss city of Yverdon-les-Bains as a test-case of the presented method. Yverdon-les-Bains represents a small- to mid-sized city in continental Europe with moderately cold climate. The selected approach is able to precisely and quantitatively identify the real-time effects linked to increased power consumption on given cold days, both in terms of deviations of voltage levels, as well as overloading conditions regarding both active and reactive power flow. Secondly, we focus on three ad hoc scenarios regarding the future replacement of standard oil and natural gas boilers, thereby identifying the precise role of bridging technologies such as CHP in the transition to more sustainable heating systems. Thirdly, we investigate two different approaches aimed at ensuring grid operation security constraints, namely by focused on grid reinforcement and dedicated usage of PV inverters to inject/consume reactive power, and compare their effectiveness in contributing to local power grid stability. The study thus provides quantified inputs based on real territorial data for increased implementation of urban PV production on the supply side, as well as additional demand from power-driven HPs. The approach can be easily broadened to include future electric vehicle charging needs, as shown in an internal project for a different test case but with a stronger focus on recharging of electric vehicles in microgrids [8].




2. Methodology


2.1. Definition of Boundaries


The following work must take into account several boundary condition based on: available computational power, relevance and data availability. The boundary conditions are distinguished according to three distinct categories, namely.



	
Temporal






In this article we used a set of different annual demand and solar irradiation profiles for the year 2019. After analysing the demand and production files we focused the study on different relevant extreme days, e.g., peak electricity demand day or peak heat demand day. For the chosen year, we identified the 24th of January as the most significant day for the power grid by using large scale heat pump installation in the whole city. This day represents the highest heat demand point and also showcases total electricity demand close to the annual peak. All necessary time series have been either collected (Irradiation) or created (demand profiles) on an hourly base for the selected day.



	
Spatial






A detailed power grid analysis is performed over the whole territory of the Swiss city of Yverdon-les-Bains, at the levels of both mid- and low-voltage grids. The mid-voltage grid of Yverdon-les-Bains consists of a 20 kV and a 40 kV circle (see Table 1). The raw data of the grid does include all cable lines of the power grid, independent of the circuit and configuration at each time step. This leads to an interconnecting system of most low voltage subgrids. However, the grid is operated mostly in radial mode in normal condition. In order to find a realistic grid operation topology, we need to separate the subgrids with the goal of having one transformator for each subgrid, an algorithm was developed based on the distance between two connected transformer nodes via low voltage cables.



	1.

	
finding all existing subgraphs (sg)




	2.

	
finding all transformers in sg




	3.

	
if amount of transformers in sg > 1:



	3a.

	
determine distance between all transformer nodes in sg




	3b.

	
find pair of connected transformator nodes with the shortest distance




	3c.

	
determine and cut edge located in the middle of both nodes




	3d.

	
return to 3.








	4.

	
else:



	4a.

	
return to 1 and check next subgraph sg + 1











	
Data Pre-Processing






The hourly load profiles for both heat and electricity demand (at single building level) were created with a large set of measured, standard or synthetic created profiles and are selected based on buildings type (heat and electricity) and construction year (only for heat). Each profile is thereafter normalized and adjusted based to the total annual demand. While active power demand files were available for most building types, the reactive power was calculated for the missing building types based on the cumulative distribution of reactive power in the known demand files of similar buildings. The reactive power Q related to the operation of heat pumps is calculated based on active power demand P and a technology factor x as:


     Q = P ·    1 −  x 2    y      



(1)








2.2. Creation of Initial Scenario (s0)


In a first step, we used all available data to recreate the current power grid of Yverdon-les-Bains. The grid configuration details were provided by the local energy provider Yverdon Énergies. The physical parameters of important components of the grid were partly also made available by Yverdon Énergies while for unknown quantities, either standard parameters or the most common elements were used. The evaluation of a power flow analysis for the initial situation showed that the selected parameter had little to no impact on critical events in the grid.



The parameters used to create the power grid is summarised in Table 2. The mid-voltage (MV) power grid is connected at one point to the external high-voltage (HV) grid by HV-MV transformers. The MV grid is then connected to the low-voltage (LV) grid by 85 MV-LV transformers, which distribute electricity to the consumers. In total, the distribution grid is connected to 3364 buildings, of which the large majority is connected to the LV distribution grid and only very large consumers are directly connected to the MV grid.



Yverdon Énergies also provided data for all buildings in the city of Yverdon-les-Bains, notably regarding geographical position, building type and usage, size, installed heating technology, annual electrical demand and production related to locally installed photovoltaic (PV) systems. In order to perform a time-series power flow analysis we generated annual hourly power and heat demand profiles for each building, depending on the building size, given total demand data and the type of building. Buildings connected to the district heating networks were combined to a single heat demand for the whole DHN with one heating unit. In a second step, we merged the building data with the grid data and aggregated all information to create the initial scenario with hourly-based annual demand. Each building is assumed to be connected to the closest end-node low-voltage power grid. Following the grid connection recommendation of Group E [9] and Viteos [10], buildings with a total annual consumption of 750 MWh or a maximal power demand of 360 kW peak are connected directly to the mid-voltage grid. In addition to the electric supply, we assigned a heating system to each building. Most buildings are connected to the dense natural gas distribution grid and are heated with gas combustion units. Another big part of the built environment relies on oil boilers, while presently only a small percentage is heated with heat pumps. In addition, there are already two urban districts supplied by dedicated existing district heating networks (red area in Figure 1). The final electricity balance for the selected day is shown in Figure 2a, with the electricity demand of current heat pumps included.




2.3. Future Scenarios


The transition of urban heating systems in Switzerland away from fossil fuels is heavily focused on replacement of existing heating generation technologies—mainly constituted by single- and multi-building traditional boilers—with power-driven heat pumps and district heating networks. The analysis presented here also includes the presence and the future installation of PV systems on buildings rooftops; we apply a growth rate consistent with the municipal and federal objectives of 2% per year [4]. As seen in Figure 1, a number of future district heating networks are planned and each is supposed to be operated separately and supplied by a dedicated heat source. These heat sources vary for each DHN and depends on already available local features like waste heat, a good connection to the mid voltage grid for the installation of large sized heat pumps or other alternative heat sources, e.g., geothermal. Even though the district heating networks are mostly in the first steps of planning at city level, Yverdon Énergies communicated the overall strategy at this point of time regarding connection of buildings and heating technologies (see Figure 1). All buildings with a peak demand of 50 kW (or more) located in this area are assumed to be connected to the district heating network if not known otherwise.



In order to evaluate the impact of future transition of the heating market on the resilience of the local power grid, three ad hoc scenarios have been designed (see Table 1) as to represent the possible “extreme” situations. In all three of them, all planned DHN are implemented as foreseen by the city utility. A more detailed overview of the transition in each scenario is given in Table 3, where the number of buildings connected with each heating technology and the relative share of the total heat demand are given. The three scenarios are the following: (1) A complete transition of all gas and oil combustion boilers to single- or multi-building, power-driven heat pumps, named as scenario 1 (s1) in the following. The large-scale implementation of power-driven heat pumps as foreseen in the selected scenarios implicitly results in a significant increase of electricity demand on days with high heat demand. On the selected day, as can be seen in Figure 2b, the peak external electricity demand increase by around 40 % from 30 MW to 43 MW and a shift of the base load from around 5 MW to around 20 MW. (2) A second future scenario (s2) represents a “less drastic” transition to heat pumps. Only oil-based combustion units, which represent around 35% of the cities heat production of residential heat production in Yverdon-les-Bains (a share relatively lower than the Swiss national average ranging slightly below 50%), are replaced with heat pumps. As seen in Figure 2c, the demand in the peak-time step increases by around 16% from the initial 30 MW to 35 MW while the baseload demand doubles from 5 MW to 10 MW. (3) The last scenario (s3) is based on s2, but it integrates the switch of natural gas-based combustion boilers to gas-based CHP units (internal combustion engines). Since the infrastructure for the natural gas supply already exists, this transition requires little infrastructure changes on the heat side. The power balance in Figure 2d shows that the grid-external demand at the peak hour actually decrease to 25 MW. The whole curve shows a significant drop, based on the concomitant distributed power generation originating from the CHP units which are either used locally or injected into the grid. It is also important to mention that emergence of negative reactive power can be seen in the early and late hours of the day.



The electricity source for scenario 3 is illustrated in Figure 3 and shows the power production by photovoltaic panels which is similar for all three future scenarios. The CHP production stays relatively constant during the considered day and provides the majority of electricity in the early morning hours. In the local electricity consumption peak hours most electricity is provided from the external high voltage power grid.




2.4. Power Flow Simulation


The power flow simulation has been implemented in Python via jupyter notebook with the open-source power flow library Pandapower [11,12,13]. For each scenario in this simulation, the net active and reactive power injection at each node is defined based on power consumptions and generations (i.e.,    P i  =  P  Gen , i   −  P  load , i     and    Q i  =  Q  Gen , i   −  Q  Load , i      ∀ i = 1  . . .  N  , where N is the numbe rof the nodes). Then, a balanced AC power flow model is used as presented in Equations (2) and (3) in order to find the voltage magnitude at each node of the grid   (  V i   ;   ∀ i = 1  . . .  N )  .


      P i   ( θ , V )  =  V i   ∑  j = 1  N   V j   (  G  i j   · cos  (  θ i  −  θ j  )  +  B  i j   · sin  (  θ i  −  θ j  )  )      



(2)






      Q i   ( θ , V )  =  V i   ∑  j = 1  N   V j   (  G  i j   · sin  (  θ i  −  θ j  )  −  B  i j   · cos  (  θ i  −  θ j  )  )      



(3)




where   G  i j    and   B  i j    are the real and imaginary parts of the component   i j   of the admittance matrix of the grid, respectively.   θ i   is the voltage angle at node i with respect to the reference node   (  θ 1  = 0 )  . The non-linear Equations (2) and (3) are solved iteratively using a conventional Newton-Raphson algorithm as formulated in (4) [14]:


      x  k + 1   −  x k  =   (  J k  )   − 1    (  x k  )  · f  (  x k  )      



(4)




where   x =     θ     V       is the vector of unknown variables (voltage magnitudes and angles at every node). At each iteration k,   f (  x k  )   is the set of mismatch equations between defined and calculated net active and reactive power injection at each node (i.e., left-hand side and right-hand side of Equations (2) and (3), respectively). J is the Jacobian matrix including the partial derivatives of   f ( x )   that is updated at each iteration as in Equation (5).


     J  ( θ , V )  =        ∂ P   ∂ θ    (  θ k  ,  V k  )        ∂ P   ∂ V    (  θ k  ,  V k  )          ∂ Q   ∂ θ    (  θ k  ,  V k  )        ∂ Q   ∂ V    (  θ k  ,  V k  )           



(5)









3. Results


3.1. Initial Scenario (s0)


The power flow results of the initial scenario (Figure 4) show that the present power distribution grid configuration and dimensioning is able to handle the determined extreme demand situation. For the initial scenario, the annual peak demand for electricity is in a similar range as the electric demand for the heat during demand peak (24.01). While the power flow shows some weak regions for the heat demand peak, these do not occur during the electric peak demand time step. Therefore, we will only focus on the results for the heat demand peak day. As seen in Figure 4a, a small area in the central with an under-voltage of around 0.9 p.u. is visible. In Figure 4b the line loading of the power grid is showcased, it can also be seen that at some regions the line loading exceeds the recommended value in a certain number of urban zones. The total length of all cables with a line loading above 100% is shown in Figure 5a for the initial scenario (s0). The most critical time step is for s0 at 20:00 with around 650 m in total for the whole city of Yverdon-les-Bains. This peak is explainable with the peak in electricity demand shown in Figure 2a.




3.2. Future Scenarios


The installation of heat pumps results in an increased electricity demand in the power grid, especially during high heat demand periods. In contrast to the initial scenario (s0), the scenario with a full transition to heat pumps (s1) shows multiple regions with critical events. Figure 6a indicates the different regions with under-voltage levels of even under 0.8 p.u. spread over different parts of the city. The line loading (Figure 6b) shows a similar pattern and by comparing the initial length of over loaded lines in Figure 5a with the over line loading of s1 in Figure 5b, the peak at 20:00 increased from around 650 m towards over 3 km. It is also important to note that the system experiences over loading during the whole day, exceeding the initial peak of 650 m in many time steps.



Scenario 2 (s2), where the installation of heat pumps is limited to replace current oil-based boilers shows far lesser critical events for under-voltage (showcased in Figure 7a) or line loading (Figure 7b). However, as shown in Figure 5c during the peak time step at 20:00 the total length of over line loading cables does reach over 1 km.



The last scenario (s3), with a similar heat pump installation to s2 but with CHP engines are imagined to take the place of natural-gas fired furnaces, shows a similar image as the initial scenario for both voltage (Figure 8a) and line loading (Figure 8b). The peak of total length of over loading lines (Figure 5d) is even lower than in the initial, but local peaks of between 300 m and 400 m are visible towards the whole day. Thus, important overloadings and under-voltages are identified in scenarios focusing on the installation on heat pumps. The results of s3 show that further modification in the grid can help to stabilize the power grid.




3.3. Grid Reinforcement vs. Cogeneration


In order to ensure grid security constraints regarding the under-voltage in certain buses and the over loading in stressed lines, which occur in the scenarios where heat pumps are implemented more broadly, two strategies are notably considered. The first strategy is to foster the replacement of standard gas boilers by cogeneration units for buildings that are already connected to the natural gas distribution grid. This strategy represents scenario 3 described above. In the heat demand peak-day, we see a shift of the voltage level of around 0.05 p.u. towards the nominal value in the solution with CHP (Figure 9b) compared to the full heat pump solution (Figure 9a). Hence, a strategy involving CHP units allows to significantly hamper the under-voltage situations due to the demand of additional heat pumps on cold days.



The second strategy is to reinforce the grid directly by installing lines with lower electrical resistance. In practice, this could happen gradually by replacing a cable at the end of its life time with a new one with larger cross section. We assumed that the overloaded lines are replaced with new ones where the larger cross sections result in 20% lower resistance and 25% higher line loading current limit. This is done for all over-loaded cables of the previous grid reinforcement iteration i by keeping the ratio between the resistance and reactances of the cables constant.


      R  n e w , i   = 0.8 ·  R  i − 1          ∀ i ∈ [ 1 , 2 ]     



(6)






       R  n e w , i    X  n e w , i    =   R  i − 1    X  i − 1        



(7)







In addition, we also increase the maximal current in the cable:


      I  m a x , i   = 1.25 ·  I  m a x , i − 1          ∀ i ∈ [ 1 , 2 ]     



(8)







The results are given in Table 4 for scenario 1 and as comparison the state of the initial (s0) and the other two considers scenarios with unchanged cable parameters, with values in bold representing lower values then obtained for the initial solution (s0). After the first iteration of reinforcement for s1, the number of over voltage buses and over loaded line length drops slightly, but stays far higher than in the comparison scenarios without reinforcements. Even a second iteration does not reach the solution of the initial scenario (s0). However, the second iteration reaches a level with less cable length of critical line loading than in the initial scenario. The problem of line loading can be handled by grid reinforcement, but this is not very effective at solving the under-voltage issue.




3.4. Voltage Regulation by Photovoltaic Systems


The installation of new photovoltaic systems have the major benefit and purpose of injecting electricity in the grid via renewable energy. Unfortunately, the effect of solar power on the active power in the grid is negligible during hours without available solar irradiation, especially on winter days. The results in Section 3.3 show that a reinforcement of the cables in the grid to reduce the over line-loading still remains a high amount of under-voltage buses. As PV systems are connected to the grid through power electronic inverters, they could be able to inject reactive power into the grid, even when no solar irradiation and therefore no active power is available (see [15,16]). Scenario 1 with a full heat pump solution is adapted in a way that the photovoltaic systems inject reactive power into the grid based on their capacity   S i   and active power    P i   ( t )    derived from available solar irradiation at at time-step i according to:


      Q i   ( t )  =    S i 2  −    P i   ( t )   2        



(9)







We assumed that the injection of reactive power from a PV inverters into the power grid is only activated if under-voltages of at least 0.9 p.u. are measured for the same subgrid as the photovoltaic system. Scenario 1 is simulated for three different cases with 30, 70 and 100% of the available reactive power in the activated photovoltaic systems. When no grid reinforcement is applied, a 30% usage of reactive power already reduced the amount of buses with under-voltage of 0.9 p.u. significant from 993 buses to 389 buses. In addition the line loading in the grid does have a major change. By increasing the reactive power the under-voltage improves further but the line loading problematic increases. The usage of reactive power from photovoltaic systems does seem to help solving the under-voltage but increase the line loading problematic at the same time, as already indicated in Table 4.



Combining the approach of grid reinforcement presented in Section 3.3 with using reactive power of photovoltaic systems helps to reduce both problems. However, even with two reinforcement iterations, the results of the initial scenario (s0) cannot be achieved for both line loading and under-voltage (see Table 5). By using 30% of reactive power of activated photovoltaic systems, a high amount of buses still remain in the state of under-voltage, while the usage of >70% reactive power have a significant length of cables with line loading over 80% and even 150%.




3.5. Impact on Initial Electricity Consumption k-Medoids Day


The simulation of a non-extreme point in time was chosen in order to better understand the previous results and their significance for the grid. The electricity consumption determined for the initial situation does not include demand for heating purpose, since nearly no heat pumps or direct electricity are used. By using a k-Medoids algorithm on the electricity consumption, the 22nd of April has been determined as an average day for the considered test case. All considered scenarios show a peak in both line loading and under-voltage at 11:00 for this day. The line loading and under-voltage results are given in Table 6 and should be put into comparison with the results of the heat-peak day in Table 4. While at the electricity consumption peak point described in Section 3.2 no over-voltage appeared in all scenario, at 11:00 on the k-Medoids day over voltages can be seen at various buses in the power grid. The under-voltage and line loading issues also seem to appear in all future scenarios in a similar manner, but are reasonable low in the initial scenario. The results for the CHP based s3 shows even more critical nodes and cable length.





4. Discussion and Perspectives


The power flow analysis of the current electricity system of Yverdon-les-Bains shows that the current grid is well dimensioned and is even capable of operating in an acceptable manner when subject to an extreme demand scenario. However, the results for the three different future heating strategies indicates a significant impact on the future operation security of the power grid with changing heating technologies. Even the installation of large scale district heating networks for larger consumers appears not to be able to mitigate the impact of a full transition to heat pumps, in accordance with results obtained in [17]. Indeed, the corresponding scenario s2 shows that if only the current oil-boilers switch to heat pumps, the grid would require reinforcement at certain locations to handle under-voltage in the corresponding buses and over-loading in a number of lines. We proposed and analysed three possible solutions to handle these crucial issues stemming out of the chosen ad hoc scenarios. (1) The installation of CHP units as a replacement for standard gas combustion boilers. The results of the power flow analysis show that the additional produced electricity is able to cover the new demand stemming from heat pumps. There are indeed effective synergies between co-generation units and heat pumps, since the installation of both technologies results in a stronger synchronizing of heat and electricity demand for continental climate conditions. During cold periods, the operation of heat pumps leads to a higher electricity demand, while the operation of CHP units leads to a higher production of electricity. With the help of co-generation units, the heavy under-voltage situations were significantly improved by around 0.05 p.u. to more feasible voltage levels. (2) A second solution is the reinforcement of the existing grid by installing stronger cables or lay new cables in parallel to existing ones, as explored, e.g., by [18]. We addressed that strategy by reducing the resistance of over loaded cables and the maximal current. While this strategy solved the line loading issue, it did not significantly change the under-voltage situations. (3) To handle the under-voltage occurring in many buses, due to the operation of heat pumps, the injection of reactive power from the inverters of the installed photovoltaic systems is proposed, as a second alternative pathway with respect to the implementation of decentralized CHP units. The installation of photovoltaic units itself made little impact on the overall urban power system, since during cold winter days, limited amounts of electricity is fed into the grid. However, the injection of reactive power could be used to raise the voltage level within an acceptable range, as studied by [19], within PV penetration scenarios on low-voltage distribution systems. Unfortunately, with the increase of reactive power in the grid the line loading increases concomitantly. Buses with under-voltage disappear nearly completely, but even with reinforcement of the grid, the line loading in a significant amount of cables stay far over 80%. A first simplified control strategy was implemented in the sense of injecting reactive power only to subgrids with significant under-voltage problems and analysing the impact of different shares of the total possible injection capacity of reactive power on a city-wide scale. The authors propose to define a more detailed and improved control strategy in a follow-up project based on the injection of reactive power based on an optimal solution for the considered scenarios. The control strategy will be improved (1) by enabling the control strategy to size the share of reactive power locally on line level instead of city-wide; and (2) by considering the optimal impact of each separate photovoltaic unit on the whole grid.




5. Conclusions


The penetration of power-driven heat pumps is supported by national and local policies in many continental Europe countries. In this paper, we investigate the impact of such a transition from traditional fossil-based boilers to heat pumps on the local power distribution grid in terms of voltage, current and reactive power dynamics. First, an easily reproducible methodology is developed, based on the coupling of detailed, geo-referenced heat demand data of a given territory and the specificities of the local electricity supply grid (mid- and low-voltage). It is assumed that the required electricity which is not supplied within the grid is provided from the external high-voltage grid and furthermore that the existing gas grid continues to be able to provide the current gas quantities.



In a second step, the proposed approach is applied to the Swiss city of Yverdon-les-Bains within three different scenarios, portraying various future combinations of heating technology distributions in such a mid-sized city. The results indicate that a massive penetration of power-driven heat pumps indeed leads, on the coldest days of a given year, to severe under-voltages and line overloading on considerable extensions of the distribution power grid. These effects are quantitatively identifiable by using the proposed methodology, along with a precise map localization. One of the explored scenarios involving the transition from natural-gas fired boilers to CHP units highlights the first of three mitigation routes for such severe grid instabilities linked to increased power demand on cold winter days due to heat pumps. The hourly-based power flow computations clearly demonstrate that CHP units indeed efficiently restore voltage and current levels in the low-voltage grid, up to levels consistent with the present, balanced situation. Two alternative mitigation routes are also explored in terms of focused grid reinforcements and usage of PV inverters and are compared to the implementation of CHP units. On one hand, the reinforcement of cables show a significant reduction of overline loading, but does not reduce under-voltage issues in the grid to an acceptable level. On the other hand, the injection of reactive power by PV inverters leads to the opposite effect, reducing the under-voltage but increasing the line loading issues. Even a combined strategy of grid reinforcement and reactive power injection does not result to a superior solution for the considered HP focused scenario, in comparison to the CHP supported scenario in relation to both voltage and line-loading issues. Therefore, the above analysis confirms the results previously obtained in [7] that already pointed out the positive synergies stemming from a coordinated penetration of electricity-driven heat pumps and optimally distributed CHP units on existing natural gas distribution urban infrastructures, in terms of both reductions of GHG emissions and distributed power generation aimed at covering the electrification of the heating sector. Real territorial data and hourly-resolution power flow simulations provide the basis of a transparent analysis, in which a variety of scenarios can be compared in order to ensure a reliable and resilient operation of power distribution urban systems, as well as a quantitative decision-support process in terms of urban multi-energy planning.
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Figure 1. Planned zones for DHN on the territory of Yverdon-les-Bains. 
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Figure 2. Injection from the external high voltage feeder into the power grid of Yverdon-les-Bains for the initial (a) and the 3 (b–d) future scenarios for the selected heat peak day. 
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Figure 3. Electricity supply over the considered heat-peak day for scenario 3. 
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Figure 4. Distribution of voltage (left) and line loading (right) for the power grid at 20:00 for the initial state (s0). 
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Figure 5. Total length of all cables with over line loading for the 4 considered scenarios on the selected heat demand peak day. 
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Figure 6. Distribution of voltage and line loading at 20:00 for the full heat pump scenario (s1). 
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Figure 7. Distribution of voltage and line loading at 20:00 for the partly heat pump scenario (s2). 
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Figure 8. Distribution of voltage and line loading at 20:00 for the heat pump and co-generation mixed scenario (s3). 
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Figure 9. Voltage of every cable in the power grid in p.u. for scenario 1 (a) and scenario 3 (b). 
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Table 1. Definition of each scenario based on the heating unit transition.
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	Transition

from… to…
	Oil Boiler
	Gas Boiler
	DHN
	HP
	CHP





	Scenario 0
	-
	-
	-
	-
	-



	Scenario 1
	HP
	HP
	future *
	-
	HP



	Scenario 2
	HP
	-
	future *
	-
	-



	Scenario 3
	HP
	CHP
	future *
	-
	-







* as defined in Section 2.3.
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Table 2. Parameters of the power grid for the test case of Yverdon-les Bains.
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	Parameter
	Value
	Unit





	Surface of YLB
	13.54
	km   3  



	Inhabitants
	29,955
	-



	Number of Buildings
	3364
	-



	Nodes
	9744
	-



	Length LV cables
	270.32
	km



	Length MV cables
	53.95
	km



	Transformers
	85
	-
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Table 3. Distribution of heating technologies for all scenarios over number of buildings and share of total heating.
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	Technology
	Parameter
	s0
	s1
	s2
	s3





	Oil Boiler
	# Buildings
	1118
	-
	-
	-



	
	%   H  t o t a l   
	35.9
	-
	-
	-



	Gas Boiler
	# Buildings
	2208
	-
	2150
	-



	
	%   H  t o t a l   
	61.8
	-
	42.3
	-



	DHN
	# Buildings
	3
	105
	105
	105



	
	%   H  t o t a l   
	0.6
	31
	31
	31



	HP
	# Buildings
	35
	3259
	1109 (+6)
	1109



	
	%   H  t o t a l   
	0.8
	69
	25.3
	25.3



	CHP
	# Buildings
	-
	-
	- (+1)
	2150



	
	%   H  t o t a l   
	-
	-
	-
	42.3
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Table 4. Comparison of grid reinforcement for considered scenarios (with values in bold lower then in the initial scenario s0).
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100% Cable Resistance

	
Iter. 1 (80%)

	
Iter. 2 (64%)






	
Scenario

	
s0

	
s1

	
s2

	
s3

	
s1

	
s1




	
V ≤ 0.9 p.u. (Nodes)

	
64

	
993

	
263

	
60

	
657

	
481




	
V ≤ 0.85 p.u. (Nodes)

	
0

	
85

	
43

	
20

	
43

	
23




	
LL ≥ 80% (in km)

	
1.66

	
8.75

	
3.26

	
1.69

	
3.21

	
1.28




	
LL ≥ 100% (in km)

	
0.67

	
3.20

	
1.13

	
0.49

	
1.26

	
0.07




	
LL ≥ 150% (in km)

	
0

	
0.39

	
<0.01

	
0

	
<0.01

	
0
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Table 5. Influence on the line loading and voltage level of injecting reactive power by the proposed installed photovoltaic systems (with values in bold lower then in the initial scenario s0).
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100% Cable Resistance

	
Iter. 1 (80%)

	
Iter. 2 (64%)






	
Scenario

	
   PV 0   

	
   PV 30   

	
   PV 70   

	
   PV 100   

	
   PV 30   

	
   PV 70   

	
   PV 100   

	
   PV 30   

	
   PV 70   

	
   PV 100   




	
V ≤ 0.9 p.u.

	
993

	
389

	
136

	
50

	
239

	
51

	
29

	
190

	
34

	
0




	
V ≤ 0.85 p.u.

	
85

	
43

	
21

	
0

	
24

	
0

	
0

	
0

	
0

	
0




	
LL ≥ 80%(in km)

	
8.75

	
8.32

	
9.83

	
11.95

	
3.42

	
4.65

	
7.28

	
1.48

	
3.16

	
5.15




	
LL ≥ 100%(in km)

	
3.20

	
3.38

	
3.61

	
4.74

	
1.35

	
1.92

	
2.55

	
0.16

	
0.75

	
1.49




	
LL ≥ 150% (in km)

	
0.39

	
0.20

	
0.71

	
0.92

	
<0.01

	
0.25

	
0.54

	
0

	
0.23

	
0.37
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Table 6. Critical cable results of the power grid at 11:00 for the k-Medoids day of initial electricity demand (with values in bold lower then in the initial scenario s0).
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	Scenario
	s0
	s1
	s2
	s3





	V ≥ 1.1 p.u.
	0
	117
	125
	126



	V ≤ 0.9 p.u.
	0
	185
	185
	185



	LL ≥ 80% (in km)
	0.32
	2.22
	2.22
	2.39



	LL ≥ 100% (in km)
	0.18
	1.46
	1.46
	1.46



	LL ≥ 150% (in km)
	≤ 0.01
	0.67
	0.67
	0.67
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(a) Voltage level p.u.

(b) Line loading in % of Inax





media/file4.png
MW

MW

35

30 1

25 7

20 A

15 1

10 4

—— Active power
—— Reactive power

50

—— Active power
—— Reactive power

35

10
Hour

(a) Scenario 0 (initial)

30 1

25 A1

20 1

15 1

10 4

—— Active power
—— Reactive power

10 20
Hour

(c) Scenario 2 (oil to hp)

MW

0 5 10 15 20
Hour

(b) Scenario 1 (full hp transmittion)

— Active Power
~——— Reactive Power

25 1
20
15 ~

10 1

T T T T T

1 1 2
DHour > 0

(d) Scenario 3 (oil to hp and
gas combustion via chp)





nav.xhtml


  sustainability-15-04985


  
    		
      sustainability-15-04985
    


  




  





media/file18.png
Time-steps

(a) Voltage level p.u. for sl

Time-steps

(b) Voltage level p.u. for s3






media/file16.png
(a) Voltage level p.u.

1.10

1.00

AT
0953 \, % ‘r\ :’—7< k

Bus Voltage [p!

o
©
o

0.80

0.75

(b) Line loading in % of Iy

100

90

80

70 I
@
<
£
©
S
o
E

60 =

50

40

30





media/file2.png





media/file5.jpg
= Grid

CHP
PV

35

]

& 8 8 3

UMW Ut uoResauab A3LIR13

Hours





media/file3.jpg
(a) Scenario 0 (initial) (b) Scenario 1 (full hp transmittion)

g L

_/\»—»-f‘/\

T T T ®

(©)Scenario 2 (il to hp)

7 T Ty B

(@) Scenario 3 oil to hp and
gas combustion via chp)






media/file1.jpg





media/file7.jpg
(a) Voltage level p.u. (b) Line loading in % of Iay





media/file10.png
0.7 1
—— 100% — 100%
T — 301 — 150%
0.5 237
£ 051
e £
= €201
5 0.4 1 <
o o
c
2031 g 13
5 v
LD
5 0.2 8 107
N - M\A_
0.0 - 0.0 -
0 5 10 15 20 0 5 10 15 20
Hour Hour
(a) Scenario 0 (initial) (b) Scenario 1 (full hp transmittion)
— 100% —— 100%
10 — 150% 054 — 150%
£os- € o4.
c c
£ £
0.6 - 9.3 -
g g
© P
204+ 0.2
9] 9]
0.21 0.1
0.0 - 0.0 - A/\
0 5 10 15 20 0 5 10 15 20
Hour Hour
(c) Scenario 2 (oil to hp) (d) Scenario 3 (oil to hp and gas combustion

via chp)





media/file12.png
(a) Voltage level p.u.

1.15

A TN
AN /
x \2\‘#3‘: J
f- \)’l}\ ) \-f' [} / ¢
"
AT
<

(b) Line loading in % of Iy

100





media/file9.jpg
tion)

== =
o
HY
H
u
o1 -
ol o] DLRAAA AN
L U T LI S N T ]
(a) Scenario 0 (initial) (b) Scenario 1 (full hp transmitt
o e
N e os{— 10w
Sos Soa
£ H
gu 5 ‘E‘-u 3
£ o2
k) 3
@ w
o o
F I S I S T
() Scenario 2 (oil to hp) 3 (il to hp and gas combustion

viachp)





media/file0.png





media/file14.png
(a) Voltage level p.u.

1.10

1.00

0.95

e
©
o

0.80

0.75

>

Bus Voltage [p

(b) Line loading in % of Iy

Line Loading [%]





media/file8.png
(a) Voltage level p.u.

1.15

1.05

4
I}
[l

0.85

0.75

Bus Voltage [pu]

(b) Line loading in % of Ijux

100

Line Loading [%]





media/file11.jpg
(a) Voltage level p.u. (b) Line loading in % of Ly





media/file6.png
Bl Grid

35 -

_
o
m

1 1 _ 1
LN o LN o
N N — —

UMIN Ul uonesauab A3n14329(3

Hours





media/file15.jpg
(a) Voltage level p.u.

(b) Line loading in % of Inax





media/file17.jpg
(a) Voltage level p.u. for s

(b) Voltage level p.u. for s3





