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Abstract

:

Increasing numbers of photovoltaic systems and heat pumps in existing building clusters can lead to an overload of the associated electric grid substations. Based on a multi-agent-based simulation of three building cluster types the impact of building flexibility in regard to the residual substation load is studied. Each building announces its available flexibility, e.g., “heat pump can be switched off/on”. A cluster master coordinator evaluates the incoming offers and decides which offers are accepted in regard to the substation’s capacity utilization. The goal is to honour the substation’s limit by shifting the residual load. This paper presents results from three typical urban building clusters for different penetration scenarios in regard to heat pumps, photovoltaic systems, batteries and electric vehicles. It is shown that in the studied building clusters a high penetration of heat pumps and photovoltaic systems can violate the existing substation’s limits, regardless of the efforts by the master coordinator. Batteries of typical capacities cannot reduce the peak residual load. The load shifting options of the master coordinator are limited.
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1. Introduction


Worldwide, the electricity demand is increasing [1]. In 2017, 24% of the electricity consumed in the European Union was used in households [2]. This share will increase, e.g., driven by the replacement of fossil fuel heating systems with heat pumps and the expected shift from combustion engine cars to electrical vehicles [3]. Additionally, electrical grid stability is challenged by the increasing amount of fluctuating renewable energy sources (RES) while the numbers of traditional, controllable power plants decreases. RES are not generally centralized in big power plants (e.g., wind farms) but very often decentralized (e.g., photovoltaic systems on building sites). This changes the traditional unidirectional grid system with power suppliers and consumers to a bi-directional grid system (prosumers, generation and consumption on-site).



In order to support grid stability and to avoid extensive reinforcement of the existing grid, new energy control and storage strategies are necessary. One key for grid support is the use of the energy flexibility of buildings. Single buildings and building clusters can support the grid if they are able to control or shift their loads and production/storage units in a grid friendly way. This is possible with an appropriate demand side management (DSM), e.g., demand respond (DR).



DSM is the concept of influencing consumers’ energy demand in respect to the consumed amount of energy in general and the time dependent consumption behavior. Its goal is changing the load-shape according to the concurrent availability of electricity in the grid [4] or to the current local PV yield. The most common domestic DSM is the intelligent control of household appliances (e.g., washing machines or dishwashers) according to the availability of renewable energies. A well-founded, quantified estimation of the DR flexibility of residential smart appliances (washing machines, tumble dryers, dishwashers, domestic hot water buffers and electric vehicles) can be found in [5]. According to [6,7], only very limited amounts of energy and peak loads can be shifted through the control of domestic electrical appliances. Using thermal storage for DSM purposes would be more promising.



In order to make best use of a building’s energy flexibility (BEF), it is particularly important to identify and characterize its flexibility. Different studies evaluated the potential impact of BEF. For example, a novel DR estimation framework for quantifying flexibility for residential and commercial buildings using thermostatically controlled loads (i.e., HVAC, water heaters and refrigerators) is presented in [8]. In ref. [9] thermal storage tanks for heating and domestic hot water and in [10,11] the thermal building mass are the central elements of the analysis. The need to consider case-study specifics in the use of buildings to ensure the flexibility of the power supply is demonstrated in [12]. The resulting flexibility potential can be used as an instrument to determine the impact or cost-effectiveness of DSM for residential buildings.



Different flexibility factors exists for single buildings e.g., Grid Support Coefficient GSC [13], Relative Import Bill RIB [14], Flexibility Factor FF [15], Energy Flexibility E-flex [16] or Flexibility Index FI [17]. They express the flexibility in regard to price or CO2 emission penalty signals. The factors show the potential of a building for shifting the energy use from high to low price or CO2 emission periods. Flexibility factors for building clusters are given in [18].



Due to the different definitions and quantification methods for energy flexibility, it is difficult to compare the results between such studies. Ref. [3] gives an evaluation of definitions and quantification methodologies. Comparison of methods on a thermal case study shows significant overlap among indicators: the temporal flexibility, the amplitude of power modulation and the associated cost. A data driven model that simulates a generic building cluster is introduced in [19]. The approach can be used to simulate building energy flexibility for district or even regional level energy planning. It is shown that the uncertainty of the energy flexibility decreases when the aggregated number of buildings increases. Different examples of the use of flexibility in buildings is shown in [20].



The management of a building cluster is more complex than for a single building only. A central coordinator is responsible for the DSM of the building cluster. The coordinator collects all the information of the individual buildings states and activation offers and compares the aggregated cluster state with the grid needs. Depending on the optimization objective the coordinator decides which actions take place within the buildings and signals each building its new control strategy. For this a complex management system is needed. Often a multi-agent system (MAS) is used. MAS can be used not only for single building’s energy management, but also for building clusters (smart grids). The agents of a MAS are able to interact with their environment. The agents have means to communicate with each other and to coordinate themselves to reach given targets. Therefore, they can be used for DSM and DR to optimize e.g., the self-consumption or the grid interaction of a building or a building cluster. A wide range of literature is available on the topic. For example, Ref. [21] focuses on the algorithms of MAS which are tested in simulations of a chilled-water cooling system and a direct-expansion air conditioning system in a multi-zone building. A MAS is developed and installed in an existing residential building to control different consumers and production/storage units to avoid grid voltage or frequency drops [22]. A review of MAS in [23] shows their usefulness for smart grids.



The study described in this paper focuses on a MAS-operated smart building cluster. The MAS controls the flexible building loads in order to support the local power substation and is referred to as “SmartStability”. The impact on the substation of different heat pump, PV and battery penetrations is investigated without and with the MAS.




2. SmartStability Methodology


2.1. Overview


SmartStability is a simulation tool developed by three departments of the University of Applied Sciences and Arts Northwestern Switzerland and is based on Java [24]. For this project, the first version described in [25,26] was extended and enhanced. SmartStability simulates load shifting within a building cluster to satisfy the substation limits based on a MAS. The basic methodology is shown in Figure 1. The MAS consists of two main parts: the market coordinator and the agents representing individual buildings. Each building agent individually and independently decides about the sharing of its available flexibilities on a time-step basis. The flexibility is provided by tradable goods, i.e., on/off switching of heat pumps for space heat/domestic hot water (DHW) or electrical DHW boilers and de-/charging of batteries. Non-tradable goods are plug loads/lighting and charging of e-vehicles. If PV yield is available, each building first satisfies its own energy demand, then charges its own available battery and lastly distributes any remaining power within the cluster. The buildings PV surplus is always used within the cluster before adding to the substations residual load.



The characteristics of each building, its behavior and flexibility, i.e., supported appliances, can be configured individually. As an example, it can be defined that a building has a PV system and a heat pump, another might have an electrical DHW boiler, a third may have a PV system and a battery. Furthermore, the electricity demand profile for plug loads/lighting can be selected from a wide range and participation in flexibility trading can be set, i.e., in a given cluster of buildings not all buildings necessarily participate in the trading. During the simulation, the building continuously calculates the state of its appliances, i.e., the demand for the heat pump, the temperature of the building (taking solar gains, heat pump action and thermal mass into account), the DHW storage temperature, the state of the battery and the amount of PV yield.



In order to trade flexibilities, each building agent repeatedly sends flexibility offers to the market coordinator. The amount of flexibility which a building agent may offer is calculated based on the characteristics of the available appliances and their current state as well as the building’s needs, such as comfort aspects. For example, if the building will stay in a given temperature range (20–23 °C are used herein) during the next time-step and the heat pump is on, the agent may offer to turn off the heat pump. Vice versa, if the building is getting cold (but not too cold) then the agent might offer to turn the heat pump on. But if the building gets too cold and the comfort limits of the inhabitants are threatened, then the heat pump will be turned on and no flexibility in regard to the heat pump can be offered.



The market coordinator knows about the substation’s utilization and the state of the connected buildings. Based on the chosen optimization strategy and the collected information, the market coordinator selects and accepts flexibility offers by the building agents if needed. The coordinator accepts as many offers as necessary to minimize the deviation reported by the optimization function. Of course, if an offer is accepted, the building agent will control the specific appliance immediately. By doing this, the market coordinator coordinates the DSM of the building cluster. The market coordinator accepts flexibility offers available in a specific order:




	(1)

	
All PV production offers are accepted because direct use of locally produced electricity has highest priority.




	(2)

	
If the optimization function continues to signal a too-large deviation (e.g., the substation’s utilization is outside its limits) the remaining offers from the buildings are ranked, whereby fixed amounts like heat pumps or electrical DHW boilers come first, battery offers are last.









The ranking is performed based on a number provided by the building agent with each offer. This number is based on a priority value and a risk factor for not fullfilling the comfort requirements. Each tradeable good has a priority value (see Table 1), e.g., the activation of a heat pump has a higher priority than charging the battery. It is assumed that the user is more interested in a warm building than in the batterys’ state of charge. On the other hand, a battery should be empty in the morning in order to be ready to be charged again. The decharging of a battery has priority over deactivating the heat pump. This logic leads to a priority sequence for different goods and their activation.



This leads to following priority sequence:




	
Increase of consumption: 1. boiler on, 2. Heat pump on 3. Battery charging



	
Decrease consumption: 1 battery discharging, 2 boiler off, 3. Heat pump off.








In addition to this simple priority sequence the risk of not fullfilling the comfort requirements must be considered. How long can a heat pump keep its current state of operation without jeopardizeing thermal comfort? This risk depends on a time factor. In each time step, the number of time steps is calculated that are needed to heat up/cool down the building and hot water storage until the comfort limit is reached if nothing happened to the activation status of the heat pump. Also, the scope of action for the battery is considered. The combination of priority value and risk factor results in the ranking number which indicates how easy it would be for the building to fulfill the submitted offer. The ranking number y has an inverted porportional approach as shown in Equation (1) [26]:


y = b × tc/t



(1)




where b is the priority value according to Table 1, tc the time span of the next cycle and t the time factor. Time span and factor have the same unit, e.g., minutes.



A low number implies a high priority in the ranking. The longer a building can maintain the new status, the lower the ranking number is and vice versa. E.g. turning off the heat pump if the building is warm implies a low ranking number if it takes a long time for the building to cool down. If the building is only slightly warm, it submits its “turn off heat pump” offer with a higher ranking number because less time is left until the heat pump needs to be turned on again. The market coordinator chooses the offers in the sequence from low to high numbers. The off or on status will allways be maintained until the minimum or maximum temperature of the building or DHW storage tank is reached or an offer is accepted.



Each building is modelled with a resistor–capacity model. To characterise the temperature behavior of the buildings heating up and cooling down time, the necessary constants are derived from a seperat thermal building simulation of a typical single family building.



The goal of SmartStability is to investigate the impact on the existing substations of three existing building clusters if the building clusters increase the penetration of heat pumps, batteries and e-vehicles in the future. The MAS is used to keep the residual load in the limits of the existing substations as shown in Figure 2 to avoid reinforcement of these stations. If existing substations can deal with increasing future residual loads, the utility can save costs. This reduces grid costs and environmental impact.




2.2. Building Clusters and Scenarios


2.2.1. Cluster Characteristics


In cooperation with an energy supplier three typical building clusters in Basel (Switzerland) are defined. The definitions follow the types introduced in [28], i.e.,




	
Type C—one- and two-family houses with low cluster density (see Table 2)



	
Type E/F—terraced houses with medium cluster density (see Table 3)



	
Type G—high rise multi-family houses and block developments (see Table 4)








The numbers of houses and apartments, the heated floor area, the dimensions of the initial PV systems and the plug/lighting loads are adapted to reflect real clusters. The number of houses/apartments and their geometries are not changed in the scenarios studied.




2.2.2. Load Profiles


A database of 348 sets of 15-min smart meter profiles from the energy supplier is used for domestic plug loads and lighting. Each unit is randomly assigned a profile from this database. The average basic cluster loads per unit are chosen according to data available from the energy supplier, i.e.,:




	
Type C: 3506 kWh/y and unit



	
Type E/F: 2174 kWh/y and unit



	
Type G: 1517 kWh/y and unit








The hot water tap-profile depends on the user. The basic household types found in Basel are divided into three main categories: approx. 23% households with children, approx. 30% households without children and approx. 47% single person households [29] (see Figure 3). Thirteen different hot water tap-profiles which reflect these household types are generated with the tool from [30] and are also randomly distributed across the units. The basic loads and hot water tap-profiles stay put when once chosen.



A base or reference scenario and several variants are considered for each cluster type. The scenario “today” is used as the reference scenario and a range of scenarios for the year 2035 with different penetrations of heat pumps, PV systems and batteries are defined. The goal is to analyze likely future residual load profiles at the substations and see if the existing substations can deal with the new challenges or if a reinforcement of the substations may be necessary.



Today, the penetration of heap pumps, PV systems and batteries is very low (see Table 5) and typically 26% of all units use an electrical DHW boiler [31]. For 2035, it is assumed that 50%or 100% of the buildings have a heat pump (40% brine/water, 60% air/water) and electrical DHW boilers are inexistent. Additionally, it is assumed that 80% of the buildings have PV-systems and in one scenario a penetration of 50%with batteries is considered. For type G, the penetrations assumed for 2035 are slightly different due to the low number of buildings. In all 2035 scenarios the penetration with electric vehicles increases [32]. When participation in flexibility trading is set, the trading starts when the residual load exceeds 95% of the substation’s limits. The design load limits for the substations for type C are set to 400 kVA, and for types E/F and G to 630 kVA.



Based on the available roof areas and orientations the PV systems are orientated SE, S or SW. The basic assumptions are: 6.5 m2/kWp, ηModul = 18%and ηSYS = 85 %. The slope is 30°. The battery parameters are: max SOC = 98 %, min SOC = 20 %, start SOC = 20 %, charge/discharge loss is 2 %, self-discharge loss is 1 %/month, de-/charge power: 100%max. capacity. Only buildings with a PV system can have a battery. The specific heating demand of all buildings is 35 kWh/(m2 y). It is assumed that all buildings with a heat pump are retrofitted. The hot water tank, served by an electrical boiler or a heat pump, is simulated with an empirical eight-temperature-layer-model based on measurements of a real 300 L tank [26]. The model is extrapolated for a 600 L and 1000 L tank. The heat pumps are simulated with a floating capacity depending on the ambient temperature but limited with a maximum capacity depending on the building size. The average heat pump COPs for air/water are 3.7/2.6 heating/DHW and for brine/water 4.9/2.9 heating/DHW. Climate data of the year 2015 is used for all scenarios. All results are based on 15 min resolution.






3. Results


3.1. Building Cluster Type C


Figure 4 shows the utilization of the substation for type C. Values ± 100% are within the substation’s limits. Values above or below ± 100% are outside the substation’s limits and considered violations. The main findings are:




	
Today, only grid draw occurs. Feed-in doesn’t exist, the low amount of PV yield is completely used within the cluster. The substation is underutilized.



	
Upgrading of PV systems to 80% penetration leads to feed-in overload of the substation.



	
The penetration of 50% or 100% heat pumps increases the grid draw. The limit is slightly exceeded with 50% heat pumps and strongly with 100% heat pumps. In both cases the substation limits are violated in regard to the grid draw limit.



	
Batteries of the assumed capacity can’t reduce the peak utilizations. The substation remains overloaded at both feed-in and draw limits.



	
The trading of flexibility reduces the utilization of grid draw. In case of 50% heat pump penetration, the limit can be met due to trading. In case of 100% heat pump penetration the achieved reduction is not enough to avoid violation of the draw limit.








Three annual substation residual load profiles illustrate the impact of batteries and trading for the scenario “2035: 100% hp” (Figure 5). The substation’s overload for feed-in (<−100%) due to PV surplus only occurs between April and September. Between November and March, the grid draw leads to an overload (>100%) due to no or low PV yield and high demand from the heat pumps. Batteries reduce the utilization of the substation for grid draw during spring, summer and autumn und for feed-in mainly in spring and autumn. They cannot reduce the peak utilization. In the summer, they are full due to high PV yield and in the winter, they are empty because of low PV yield. Thus, the studied battery sizes are not able to contribute to the trading.



In winter, the trading reduces the utilization of the substation due to the coordination of the heat pump run times for heating and DHW within the cluster. In the summer, the heat pumps only prepare DHW. This means a smaller amount of available tradable energy; at the same time, a large amount of PV yield is available. Therefore, the trading’s impact on the substation’s utilization is higher in winter than in summer but generally only moderate, overall.



The DSM reduces the maximum draw power by about 19% and the maximum feed-in power by about 1%. This mirrors the high DSM impact on the heat pump run time in winter and the low impact in summer due to the high PV yield and low demand for heat pumps. Overall, the yearly residual demand increases by 5% when DSM is active. This shows that grid friendly building behavior can lead to higher overall energy demand.



A detailed view of a winter week is shown in Figure 6. The cluster’s residual load profiles with/without trading are different, because the trading has a large impact on the behavior of the building (top of Figure 6). This is related to the strategy of status change for the heat pumps. The current status is always kept until a critical temperature is reached (house is too cold or too warm) or an offer is accepted (additional set point only when trading is allowed). After a status has changed the status is kept again until a new change is necessary. This leads to different energy profiles of the heat pumps with/without trading (bottom of Figure 6).



The self-consumption and autarky rates of type C change within the cluster’s configurations (Figure 7). The self-consumption rate describes the self-consumed part of the PV-yield and the autarky rate shows which part of the total consumption is covered by the PV-yield. The values reported are also based on a 15 min time resolution. In the scenario “today” with 6% PV penetration the PV yield is completely used (=100% self-consumption) and the autarky rate is very low. The increase of PV penetration shows a reduced self-consumption and an increased autarky rate. The self-consumption rates increase slightly with the increasing heat pump penetration, whereas the autarky rates decrease. Batteries increase both rates. The trading has no impact on the self-consumption and autarky rates because the trading mainly occurs in winter, when the small PV yield is already used.



The increase in PV penetration leads to a summer surplus which violates the feed-in limit of the substation in summer. The increased penetration with heat pumps particularly increases the grid draw in winter, thereby violating the draw limit of the substation in winter. The use of batteries with the currently fairly typical dimensions of X kWhuse, bat = X kWpPV scarcely shows an impact on the load peaks of the substation. In winter the batteries are empty most of the time because of a lack of PV yield. In summer the batteries are fully charged most of the time due to an excess of PV yield. The trading mainly reduces the substation’s utilization in winter. The amount of tradable energy is higher in winter than in summer as long as there is a heating load which is covered by the heat pump in addition to the DHW load which basically must be covered both in summer and winter.



Additional simulations show that the substation of type C can be kept in its limits with 50% hp, 45% PV and trading. Upgrading the type C substation to 630 kVA allows honoring the draw limit with the scenario “100% hp, 80% PV, 50% battery and trading”, however the feed-in limit is exceeded albeit on a low level.




3.2. Building Cluster Type E/F


The utilization of the substation for type E/F is shown in Figure 8. The utilization for grid draw for the scenarios “today” and “50% hp” is basically the same because the demand by 50% hp corresponds to the demand of 6% hp and 26% electrical DHW boilers. The penetration with 80% PV increases the grid feed-in, however the substation’s limit can still just be honoured. Overall, no trading is necessary in this scenario. The increase to 100% hp penetration leads to a breach of the grid draw limit. Although trading reduces the peak draw the limit is still exceeded. In analogy to type C, batteries reduce the amount of grid draw and feed-in but they cannot reduce the peak loads and thus also not the peak utilization of the substation.



The self-consumption and autarky rates of type E/F show the same behaviour as type C (Figure 9). Today the PV-yield is nearly fully used within the cluster and the autarky rate is low. With the increase of PV the self-consumption rate decreases and the autarky rate increases. As the demand for 50% hp corresponds to the demand of 6% hp and 26% electrical DHW boilers the self-consumption and autarky rates stay the same. The higher demand for 100% hp increases the self-consumption rate and reduces the autarky rate. The trading does not change the self-consumption and autarky rates because in winter when the main trading part occurs only a low PV yield is available. Additional simulations show that a penetration of 70% hp does not lead to a breach of the draw limit.



The increase in PV penetration to 80% PV is found to be uncritical but the substation’s feed-in limit is nearly reached. The substation cannot cope with an additional increase in PV penetration. The substation’s draw limit is honoured for a penetration of up to 50% hp but is exceeded for a penetration of 100% hp. Trading can slightly reduce the peak draw but not enough to meet the limit. Like type C, the use of batteries scarcely shows an impact on the substation’s load peaks, but they increase the self-consumption and autarky rates of the cluster.




3.3. Building Cluster Type G


Today, the cluster type G neither contains heat pumps nor PV. Therefore, only grid draw occurs (Figure 10, top). If roof top PV systems are installed, only a small amount of feed-in appears, because the PV yield is low compared to the demand. With 100% hp penetration the draw limit is slightly exceeded. This can be adjusted with trading (Figure 10, bottom). Figure 11 shows the self-demand and autarky rates for different scenarios. The results reflect that the PV yield is low compared to the demand. This is also the reason that batteries have no impact. Most of the PV yield is used immediately. The self-consumption rate increases slightly with the increasing hp penetration because of the higher demand. The autarky rates do the opposite.



The increase in PV penetration is uncritical for the substation and therefore possible. The maximum number of heat pumps leads to a marginal breach of the substation’s draw limit, which can be adjusted by trading.





4. Conclusions, Limitations and Further Work


4.1. Conclusions


The impact of three different building clusters on the grid substation network caused by a future increase in the number of heat pumps and local PV systems is presented. The results given are based on multi-agent-simulations and the feasibility of avoiding an overload of the substations by introducing batteries and demand side management (trading) within the buildings is studied. The building agents give offers to the market coordinator in regard to their possible load flexibility. The market coordinator uses the offers to fulfill the needs of the substation. The simulated clusters are modelled to reflect real clusters.



The cluster type C mainly consists of single-family houses with low cluster density and large PV systems and shows the greatest restrictions. The feed-in limit of the substation is exceeded due to the large PV systems and correspondingly high PV yield. The draw limit is reached when only 50% of the buildings use heat pumps and demand side management is used.



The substation’s situation for cluster type E/F with terraced single- and multi-family dwellings with medium cluster density is less critical. The considered PV size increase does not induce problems in regard to feed-in because the PV yield remains moderate compared to the demand. The substation is utilized to capacity but not overloaded. It is found that up to 70% heat pump penetration is possible for cluster type E/F without the risk of a substation draw overload.



Cluster type G includes high rise buildings and block developments. Increasing the size of PV systems does not lead to a problem and 100% heat pump penetration is possible if demand side management is used. Type G is found to be least critical.



The building clusters studied provide limited options for using flexibility. In summer, the PV yield is generally high and the shiftable energy low, because only the energy for DHW is available for flexibility. In the winter, the amount of shiftable energy is usually higher than in summer due to the additional heating load. However, there is distinctly less PV yield available.



The impact of the market coordinator’s energy management only manifests itself in winter. The heat pumps can be switched off when the substation’s draw limit is threatened and switched on when there is no risk. The coordinator is able to reduce the violations of the substation’s draw limit, but only in case of small violations.



In general, batteries of a currently typical capacity cannot alleviate the peak residual loads and can hardly be activated by the market coordinator. In summer, the batteries are fully charged most of the time, because of the high PV yield and it is not possible to fully discharge them overnight. On the other hand, only a low PV yield is available in winter, which is not sufficient to charge the batteries. Most of the time, the batteries are empty, therefore.



The results clearly show that the options of the market coordinator’s management are limited. The existing substations for types C and E/F need reinforcement if the penetration with heat pumps and/or PV systems increases significantly. The situation of the type C substation is the most critical one, but the substation is also the smallest of the three considered clusters.



The results assist energy suppliers to keep their attention on the future development of existing building clusters.




4.2. Limitations and Further Work


The SmartStability approach has some limitations which must be addressed in future research in regards to the usage of available flexibility within building clusters. The modelling of buildings, technical equipment, flexibility of loads and exchange within the cluster are simplified and the control strategy options are limited. Nevertheless, the approach gives appropriate answers. Refinement of the model will entail using more detailed thermal building models, load management possibilities and coupling the buildings with a detailed grid model to take possible local issues into account, i.e., voltage and capacity effects. Areas of future interest include but are not limited to the impact of grid-coupled batteries, cluster PV installations and cluster batteries. Also, not only the technical development of existing buildings needs attention. Increasing cluster density e.g., by adding levels to existing buildings can also lead to issues for existing substations. This is a further topic which is to be addressed with the refined model.
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Figure 1. Basic methodology of SmartStability. Each building acts as an independent agent, the market coordinator strives to keep the residual load in the substations limit. The grid within the building cluster acts like a copper plate [27]. 
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Figure 2. Trading methodology: heat pumps and electrical DHW boilers are switched off/on and/or the de-/charging of the batteries is initiated in order to honor the load limits of the substation. 
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Figure 3. Household types in Basel [29]. 
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Figure 4. Type C: substation’s utilization with different heat pump penetrations (top: 50% hp, bottom: 100% hp) [27]. 
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Figure 5. Different annual residual load profiles of the substation utilization (scenario “100% hp”). 
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Figure 6. Detailed view of one week with/without DSM for scenario “100% hp, 80% PV, 50% bat”. Top: residual load at the substation for the whole cluster, bottom: total energy demand for the heat pumps. 
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Figure 7. Self-consumption and autarky rates for type C. 
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Figure 8. Type E/F: substation’s utilization with different heat pump penetrations (top: 50% hp, bottom: 100% hp). 
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Figure 9. Self-consumption and autarky rates for type E/F. 
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Figure 10. Type G: substation’s utilization with different heat pump penetrations (top: 0% hp, bottom: 60/100% hp). 
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Figure 11. Self-consumption and autarky rates for type G. 
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Table 1. Tradable goods and their priority value; a lower number reflects a higher priority [26].
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Device

	
Tradable Good

	
Priority Value (-)






	
battery

	
charging

	
20




	
discharging

	
7




	
boiler for domestic hot water

	
switch “on”

	
10




	
switch “off”

	
10




	
heat pump for heating

	
switch “on”

	
15




	

	
switch “off”

	
15
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Table 2. Characteristics of cluster type C.
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Building Type

	
No.

Flats

	
No.

Units

	
No.

Buildings

	
Total Heated Area (m2)
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Terraced houses

	
1

	
109

	
109

	
15,260




	
2

	
18

	
9

	
2250




	
Single family houses

	
1

	
24

	
24

	
6000




	
2

	
14

	
14

	
1750




	
Multi-family houses

	
3

	
24

	
8

	
3000




	
Total

	

	
189

	
157

	
28,260
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Table 3. Characteristics of cluster type E/F.
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Building Type

	
No.

Flats

	
No.

Units

	
No.

Buildings

	
Total Heated Area (m2)
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Terraced single-family houses

	
1

	
116

	
116

	
13,920




	
2

	
76

	
38

	
8360




	
Terraced multifamily houses

	
4

	
4

	
1

	
375




	
5

	
60

	
12

	
6840




	
6

	
102

	
17

	
9690




	
8

	
72

	
9

	
6840




	
Total

	

	
430

	
193

	
46,025
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Table 4. Characteristics of cluster type G.
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Building Type

	
No.

Flats

	
No.

Units

	
No.

Buildings

	
Total Heated Area (m2)
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Block development

	
30

	
30

	
1

	
1900




	
33

	
33

	
1

	
2500




	
50

	
50

	
1

	
3600




	
High rise multifamily houses

	
130

	
260

	
2

	
21,600




	
Total

	

	
373

	
5

	
29,600
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Table 5. Basic data for different scenarios for type C, type E/F and type G.
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Type C

	
Type E/F

	
Type G




	

	
Today

	
2035

	
Today

	
2035

	
Today

	
2035






	
el. DHW boiler, penetration

	
26%

	
-

	
26%

	
-

	
0%

	
-




	
heat pump hp, penetration

	
6%

	
50%/100%

	
6%

	
50%/100%

	
0%

	
60%/100%




	
PV peak, penetration

	
50 kWp, 6%

	
694 kWp, 80%

	
215 kWp, 6%

	
684 kWp, 80%

	
0 kWp, 0%

	
255 kWp, 100%




	
battery (use), penetration

	
-

	
437 kWh, 50%

	
-

	
548 kWh, 50%

	
-

	
157 kWh, 60%




	
el. vehicles

	
8 kWh/unit

	
243 kWh/unit

	
8 kWh/unit

	
243 kWh/unit

	
8 kWh/unit

	
243 kWh/unit




	
PV yield

	
53 MWh/y

	
731 MWh/y

	
182 MWh/y

	
610 MWh/y

	
53 MWh/y

	
206 MWh/y




	
total consumption

	
823 MWh/y

	
884 MWh/y/

1000 MWh/y

	
1298 MWh/y

	
1′308 MWh/y/

1777 MWh/y

	
730 MWh/y

	
850 MWh/y/

1300 MWh/y




	
PV yield/total consumption

	
6%

	
83%/73%

	
14%

	
47%/34%

	
7%

	
24% / 16%
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