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Summary

The increasing electrification of the heating and the transportation sector requires a long-term analysis
regarding potential grid infrastructure adjustments. In the presented study, an approach for bottom-up
household-load profiles (including photovoltaic profiles) is enriched with charging patterns from electric
vehicles, generated by the travel demand model mobiTopp and used for a quasi-dynamic grid analysis on a
low-voltage level. As a result, the need to expand the low-voltage power grid and the expected costs are
identified. Finally, flexibility measures for load shifting are implemented, and their effects on the need for

expansion are examined.
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1 Introduction

The development towards a sustainable energy supply, following the climate goals of the state of Baden-
Wuerttemberg in Germany, requires a transformation of the energy system. The increasing electrification,
especially in transportation and heating supply, increases the future demands on the urban power distribution
grid. Hence, detailed examinations regarding the transition of the heating structure in buildings, the future
usage of battery electric vehicles (BEV) as well as flows in the electricity distribution grid via a detailed grid
simulation (low voltage) must be carried out [1].

This research proposes a methodology for a comprehensive analysis based on a model coupling approach
consisting of a load simulation for residential buildings, a model for decentralized photovoltaic (PV)
generation, a travel demand simulation, and a load flow model for electricity grid calculations. Therefore,
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the developed approach for the simulation under full consideration of the consumption side (including
decentral heat supply and electric mobility) as well as the supply side in the form of PV in high time-
resolution enables detailed and dynamic analyses of electricity loads within the electric distribution grids in
the context of increasing electrification of the energy system. These effects are particularly of high interest,
especially in urban areas with a high load density and meshed grid structure.

First, a literature review on studies in this field is given. Second, the simulation of the load profiles for BEV,
PV, heat, and other household consumers is described. Also, the results of the respective simulations are
explained. This research aims to determine future electricity flows of all electrical loads for balance areas
with urban dominance in a scenario analysis. Thereupon, the simulation of the load flows is described.
Further, the impact on the power distribution grid and the strain on the local infrastructure are identified.
Finally, based on the results, recommendations will be given.

2 Literature

Various studies have been carried out on the effects of the electrification of the transport and heating sector
on the generation and distribution of power in the low-voltage power grid. In the area of BEV, field trials are
common in which varying numbers of BEVs are issued to residents of a spatially limited area [1, 2]. Gauglitz
et al. simulate future electricity demand by BEV for a case study region. The results can provide a good basis
for the respective neighborhoods but do not necessarily ensure representative transferability [3]. Wagner et
al. have analyzed electric mobility power demand for Germany based on models [4]. Held et al. focuse on
the effects of BEVs on low voltage grids regarding thermal overload of power lines and voltage characteristic
[5]. Some studies focused only on the distribution substations transformers utilization [6]. Brinkel et al. show
the trade between grid reinforcement and less flexibility in the charging process without considering other
consumers and PV [7]. Another simulation study deals with load shift potential in relation to different
amounts of the charging infrastructure at home and at work [8].

Besides these studies focusing on BEVSs, several existing studies address the bottom-up simulation of
residential electricity loads to analyze the increasing electrification of the energy system. Tjaden et al.
investigate the impact of heat pumps (HP) and stationary battery storage for single-family buildings, but the
approach simulates individual households [9]. Gahrs et al. analyze different supply options in residential
buildings at high temporal resolution but do not consider the impact on larger balance areas [10]. Richardson
et al. develop an approach for the simulation of variable balance areas consisting of a variety of residential
buildings with different characteristics under the integration of the decentral electricity supply side through
PV, but do not consider detailed demand curves for electric mobility [11, 12]. Similarly, the impacts of heat
pumps and PV on low voltage grids are investigated by various publications [13, 14]. There are also studies
combining these power consumers and generators in an integrated approach [15, 16]. Werner did a simulation
and a field trial with smart grid infrastructure and flexible power pricing in a single area [17]. Wintzek et al.
assess the influence of BEVs, HPs and PVs on urban low voltage distribution grids in different scenarios.
Therefore, grid simulation is based on static load flow analysis in defined operation points like peak load or
peak generation. The interaction between loads and generators is estimated through simultaneity factors. The
results give a good overview of the main effects, but for a detailed analysis of the duration and exact time
periods of the overload as well as the flexibility, a time-based load flow analysis with time series must be
considered [18].

3 Methodology of the load profile simulations

In the following, the essential components for the simulations of the electricity loads are discussed. The
synthetic generation of the electricity load profile is based on a stochastic bottom-up building and resident
simulation model and a travel demand simulation.

3.1 Building and Resident Simulation Model

The building model consists of separate modules (occupancy, lighting, equipment, and heating/cooling),
which individually simulate the electricity consumption of all electric appliances for each household in a
quarter-hourly time resolution. The sum of all appliances adds up to the total load per household.
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Due to the increasing electrification of the heating system via heat pumps the developed methodology has
been extended by simulating heating and cooling. The heating and cooling module is designed to consider
future electricity load profiles in an urban energy system with an increasing share of heat pumps. Therefore,
all considered households are assigned to residential buildings with characteristics consisting of the building
type, building size, year of construction (age), degree of modernization, the outdoor air temperature and the
implemented heat pump technology. Air-to-water heat pumps and ground source heat pumps are simulated
separately. Based on these specifications the space heating and hot water supply can be provided with
electrically driven heat pumps, thus, influencing the future loads in the electricity grid on distribution level
[10]. The thermal load management is calculated accordingly to the ambient heat temperature of the selected
case studies and is therefore also part of the input data for the simulations.

Furthermore, to address the ongoing and future expansion of PV, the supply side in residential buildings is
simulated as well in a stochastic bottom-up simulation model. Therefore, a similar stochastic bottom-up
simulation model based on a Monte Carlo Markov-Chain approach for solar radiation is implemented. This is
coupled with varying building roof orientations and roof area potentials, leading to building specific PV
generation time series in a high time resolution [11].

3.2 Travel Demand Model

Further, the additional electric loads caused by domestic charging processes in residential buildings are added
to the total via a separate simulation model. The microscopic agent-based travel demand model mobiTopp is
used to simulate all trips of the inhabitants of a city within one week resulting in detailed charging patterns
from electric vehicles [19]. Within mobiTopp, inhabitants and cars are represented by agents, with respective
characteristics like gender, age, and possession of mobility tools (e.g., car or public transit pass) for people
as well as e.g. segment, type of drive, and range for cars. They perform activities and trips according to their
given activity schedule. Each trip requires two simulated decisions which are destination and mode choice.
Whenever an electric vehicle falls below a given state of charge (SOC) and reaches a destination with an
available charging station, the charging process is started. It is interrupted as soon as the car is fully charged
or the activity at the destination ends. In this study, the focus lies on private charging points at home at a
power of 11 kW. They can only be used by agents belonging to a household which can install private charging
points because of the availability of private parking facilities. Other charging options include semi-public
charging points (22 kW), which can be used during working or shopping at specific locations. In addition,
the existing and future public charging infrastructure (11kW — 145 kW) planned by the authorities for the
analyzed urban area is available to all agents at the respective location during any activity. The provided
power of private charging points may be reduced by charging management strategies implemented in the
simulation on the grid operator level. Possible restrictions occur time-based. Vehicle to grid technology
(V2G) is not modeled implicitly but can be evaluated qualitatively thanks to the microscopic representation
of the vehicles.

3.3 Study cases and scenario definition

Together with the energy system analysis and the agent-based transport demand model, the approach results
in typical urban supply tasks at a neighborhood level based on which the future need for action is determined.
The described load profile simulations are therefore applied in the following three case studies. Structural
data of the consumer side of the example balance areas are listed in Table 1. In the context of the analysis,
an observation area consisting mainly of single-family houses (SFH), one with multi-family housing (MFH)
and a mixed-use area (MIX) are considered.

Table 1: Overview of the simulated case studies and their structural data in the initial condition

Number of ~ Number of Share of Share of Installed capacity of
inhabitants  households  single-family ~ multi-family  transformer on distribution
[#] [#] housing housing level [kVA]
SFH 1086 462 89,8% 10,2% 785 kVA
(1 transformer)
MIX 2450 1171 40,8% 59,2% 1792 kVA
(4 transformers)
MFH 2845 1372 30,4 % 69,6% 1570 kVA

(2 transformers)
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Within the framework of a scenario analysis, different conditions are assumed for the simulation of the
electricity consumers, leading to several different electricity load profiles. A flexible and holistic electricity
load simulation can be conducted for varying energy systems with variable degrees of electrification. The
following four scenarios have been defined for the application of the methodology. Table 2 offers an overview
of the characteristics of the different case studies and scenarios. Three long-term scenarios with a time
horizon of 2050 and one intermediate scenario for 2030 are analyzed:

2030 scenario

The 2030 scenario is intended to show an interim status of the transformation of the energy system in the
future. The 2030 scenario allows based on the initial state (2019) for estimation of which measures or grid
adjustments will already be necessary at this intermediate development stage. Therefore, comparatively
lower electrification rates in the heating supply and mobility sector are analyzed.

High Load scenario

The High Load case represents a deep electrification rate in both the heating and transport sector with a time
horizon of 2050 on the consumer side. It serves to identify the effects of further 2050 scenarios and intends
to present the range of possible outcomes. Therefore, characteristics of the parametrization that negatively
impact the low-voltage grid are assumed. The electricity consumption thus takes the maximum market share
of BEVs of 100 % as well as high penetration of heat pumps within the heat supply into account. In addition,
increased specific electricity consumption of electric BEVs is assumed. At the same time, a comparatively
low heat refurbishment of the building stock resulting in high heating demand and low feed-in of electricity
by PV is applied. Accordingly, this scenario serves to identify the maximum possible grid load resulting from
high electricity loads.

High Feed-in scenario

In addition to the load on the grids due to increasing electricity consumption, negative residual loads due to
PV-related electricity feed-in can also lead to high loads on the electricity infrastructure, especially in the
summer months. Therefore, in this scenario, contrary to the heavy load case, a low electricity demand
combined with high PV generation is assumed. This scenario includes a complete thermal refurbishment of
the building structure as well as a relief of the local electricity infrastructure by shifting charging processes
of electric mobility towards the employer location, which is not part of the simulated residential case studies.
The electricity consumption of electric vehicles is based on a market share of BEVs of 70%.

Preventive Charging Management scenario

In this scenario, based on the High Feed-in case in combination with low thermal refurbishment rate of the
building stock as in the High Load case, the BEV charging strategy is adjusted. The effects achievable with
a flat time-controlled reduction of the charging power of all charging points are to be shown. In this scenario,
the load of all private charging points is reduced to 50% of the maximal charging capacity (11 kW) in the
period between 4 p.m. and midnight.

Table 2: Overview of the considered scenarios and their characteristics
Share of HP  Installed PV BEVs with domestic charging

in heating capacity opportunity
supply [kWp]
SFH 2030 65,4 % 584 123
High Load 100,0 % 1297 382
High Feed-in 100,0 % 2992 285
Preventive Charging Man. 100,0 % 2992 285
MIX 2030 17,0 % 468 298
High Load 59,5 % 1255 1231
High Feed-in 59,5 % 2764 822
Preventive Charging Man. 59,5 % 2764 822
MFH 2030 19,5 % 534 366
High Load 64,9 % 989 1610
High Feed-in 64,9 % 2192 822
Preventive Charging Man. 64,9 % 2192 822
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4 Results of the load profiles simulations

In the following chapter, the results for the simulations of each model are presented.

4.1 Simulated load profiles from mobiTopp

The effects of different market penetrations of BEVs and measures to reduce peak loads of BEV charging
are to be worked out. Therefore, the load profiles resulting from the travel demand model are discussed on
their own before they are combined with other consumers. Figure 1 shows example load profiles for the MI1X
study area. In general, differences can be observed between weekdays and weekends. On weekdays, a barely
discernible morning peak is followed by a strong peak in the afternoon, which begins at around 16:00 and
continues into the evening. This peak also coincides with the main time of use of other household appliances
and must therefore be analyzed in the neighborhood analysis in conjunction with all consumers. On
weekends, on the other hand, charging operations are distributed throughout the day and thus, the load peaks
are lower. In general, the days and the exact times peaks occur in the evening are strongly influenced by
chance. The maximum values of the power peaks, on the other hand, are not significantly determined by
chance.

Figure 1 (left) shows the effects of the different market shares of BEVs in the MIX area. As expected, the
total energy demand and the maximum power peaks increase with a higher market share of BEVs in this
balance area. However, it is striking that the increase of the peaks is not linear with the number of BEVs.
One reason for this is that in all three scenarios the same number of public and semi-public charging points
is assumed. In the scenario with 100% BEVSs, these charging options are consequently more heavily utilized.
Thus, more charging processes are postponed during the course of a day and are carried out at the end of the
of a tour at the place of residence. This leads to disproportionately higher required energy quantities at the
private charging points considered in the grid islands.

In addition to the varying market share, various measures for reducing and shifting peak loads are simulated.
In these cases, the share of BEVSs is assumed to be 70 %. Figure 1 (right) shows the resulting load profiles.
In the High Feed-in scenario, the number of charging points available at workplaces was increased. The
differences from the default are small. One reason is that even in the default case, many semi-public charging
points are available, which cover the demand to a large extent.

In the Preventive Charging Management scenario, a drop in performance is noticeable at 4 p.m. and at
midnight. The reason is the technical process approach of the simulation, in which all vehicles are
"unplugged” and "plugged in" again to activate and deactivate the charging strategy. During the time frame,
all vehicles only charge at 50 % of the maximum power. This measure reduces load peaks in the period
between 4 p.m. and midnight. However, the effect is offset by a higher number of vehicles plugged in at the
same time due to longer charging processes. Thus, at the grid island level a large proportion of the reduction
due to the power restriction is compensated. After the end of the restriction, a peak can be seen at midnight,
which in most cases is even higher than the peak in the evening in the base scenario. However, at this time,
loads of other consumers are lower, which leads to an lower overall load on the grid infrastructure. With this
strategy still almost all the charging processes are completed during the night in the grid islands despite the
restrictions. This means that there are only minor restrictions on the use of BEVs as due to the preventive
charging management constraints.
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Figure 1: Electricity load profiles with different shares of BEVs (left) and load profiles with strategies for
peak load reduction (right)

4.2 Integrated load profiles

To show the influence of the scenario definitions on the total loads for the selected case studies, the outputs
of the stochastic simulations are shown below. The results are presented as an ordered load duration curve in
descending order of the residual load. The duration curve of the residual load is evaluated for the area in a
quarter-hourly resolution for the entire year. Under the category “electric heating", the loads of circulating
pumps, electric storage heaters, and heat pumps are summarized. Under warm water, the electric appliances
that provide hot water are aggregated. This applies to small storage tanks, water heaters, instantaneous water
heaters, as well as the electricity consumed by heat pumps for the provision of hot water. Electricity
consumption of air conditioners is included under electric cooling. The charging process of the electric
mobility is represented by the group electric mobility. All remaining electrical appliances are grouped under
household.

Figure 2 shows the development of the maximum load between the scenarios 2030 and the high load case
for the multi-family housing case study. The overall increase in the electricity demands (positive axis) can
be observed through electrification within the energy system. The high electric mobility share (100 %) as
well as the increase through electrification of the heating supply side lead to a doubling of the resulting
maximal residual loads and thus to higher stress on the electricity infrastructure. The proportion of electric
mobility during hours with high loads increases with the rising share BEV. In the High Load case up to 25 %
of the maximum load can be attributed to the charging processes of electric vehicles. The increased specific
electricity consumption of BEVs in the High Load scenario leads to comparatively longer charging hours,
thus increasing the simultaneity of charging processes in different households. This overlap induces an
increase in load in this segment over the full time horizon. The increased PV expansion and the corresponding
PV generation (negative axis) cannot compensate for the increase in loads in the High Load case. The highest
positive loads in the residential sector typically coincide with low PV generation, commonly in the period
between 7-9 p.m., whereas high negative residual loads can be expected during the summer days around
noon, leading to a reversal of the electricity flow rates at the transformers and high export rates leading
therefore to a negative residual load. In the analyzed High Load scenario in the MFH case only a few hours
within the year are expected with low negative residual loads (see right Figure 2).
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Figure 2: Load duration curves for the scenarios 2030 (left) and High Load (right) for MFH case study

To evaluate the influence of a substantial expansion of PV compared to the High Load case, Figure 3 shows
the High Feed-in scenario for the SFH case (left) and the MFH case (right). The high installed capacities of
PV lead in the SFH case to a negative residual load in about 3000 hours per year. The high feed-ins, therefore,
lead to a in reference to electricity consumption disproportionate increase in the export flows within the
considered electrical infrastructure. At the same time, it can be seen that the thermal refurbishment rate of
the building stock can significantly reduce the maximum loads caused by the electric heating (i.e. heat
pumps). Thus, despite a 70% share of electric mobility, the maximum positive residual load in the MFH case
(Figure 3 right) can be reduced to the level of the 2030 scenario (see Figure 2 left). In addition, the thermal
refurbishment share of the building topology also contributes to the reduction of the load peaks in the
transitional seasons, but here the influence is smaller. Nevertheless, in this case, it remains to be noted that
the loads in the electricity infrastructure, as well as the countermeasures for grid expansion to be taken must
be oriented to the installed PV capacities since the feed-ins into the public electricity grid exceed the power
imports.

Further, the comparison between the SFH and MFH case study shows that the MFH building structure implies
a significantly lower expansion of PV. The potential here correlates with the corresponding available roof
areas, which leads to a lower PV capacity in the case of an MFH settlement. While the maximum generation
from PV in the EHS is approx. three times the maximum loads, this ratio is 1.3 in the MFH case. In addition,
this also results from the higher load densities in consumption in MFH settlements. While the relative heat
demands are lower in the MFH settlement, the importance of electric mobility on the electricity load
increases. The higher population density in the MFH case leads to higher peak loads from charging processes
at comparable electrification of the transport sector. This is why the share of the electric mobility of the total
load is usually higher in MFH in comparison to SFH. Accordingly, for MFH areas, attention must be paid to
peak loads with respect to the utilization of the charging infrastructure. High power densities in MFH
settlements are often limited with respect to electric mobility due to a lack of parking spaces and thus charging
locations. Nevertheless, a focus should be placed on the charging infrastructure in MFH settlements with
regard to the load in the distribution grid infrastructure.
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Figure 3: Load duration curves for the scenario High Feed-in for the SFH case (left) and MFH case (right)

Figure 4 illustrates the influence of a complete thermal refurbishment of the building stock for the mixed
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building topology. The resulting maximum residual load can be almost halved compared to the High Load
case. This corresponds to approx. 1000 kW in the considered scenario. Accordingly, thermal building
refurbishments are an efficient measure not only to achieve a reduction of heating energy consumption, but
also to achieve a significant reduction of absolute load peaks in a highly electrified heat supply system.
Furthermore, also for the MIX case study, it can be observed that with the load reduction, PV surpluses of
high PV capacities lead to high negative residual loads. These must also be avoided regarding potential
electricity infrastructure overloads.
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Figure 4: Load duration curves for the scenarios High Load (left) and High Feed-in (right) for the MIX case

5 Grid Simulation and analysis

Finally, the low-voltage grid is simulated quasi-dynamically in quarter-hourly intervals. Electricity flows -
caused by the generated building-specific load profiles - are simulated in grids consisting of nodes (prosumers,
cable distribution cabinets, and transformers) and edges (powerlines). For these case studies, several areas
within the city of Stuttgart are implemented in the software application PowerFactory according to actual cable
grid plans. The time resolution of the data is determined by overheating time constants of installed power
converter transformers and low voltage lines. As a result, the level and frequency of overload of individual
components can be evaluated. In addition, violations of the voltage band, described in DIN EN 50160, can
also be detected [20].

Figure 5 shows a static perspective of an excerpt of the analyzed distribution grid with the nodes and edges as
well as overloaded powerlines and components (left graph). Also visible in this graphic is the topology of a
typical, tightly meshed urban grid, which all examined grids in this study feature. The right illustration displays
loads of four transformers within the subgrid for an exemplary week with its fluctuating stress level. It can be
seen that for the selected case, due to the increased electrification of the energy system, several overloads in
the transformers appear at different times.
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Figure 5: Low voltage subgrid topology and relative transformer load

Further analyses provide insight that the reoccurring overloads result from charging processes of the electric
cars during evening hours combined with a simultaneous operation of a large number of heat pumps. In the
three tables below the time of the maximum load of the entire grid for each scenario, in which overloads
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appeared, was determined. Consequently, it is possible that the identified point in time is not for all grid
components the interval with the highest load.

For the scenario definition in the 2030 case, no overloads within the lines or transformers appeared, thus
leading to the conclusion, that the current grid infrastructure contains reserve capacities, which can be utilized
for further energy system electrification. The High Load scenario shown in Table 3 results in an overload in
every grid studied between 7 and 9 p.m. in the winter months. Each transformer in the individual subgrids is
also overloaded by at least 29 % of the allowable load. The powerlines are not as affected as the transformers
in this scenario in terms of level and intensity of load. In the SFH grid, no line exceeded its maximum capacity
levels. Overloads appear only in the MIX and MFH case.

Table 3: Overview of grid state for High Load scenario

. . Number Average Number of  Average level Max. Max.
Timeslice . level of .
. of lines transformers ~ of overloads  electric load kW for
of highest ith overloads ith  affected for heati
rid load witl of affected witl of affecte or heating BEV
g overloads lines overloads transformers  supply [kW]  [kW]
spy  2>-Dec Ooutof i loutofl 137% 699 156
19:15 815
16.Jan 8 out of 0 4 out of 4 129% 1340 657
MIX 19:00 895 133%
18.Feb 4 out of 0 2 out of 2 160% 1161 463
MFH 20:45 603 103 %

For the High Feed-in scenario, the opposite can be observed (see Table 4). Here the typical grid overload
times appear in the summer with high PV feed-in. The maximum load occurs between noon and 2 p.m.. Grid
components are also overloaded in the High Feed-in scenario. However, in this case the powerlines are
affected in particular, whereas only one transformer is overloaded. The strongest influence of this
configuration appears in the SFH case study. In comparison to the MIX and MFH case studies, more than
3 % of the total grid length of the SFH is overloaded in the interval with the highest grid load. At the same
time, the only located transformer there is also heavily overloaded (199 % of its maximum capacity). The
transformers in the other grids do not show signs of overload in this scenario. The reason for the specific
timing of the occurrence of the maximum overloads and their seasonal variation is based on the development
of PV and the share of thermal refurbished residential buildings, according to the scenario definitions. High
electricity demand due to electrification of the energy system combined with low local electricity generation
results in high loads. So in this case, a centralized power supply is more likely to overload the transformer
infrastructure in the evenings during the winter months than to overload the line infrastructure. A
decentralized electricity generation in the low-voltage grid during the day in the summer, in this case via PV,
affects the lines to a greater extent.

Table 4: Overview of grid state for High Feed-in scenario

Timeslice  Number Average Number of  Average level Max. M_ax.
. level of . electric load
of of lines transforme  of overloads electric load .

. . overloads . . for electric
highest with £ affected rs with of affected for heating bili
ridload overloads ' & ecte overloads  transformers  supply [KW] mobility

g lines [kW]
24.Jun 26 out of 0 0
SFH 13:00 815 120 % loutofl 199% 237 124
29.May 11 outof 0
MIX 1315 895 130 % Ooutof4 - 273 253
21.Jun 0 out of
MFH 12:00 603 - 0 out of 2 - 287 242

The results for the Preventive Charging Management scenario in Table 5 show that an intervention in the
charging strategy can implement benefits within the grid stability. In comparison to the High Load scenario
in the case studies MI1X and MFH a drop in overloaded components and load intensity can be observed. Still,
both case studies show their maximal overloads in the winter.
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The SFH grid contains a distinct characteristic. Due to the stochastic generation of the load profiles, even
marginally more lines are affected by congestion in this case compared to the High Feed-in scenario. Here,
the challenge of the inherent simultaneity of PV generator output in a local SFH type grid becomes apparent.
Since the Preventive Charging Management scenario and the High Feed-in scenario do not differ in terms of
the PV systems, the summer midday period is still the most critical interval for this grid.

Table 5: Overview of grid state for Preventive Charging Management scenario

Average Average Max. Max.
. . Number g Number of g electric electric
Timeslice - level of level of
. of lines transformers load for load for
of highest . overloads of : overloads of . -
. with with heating electric
grid load affected affected -
overloads lines overloads transformers supply mobility
[kW] [kW]
03. Jul 29 out of 0 loutofl 199% 699 192
SFH 1330 815 120%
16.Jan 3 out of 0 4 outof 4 113% 1340 322
MIX™ “19:30 895 153%
MEH 17.Jan 0 out of i 2 out of 2 126% 1161 311
19:15 603

After identifying the limit violations according to the grid simulation for each subgrid, it is investigated how
the overloads can be resolved with conventional planning measures from the perspective of the electricity
grid operator. As a first step, real measured values are recommended in addition to the simulation values for
secured design data. These can be obtained specifically through measurements on exactly those critical
components identified in the simulation. In the case of highly meshed urban grids, these are primarily
transformers and the lines connecting them. When the design data are available, a decision should be made
on a case-by-case basis between a replacement or additional local grid transformers operated in parallel. This
also applies in the same way to the affected supply lines. The conventional measures are used as a reference
planning variant to calculate the grid extension costs for each simulated low voltage subgrid. Further,
flexibility measures are simulated to show the possible reduction in investments. In the investigated use case,
system loads can be decreased through the intelligent combination of PV generation if - and only if -
connectively designed and operated with the demand side.

6 Summary and recommendations

In this work, a methodology is presented how data-based recommendations can be derived from household-
specific load and generation curve analysis regarding low-voltage grids. Despite high market shares of
electric mobility in all long-term scenarios (at least 70%), a comparatively small share of the future total load
can be attributed to BEVs in 2050. Instead, the electricity loads of heat pumps for the supply of space heating
and hot water contribute to the significant increase in the total load. This is why time-controlled charging of
BEVs as a grid-supporting measure can only mitigate the effects of overloads and do not resolve the effect
completely. Furthermore, it should be noted that the definition of blocking times for larger electrical
consumers like charging processes of electric mobility but also heat pumps should be chosen with caution.
An unsuitable off-period of electric loads can lead to an opposite time-shifted grid overload in the distribution
grid.

For the electricity distribution grid, it has been shown that an uncontrolled expansion of heat pumps and
charging infrastructure for electric mobility in the analyzed scenarios leads to an overload of the electricity
infrastructure. Therefore, if the goals of decarbonization of the energy system at the local level are to be met
successfully, infrastructural expansion measures must be implemented, at best accompanied by regulatory
adjustment steps.

The overload situations shown in the scenarios for the investigated case studies can be remedied by
conventional grid expansion. In the balance areas dominated by residential buildings, the expected electricity
line expansion is about 2 % to 3 % of the existing cable lengths. The overloads will mainly occur in the area
of the outgoing lines around the substations. Particularly in the area of transformer stations, possible
expansion potential must be examined in advance and the resulting necessary space requirements for new
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transformer stations must be coordinated with the grantor of the concessions.

Further measures can include a flexibilization of the consumption side, especially in subgrids with expected
high energy densities (in this analysis in MFH). This primarily concerns the dispatch of heat pumps, where
operating times can be comparatively easy coupled to the generation from PV in private households, whereas
the electric mobility offers lesser potential for this strategy due to lower concurrency of PV generation in
households and availability of electric mobility.

Generally, the analyses show that there is no need for action in the short term (until 2030) for the respective
case studies, but rather in the medium to long term (15 years and more) to maintain grid stability. However,
since conventional grid expansion measures require long lead and implementation times due to the space
requirements, civil engineering and the necessary coordination with other disciplines, the measures must be
planned and initiated by the distribution grid operators at an early stage.

It can be observed, that the High Feed-in case is relevant and decisive for low-voltage grid design and
operation, particularly in areas dominated by single-family homes due to the comparatively high PV
expansion potential. In multi-family residential areas with specifically higher consumer load densities, on
the other hand, the High Load case is dominant for grid design. Nevertheless, both cases should always be
examined at the local level.

Further, research should analyze the decision making on the time and place of charging processes of the
electric mobility in more detail. However, for a better representation of the charging behavior, real data of
the observed decisions are needed. Besides, the future availability of the different charging point types, which
is currently uncertain, plays a curial role. In particular, the development of semi-public charging points
located in parts of the low-voltage grid at shopping opportunities or at workplaces must be monitored. In this
work, urban areas without commerce and industry were primarily investigated. Consequently, there is a need
for further research for these types of areas, since other load peaks are likely to occur. Also, V2G technology
in the context should be examined in more detail.
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