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Abstract: In contrast to rural distribution grids, which are mostly “feed-in oriented” in terms of
electrical power, urban distribution grids are “load oriented”, as the number of customer connections
and density of loads in urban areas is significantly higher than in rural areas. Taking into account the
progressive electrification of the transport and heating sector, it is necessary to assess the required
grid optimization or expansion measures from a conventional, as well as an innovative point of
view. This is necessary in order to be able to contain the enormous investment volumes needed
for transforming the energy system and aligning the infrastructures to their future requirements
in time. Therefore, this article first explains the methodological approach of allocating scenarios of
the development of electric mobility and heat pumps to analyzed grids. The article continues with
describing which power values need to be applied and which conventional and innovative planning
measures are available for avoiding voltage band violations and equipment overloads within the
framework of strategic grid planning. Subsequently, the results of grid planning studies are outlined
and evaluated with an assessment model that evaluates capital as well as operational costs. On this
basis, planning and operation guidelines for urban low-voltage grids are derived. The main result is
that low-voltage grids can accommodate charging infrastructure for electric mobility, as well as heat
pumps to a certain degree. In addition, it is concluded that conventional planning measures are not
completely avoidable, but can be partially avoided or deferred through dynamic load management.

Keywords: charging infrastructure; grid planning; heat pumps; load management; low-voltage;
planning and operation guidelines

1. Introduction

Technological progress is changing the energy industry, which is currently charac-
terized by the increasing electrification of the mobility and heating sectors. Distribution
system operators (DSOs) in particular are faced with the task of integrating more and
more charging infrastructure (CI) for electric vehicles and electric heat pumps (HPs) for
supplying heat to residential buildings in the future. For grid planning of low-voltage
(LV) grids, DSOs usually apply planning and operation guidelines (POGs). The guidelines
offer the advantage that not each grid has to be planned individually; general planning
principles can be applied for the majority of grids using, for instance, predefined standard
grid equipment. This standard equipment is kept in stock, e.g., a sufficient number of
distribution transformers (DTs) or LV lines for the LV level, in order to be utilized quickly
in the event of a fault. However, due to ever-increasing electrical loads, the planning
guidelines need to be adapted in general and the currently available power classes of DTs
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and LV lines must be reviewed and adjusted specifically. Therefore, based on extensive LV
grid planning, new POGs for urban LV grids are derived in the context of this article.

1.1. Literature Review and Novelty

POGs are not fundamentally new. In most cases, each DSO defines its own, company-
specific POGs and reviews or updates them in fixed time intervals, which can even be
longer than a decade. However, due to the increasing electrification of the mobility and
heating sector, existing POGs must be reviewed in a timely manner, as the current standard
equipment may no longer be sufficient. In publications, POGs have already been updated
and in some cases supplemented, but to the best of our current knowledge, no extensive
grid planning has, to date, been carried out with various grid plans supporting these POGs.

Therefore, this article carries out strategic grid planning with diverse power develop-
ment scenarios for representative LV grids, and then evaluates the results. Subsequently,
POGs are derived based on the evaluations. The diverse power assumptions offer the
advantage that publications [1–7] have not yet considered high charging capacities in LV
grids for public charging points (PuCPs) with a simultaneous consideration of private
charging points (PrCPs). This article also analyses the impact of different load management
systems for private and/or public CI as well as HPs on grid planning. Furthermore, a
sensitivity analysis of the underlying costs for a grid-serving dynamic load management
(DLM) is performed and analyzed. These aspects were not examined at this level of detail
in previous publications, such as [8–10], either.

1.2. Structure and Objective

In this article, first the procedure for strategic grid planning is explained in Section 2.
This includes both the basic planning steps and the handling of new loads (CI and HPs).
For the latter, the development scenarios are selected, and the method for allocation of CI
and HPs at grid level is explained in order to interpret the results accordingly. Section 3
explains the general grid conditions under which the grid planning is performed. In addition
to the basic power assumptions, further planning parameters are determined, such as the
operating points (OPs), the planning perspectives with their associated simultaneity factors
(SFs), and the technical limits for the grid operation. Section 4 explains conventional and
innovative planning measures that are available for applying in the LV level in order to
avoid the expected limit violations. To assess individual planning studies, all grid planning
variants are evaluated in Section 5 based on an assessment model consisting of a primary
and a secondary assessment model. In Section 6, the POGs are derived based on the results
of the primary assessment model and then explained in detail. This article concludes with a
discussion of the results.

2. Strategic Grid Planning

First, this Section explains the basics of strategic grid planning and the steps necessary
for fulfilling the respective planning objective. Based on this, new requirements for grid
planning with regard to new loads are presented. These new requirements need to be taken
into account in the future as part of the energy transition.

2.1. Basic Planning Steps

Starting with the definition of basic planning objectives, it is important to note that
these must comply with the current laws, regulations, standards, ordinances, and directives,
as well as the commonly acknowledged rules of technology and technical guidelines. These
general framework conditions can be supplemented by company-specific requirements,
which must first be identified. It is possible to define the standards, that need to be
taken into account more strictly, such as standard DIN EN 50160 [11] with regard to
the voltage band, if this is necessary from the point of view of grid engineering. In
addition, specifications must be made concerning to the integration of new loads. Once
all the relevant conditions are available, the corresponding information and data must
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be obtained and processed. It should be noted that the greater this information density,
the less robust the respective grid must be in the event of deviations from these forecasts.
Therefore, it is important to derive information that is not available with suitable models, if
necessary, or to approach it in some other way. On the basis of this information, suitable
conventional and innovative planning measures are selected, used to develop various
target grid planning studies, subsequently compared, and finally evaluated on the basis of
various criteria. The result is an optimal target grid planning which is used as the basis for
the implementation [12–16].

2.2. New Loads in Urban Low-Voltage Grids

CI and HPs play an increasingly important role in the dimensioning of urban LV
grids. Furthermore, according to [16], decentralized energy conversion systems such
as photovoltaic systems (PVSs) are particularly relevant for grid planning of rural and
suburban areas.

2.2.1. Charging Infrastructure for Electric Vehicles

Figure 1 shows different development scenarios for electric vehicles (EVs) in Germany.
To create a corridor, a conservative (cons) scenario (Q) from the lower development range
and a progressive (prog) scenario (R) from the upper development range are used for
further grid planning. The corresponding sources are listed in Table 1.

Figure 1. Ramp-up trajectories for EV development scenarios in Germany based on [17].
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Table 1. Researched scenarios for the development of electric vehicles.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3 [18] B-1/B-2 [19]
C-1/C-2 [20] D-1/D-2 [21]
E-1/E-2 [22] F [23]

G-1/G-2/G-3 [24] H-1/H-2/H-3 [25]
J [26] K [27]
L [28] M-1/M-2/M-3/M-4 [29]

N-1/N-2/N-3 [30] I-1/I-2/I-3 [31]
O [32]

According to the apportionment methodology in [17], the values of the scenarios for
Germany are apportioned to city level using various factors and weightings. To apportion
the number of EVs to the LV level, commercial market and geodata from [33,34] are used.
For the distribution at the respective LV grids, an iterative Saint-Laguë technique [35] is
employed for private EVs. Commercial EVs and commuter EVs are allocated based on
building types. The methods apply data available at street level regarding the building
and income structures. A more detailed description of the apportionment methodology
can be found in [17].

2.2.2. Electric Heat Pumps

In accordance with the apportionment methodology for electric mobility, different
scenarios for the development of HPs can be taken from Figure 2 with the sources listed in
Table 2. Scenarios G (cons) and H (prog) are selected for the grid planning.

Figure 2. Ramp-up trajectories of heat pump development scenarios for Germany based on [17].

Table 2. Studies used as a basis for the development of heat pumps.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3 [31] B-1/B-2 [36]
C [37] D-1/D-2 [38]

E-1/E-2/E-3 [39]

Additionally, analogous to EVs, the values of the scenarios are apportioned with
various factors to the city level. A further distribution to the LV grids uses market and
geodata from [33]. A more detailed description of the apportionment methodology can be
found in [17].
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2.2.3. Photovoltaic Systems

This article focuses on new loads. However, as PVSs are also relevant, especially at
the LV level, scenarios of the installed photovoltaic capacity in Germany (analogous to
Figures 1 and 2, see Figure 3 with sources stated in Table 3), in particular scenario (A) and
scenario (E), are assessed. A more detailed description of the apportionment methodology
can be found in [40] and is not part of the present analysis.

Figure 3. Ramp-up trajectories of photovoltaic power development scenarios for Germany based
on [41].

Table 3. Studies used as a basis for the development of heat pumps.

Scenario Based on Source Scenario Based on Source

A-1/A-2/A-3/A-4 [29] B [42]
C [43] D [44]
E [45] F [46]

G-1/G-2/G-3 [47] H [48]
I [49]

3. General Grid Conditions

In addition to the scenarios for new loads presented in the previous Section, it must
be determined how these loads are taken into account in grid planning in terms of their
power value. The first step is to specify the relevant OPs. These OPs are then valid for
certain planning perspectives, for each of which different SFs are applied. After the LV
grid has been modelled for the specified planning perspectives, the grid limit violations
must be determined on the basis of the permissible limit values for the voltage band and
the equipment loading.

3.1. Power Value Assumptions

For new loads, power values must be assumed for using in strategic grid planning.
Therefore, possible charging capacities of CI are firstly analyzed. Here, a distinction is
made between PrCPs and PuCPs, as the categories are assigned to different power classes.
For example, PrCPs usually have 3.7 kW, 11 kW, or 22 kW, whereas PuCPs also cover
50 kW and 150 kW at LV level. Higher charging capacities or charging parks are generally
connected to the medium-voltage (MV) and high-voltage (HV) levels [50].

For HPs, the assumption of suitable power values is somewhat more challenging, as
each building has a different insulation standard and different heat requirements. As a
result, each HP should be specifically designed. To take into account different configura-
tions, three power values 3.0 kW, 6.5 kW, and 9.0 kW are assumed. HP variant 1 (HP-V1)
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represents a HP without an additional heating element as a minimum power value. HP-V3,
on the other hand, takes into account additional heating elements with an average electrical
output of 6.0 kW as a maximum power value. HP-V2 represents a combination of the two
variants with further assumptions, resulting in 6.5 kW per HP. All three HP variants are
applied to the conservative and progressive scenarios for EVs [50].

Table 4 shows a consolidation of power value assumptions for CPs with the corre-
sponding assumed development over the years 2030, 2040, and 2050.

Table 4. Power value assumptions for private and public charging infrastructure over three years for
grid planning, based on [50], note: Details of the distribution or number of the respective additions
per year.

Private Charging
Points 2030 2040 2050 Public Charging

Points 2030 2040 2050

3.7 kW 10% 0% 0% 3.7 kW 0% 0% 0%
11 kW 60% 65% 65% 11 kW 5% 5% 5%
22 kW 30% 35% 35% 22 kW 75% 20% 20%
50 kW 0% 0% 0% 50 kW 15% 50% 50%

150 kW 0% 0% 0% 150 kW 5% 25% 25%

3.2. Operating Points

In general, LV grids are dimensioned for certain OPs, i.e., certain grid use cases. The
two most common OPs are “peak generation” (PG, or OP-PG) and “peak load” (PL, or OP-
PL) [14–16]. The OP-PG defines a summer day on which, for example, the highest feed-in
from decentralized PVSs and minimum power consumption can be expected at midday. The
OP-PL defines a winter day in the early evening on which there is no feed-in from PVSs with
simultaneous maximum power demand from HPs, CI and conventional loads.

Alternatively, power time series can also be used for grid planning. However, as no
power time series are available for all nine different new loads at the time of the analysis
and these can be taken into account indirectly via SFs, the following two OPs are used:

• Peak load: It is assumed that the loads draw the maximum simultaneous power
demand while grid feed-in is minimal [51].

• Peak generation: Here, it is assumed that the feed-in in the grid area is maximum,
while load demand is minimum [51].

3.3. Planning Perspectives and Simultaneity Factors

Based on both OPs, different planning perspectives must be taken into account in
order to dimension the equipment correctly. Otherwise, either over-dimensioning leads to
unnecessary costs or under-dimensioning leads to overloading of the equipment. Therefore,
the so-called SFs are used for grid planning. The SF is defined as the ratio of the maximum
simultaneous sum reference to the sum of the maximum individual powers [51].

According to Figure 4, two planning perspectives are considered for the subsequent
analyses. For dimensioning the respective DT, all loads in the grid are considered (left
side). For the dimensioning of main feeders, all loads connected per feeder are considered
with the corresponding SF. A feeder is defined as a line that is laid from the DT to the first
load. SF calculations are carried out separately for conventional loads, CI and HPs. The
resulting power is then cumulated, yielding the total load. However, it must be noted with
these two planning perspectives that, depending on the circumstances, there is an over- or
under-dimensioning of the ends of the lines, as the SF is not determined and modelled with
node precision. However, as the feeder, which is important for the fundamental supply
of many end consumers, is correctly dimensioned, this procedure represents a trade-off
between the dimensioning of relevant equipment close to the feeder and the avoidance of
over- or under-dimensioning of distant lines.
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Figure 4. Planning perspectives taking into account the respective simultaneity factor (SF).

3.3.1. Simultaneity Factors for Charging Points

Due to the diverse power values for charging points (CPs), there are different ways to
calculate SFs. Therefore, four different calculations (C1 to C4) with Equations (1)–(4) are
presented below [17].

C1 : PCPi = i·SFPi,nCPi
(1)

C2 : PCPi = i·SFPi,∑ nCP (2)

C3 : PCPi = i·SFP∅,nCPi
(3)

C4 : PCPi = i·SFP∅,∑ nCP (4)

where I = charging power type; PCPi = charging power per charging point type; Pi =
charging power per type; nCPi = number of charging points per charging power; ∑nCP =
number of all charging points; and PØ = average charging power based on the distribution
in the respective grid.

• Calculation 1: The respective charging power multiplied with the SF for the respective
charging power for the number of CPs for this charging power (several SFs per grid
or feeder).

• Calculation 2: The respective charging power multiplied with the SF for the respective
charging power for the number of all CPs and all charging powers (several SFs per
grid or feeder).

• Calculation 3: The respective charging power multiplied with the SF for the average
charging power based on the respective distribution for the number of CPs for this
charging power (several SFs per grid or feeder).

• Calculation 4: The respective charging power multiplied with the SF for the average
charging power based on the respective distribution for the number of all CPs and all
charging powers (one SF per grid or feeder).

The calculation results are shown for three examples in Figure 5. It can be seen that
the calculation methods C1 and C3 may result in an overestimation of simultaneity as
the different charging powers are considered separately from each other. C4 follows an
aggregated approach in which the charging powers are combined in an SF based on an
average charging power per feeder, which is a practicable approach for grid planning and
results in a lower SF. C4 is therefore used in the analyses here. Similarly, it is assumed that
EVs can use either PrCPs or PuCPs for charging.
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Figure 6 shows the SFs for CPs which are used for C4. The SF curves of the main five
charging powers are shown in colors. The figure also shows the SF for charging powers
between 3.7 and 22 kVA in 1 kVA steps, which are later on required for C4.

Figure 5. Example of cumulative charging capacities with a different calculation of simultaneities for
charging points (CPs).

Figure 6. Simultaneity factors for electromobility based on [52].

3.3.2. Simultaneity Factors for Heat Pumps

Figure 7 shows the SFs for HPs. It is apparent that within a grid area, the simultaneity
does not decrease as much with an increasing number of HPs as it does for the CI. The
reason for this is that the same outdoor temperature is present almost everywhere in a grid
area, so that the HPs normally operate simultaneously for heat generation.
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Figure 7. Simultaneity factors for heat pumps based on [53].

3.4. Limit Violations for Grid Planning

In order to identify limit violations after the grid modelling, the voltage band and the
equipment loading capacity must first be defined.

Regarding the voltage band, DIN EN 50160 [11] must always be maintained. It
specifies that slow voltage changes must not exceed ∆Umax/Un = ±10%. Although there
are loading specifications in VDE-AR-N 4100 [54], no specific requirements are made for
the OP-PL. In contrast, VDE-AR-N 4105 [55] recommends that slow voltage changes caused
by decentralized generation and storage facilities with a grid connection point on the LV
level may not exceed 3% of the original voltage level without such generation plants and
energy storages. However, this recommendation may be deviated from according to the
DSOs specifications, e.g., if regulated DTs (RDTs) are used. This is particularly relevant for
the OP-PG. Based on these assumptions, the available voltage band is divided according to
Figure 8 and used for grid planning. On the LV level, a voltage drop of 5% of the nominal
voltage at the OP-PL and a voltage increase of 3% at the OP-PG is allowed.

Figure 8. Assumed voltage band division.
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As for equipment loading, DIN EN 60076-1 [56] specifies that the DTs may be operated
with 100% of their rated apparent power. As for lines, DIN VDE 0276-1000 [57] specifies
that they may be operated with the maximum permissible current capacity Iz (current
carrying capacity). As line installations differ from grid to grid in the type of installation, as
well as the accumulation and degree of loading, standard loading conditions are assumed
for the derivation of general POGs. This ensures that a uniform system is used for all
performed analyses.

4. Planning Measures

After identifying the limit value violations according to the previous Section, the
violations can then be remedied with the following appropriate measures. The conventional
measures correspond to the current state of the art, have been tried and tested, and are
generally accepted. Innovative measures, on the other hand, are already being applied in
isolated cases, yet do not represent the current state of the art as they cannot draw on years
of experience.

4.1. Conventional Measures

Conventional measures are, in many cases, carried out without taking the direct
influence on the other voltage levels into account, such as a subsequent adjustment of the
voltage band. Apart from that, dimensioning takes place for a specific year in the future.
Thus, for example, a transformer is not designed for its current power demand, but for
a specific power demand in the future. This way, it will not have to be replaced over its
lifespan, resulting in cost savings.

Conventional measures are used as a reference planning variant for the subsequent
analyses and are explained in detail below.

4.1.1. Replacement or Reinforcement of Local Distribution Transformers

If, depending on the load development, the power of the installed DT is no longer
sufficient, it must be replaced or reinforced by a second transformer. The latter is possible
only if the corresponding space is available. Normally, an existing DT is replaced without
changes to the substation. However, it must also be checked whether a new local substation
is needed if a larger transformer is to be installed in a compact substation and there is not
enough available space.

4.1.2. Tap Changer (Load or Voltage-Free Switchable Tap Changer)

In most cases, a tap changer can be used to adjust the voltage of conventional DTs.
This is accomplished in the load-free state. For analyses, it is assumed that a tap changer
is always available and that it provides a total of five taps, each with a voltage change of
∆U/Un = ±2.5%. Depending on the OP, the voltage for the downstream LV grid can thus
be raised or lowered by a total of 5.0% [58].

4.1.3. Replacement of Lines

For many DSOs, line replacements are subject to asset management and thus DSO-
specific strategies. The approach chosen for the analyses is therefore that lines are replaced
if they are overloaded and also have an old insulation type or no longer correspond to the
standard line cross-section q = 150 mm2.

4.1.4. Reinforcement of Lines

If a line with a modern insulation type or with the standard line cross-section
q = 150 mm2 is overloaded, it can be assumed in most cases that, in contrast to lines
with older insulation types, the end of its useful life has not yet been reached and the
asset therefore still has a value for the DSO. Therefore, in this case, it is not replaced in the
analyses but reinforced. There are three different options for reinforcements, which are
briefly explained below.
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1. Minimum Reinforcement If, for example, a feeder in a radial grid is overloaded up
to a certain load, it can be checked to which point a new feeder can be laid as the
shortest route if the existing connection is severed at this connection point.

2. Maximum Reinforcement If the nearest line distribution cabinet (LDC) is only a few
meters away in the case of a line separation, no joints are set up to the connection point
as the shortest route, but a new feeder is laid up to the LDC. In the LDC, the other line
can then be disconnected so that it can continue to be fed from the existing feeder.

3. Parallel Line with Redistribution of Loads A new feeder is laid. The loads are distributed
between the two parallel lines so that both lines are subjected to similar loads.

Figure 9 shows the above-mentioned line and transformer measures. In principle, no
line reduction factors are applied as it is assumed that the lines have been laid at a sufficient
distance from each other and the OPs are not permanently in operation. For assumptions
that deviate from this in practice, grid-specific derating factors must be taken into account.

Figure 9. Conventional planning measures in the low-voltage level.

4.1.5. Separation of Grids

In addition to the transformer and line measures, the existing grid can also be split up.
However, corresponding properties for new local substations must be available for this, as
local DTs are placed in the respective load center based on optimal voltage distribution
and equipment loading. As the respective ownership structures are not available for all
grids, this measure is not considered within the framework of the uniform grid planning.

4.1.6. Topology Change

The last conventional measure is to change the grid topology. For example, a radial
grid is changed to a meshed grid or vice versa. The greatest difficulty with topology
changes is that the existing protection concepts may also have to be affected. For these
reasons, this measure is also not considered for further analysis.

4.2. Innovative Measures

Independent of the conventional measures applied in practice, there are also a number
of innovative measures that are already applied on a small scale, such as RDT, or are cur-
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rently being researched and tested in selected grids, such as DLM. The relevant innovative
measures are shown in Table 5 with effects on all voltage levels (as well as the conventional
measures) and are briefly explained below with their significance for the LV level.

Table 5. Overview of the effects of innovative equipment and technologies on the various voltage levels when used in or for
the low-voltage level as well as for complementary conventional measures based on [41].

Measure
Relocation/Assembly

Influence of the Measure on the Grid Parameters

Voltage (U/Un) Loading (I/Iz)

LV MV HV LV MV HV

Lines A,B l - - ↓ D - -
Distribution transformer with tap changer * l - - ↓ E - -
Voltage regulation at the HV/MV-substation l l - - - -
Regulated distribution transformer l - - ↓ E - -
Line voltage regulator B l - - - - -
Grid-serving energy storage B l - - l F l F l F

Reactive power management C l l - l F l F l F

Dynamic load management C ↑ ↑ - ↓ F ↓ F ↓ F

Grid-serving energy storage l - - l F l F l F

A exchange of equipment. B new equipment. C for low-voltage connected charging infrastructure and heat pumps. D line utilization(s).
E transformer utilization(s) with higher dimensioning. F line utilization(s) and transformer utilization(s). “-” means no or negligible
influence. “↑” means increase. “↓” means decrease. “l” both increase and decrease. * Note: Within the framework of LV grid planning,
the tap changer with two steps is always used first, before conventional line measures or innovative planning measures (except load
management) are applied.

4.2.1. Voltage Regulation at the HV/MV-Substation

Voltage regulation at the HV/MV-substation (VRS) is the permanent voltage ad-
justment at the MV busbar by changing the tap position of the HV/MV-transformer(s).
Depending on the supply task of the MV and the downstream LV grids, the voltage can
thus be increased or reduced. According to Figure 8, the setpoint value is Utarget/Un =
102% and the control tolerance is ∆U/Un = ±2.0%. Within the scope of grid planning, it
is assumed that the setpoint can be adjusted in six steps of ∆U/Un = ±0.5% each. If limit
value violations persist despite VRS, conventional planning measures are carried out.

4.2.2. Regulated Distribution Transformer

An RDT is a transformer in a local substation that is equipped with a switchable
actuator, a so-called on-load tap changer, and a control unit. In contrast to conventional
DTs with a tap changer, voltage adjustments can take place under load and thus lead
to a better decoupling of the MV and LV levels with regard to voltage maintenance and
therefore to a more flexible division of the available voltage band [59].

The modelling considers an RDT that has nine taps including neutral position, each with
a voltage step of ∆U/Un = ±3%, so that a total band of ∆U/Un = ±12.0% is possible. If limit
value violations persist despite RDT, conventional planning measures are carried out.

4.2.3. Dynamic Load Management

A DLM accesses CI and HPs, considering them controllable consumers according to
the DSOs’ specifications. This happens without customer-side load management to ensure
safe grid operation. The active power is controlled or regulated depending on the current
grid status in terms of voltage and current.

The basic mode of operation of the employed DLM is shown in Figure 10. Limit
violations are first identified for each planning perspective. These can be voltage band
violations and/or equipment overloads. To ensure that the end consumer does not feel
any loss of comfort, HPs are switched off before CPs, as the HPs usually have a heat
storage to bypass the so-called blocking periods. Blocking periods are defined as periods
in which an electrical system is temporarily, automatically and actively disconnected
(switched off/blocked) from the distribution grid by the DSO and is not (fully) available to
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be connected by the consumer during this time [60]. If limit violations persist, the charging
power of the CPs are reduced gradually to a minimum of 3.7 kW. If limit violations are still
present despite the use of a DLM, additional conventional planning measures are carried
out [61].

Figure 10. Basic operating principle of dynamic load management.

Within the framework of the DLM, three different variants are considered as use cases
according to Table 6. DLM-V1 regulates HPs and PrCPs, DLM-V2 only PrCPs, and DLM-V3
only PuCPs. It should be noted that DLM-V1 and DLM-V3 are rather theoretical scenarios.
On the one hand, HPs usually switch back on with full power after the blocking period is
over, and on the other hand, there are currently no large-scale efforts to regulate PuCPs.
Nevertheless, the three DLM variants span a relevant corridor for grid planning and offer
tendencies for the grid-serving use of a DLM with the inclusion of various loads [61].

Table 6. Control of the loads within the DLM variants (DLM-V1, DLM-V2, and DLM-V3) [61].

Controllable Loads DLM-V1 DLM-V2 DLM-V3

3.7 kW PrCPs No No No
11 kW PrCPs Yes Yes No
22 kW PrCPs Yes Yes No
11 kW PuCPs No No Yes
22 kW PuCPs No No Yes
50 kW PuCPs No No Yes

150 kW PuCPs No No Yes
HPs Yes No No

In addition to the proposed DLM variants, a sensitivity analysis is carried out for the
measurement, information, and communication technology (MICT) to be used and is taken
into account in the evaluation as part of the economic efficiency analysis.

Figure 11 therefore shows the measuring equipment to be used for radial grids (a.1
and a.2) and meshed grids (b.1 and b.2). Each measuring device can take up to four
measurements.
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Figure 11. Examples of consideration of a grid automation system for different topologies with (A-1)
radial grid with five overloaded feeders, (A-2) radial grid with four overloaded feeders, (B-1) meshed
grid with one overloaded mesh and three feeders, and (B-2) meshed grid with one overloaded mesh
and five feeders.

The following four variants are calculated for the economic efficiency analysis:

• Full equipment (F): Basic amount (remote terminal unit)

+ feeder measurement (current)
+ worst node measurement (voltage)

• Reduced measuring sensors (M): Basic amount (remote terminal unit)

+ feeder measurement (current)

• Basic amount (B): Basic amount (remote terminal unit)

• No costs (0): no MICT

The basic amount represents the remote terminal unit (RTU) as well as the hardware
and software integration into the local substation. Feeder measurements are current
measurements and worst node measurements are voltage measurements. The latter are
not included in (M), as it is assumed that these values will be made available in the future
via existing smart metering systems at the end consumers.

4.2.4. Grid-Serving Energy Storages

A grid-serving energy storage (ES) can act as a source or load in order to decrease or
remedy limit violations. Its position and dimensioning depends on the type and extent of
the identified violations. For this purpose, the necessary active power is determined and
used as the basis for the ES dimensioning.

4.2.5. Measures Not Considered

In Table 5, all identified measures were presented for reasons of complete equipment
and technology research. Similarly, all innovative planning measures were taken into
account in the grid planning. However, for certain operating equipment and technologies,
it was foreseeable at an early stage that they would have no relevance for grid planning.
Hence, corresponding planning measures, described below, are no longer taken into
account.

Line Voltage Regulator

Line voltage regulators (LVRs) were not used for the LV grid studies here for two basic
reasons. First: for meshed LV grids that were also part of the assessment sample aside from
grids with radial topology, LVRs have only very limited applications. Second: for radial
grids, mostly line overloads could be identified in almost all feeders depending on the
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scenario and could not be eliminated with an LVR. Consequently, the use of an LVR was in
any case more expensive than conventional grid expansion.

Reactive Power Management

Reactive power management was applied for the LV level. As the adjustment of the
power factor cos(ϕ) in the majority of cases made it possible to eliminate voltage band
violations at certain nodes, however, equipment overloads were intensified and, in some
cases, increased, reactive power management is not considered further.

5. Assessment Model

To compare all planning variants, they must be evaluated using a uniform approach.
According to the development in [41], an assessment model is used for this purpose. This
model consists of a primary and a secondary assessment model.

In both models, only equipment is taken into account that was newly introduced into
the grid compared to the base year 2021. Thus, no maintenance, renewal, and equipment
costs for the existing grid are considered in the assessment. The basic structure of the
assessment model is shown in Figure 12 and is explained below.

Figure 12. Assessment model with different assessment criteria.

5.1. Primary Assessment Model

The primary assessment model is used to derive the POGs. The costs (Appendix A) for
equipment are used as the main criterion, consisting of both capital expenditures (CapEx)
and operational expenditures (OpEx) and the residual values for the period between year
2021 and year 2050. The resulting total costs are calculated using the net present value
method. Figure 13 illustrates the basic principle of discounting, which makes it possible to
objectively compare different planning variants on the basis of net present values despite
different investment dates. The equipment costs are taken into account annually and also
discounted to the year 2021. For the DSOs, the resulting total costs are in most cases a
decisive factor, as they intend to plan the grid in a cost-optimal, and thus economical, way
as much as possible.

5.2. Secondary Assessment Model

If DSOs want to focus on additional parameters rather than solely on costs, a secondary
assessment model can be used that takes four other criteria into account and applies
different weightings.
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Figure 13. Method of the primary assessment model based on the determination of the net present
value.

5.2.1. Secondary Criteria and Weightings

Equipment costs, which represent the investment costs in euros, are again the basic
criterion of the secondary assessment model. These are supplemented by the grid losses
as an additional secondary criterion and are described as the increase in annual energy in
relation to the original grid as percentage. They represent a technical criterion that evaluates
the efficiency of the grid and must be borne permanently by the DSO as equipment costs.
The attractiveness of a planning variant decreases with increasing grid loss energy in the
respective grid.

The third secondary criterion is the failure rate based on a simplified reliability cal-
culation which indirectly estimates the maintenance effort. The failure rate is calculated
using Equation (5).

H = ∑ nk·Hk (5)

where H = failure rate per grid in 1/a; nk = number of affected assets in pieces or meters
per equipment type; and Hk = failure rate per equipment type.

The failure rate H per grid for the respective quantity structure nk in pieces or meters
per equipment type in the grid is determined with the respective failure rate Hk per
equipment type. The mean value of the years 2013 [62], 2014 [63], 2016 [64], and 2018 [65]
of stochastic failures for the LV level is used for calculation.

The fourth secondary criterion is defined as voltage stability and represents the
robustness of a planning variant to a change in the supply task, where ∆U/Un corresponds
to the largest voltage drop in percent from the grid interconnection to the upstream grid to
the furthest point in the grid without occurring voltage band violations.

The fifth secondary criterion reflects the extent of resource expenditures, i.e., the
expenditure for construction activities. Here, the length of a line’s route, in which several
lines can be located, is determined. This criterion is relevant as, especially in urban LV
grids, construction work causes noise and road closures, so that the attractiveness of a
planning variant decreases with the length of the necessary construction work.

To be able to carry out different assessments with the five secondary criteria, five
different weightings are introduced with the addition of a sixth weighting, whose percent-
age distribution can be seen in Table 7. In the weighting “Equally weighted”, all criteria
have the same importance in determining the optimal planning variant. In the weighting
“Cost-oriented”, the equipment costs play the greatest role in identifying an optimal plan-
ning variant. For the weighting “Grid resilience”, the failure rate and the voltage stability
against unpredictable grid conditions have the greatest importance. In a “Technically
oriented” weighting, technical aspects of grid operation are given greater relevance than
non-technical criteria. In the “Resource-saving” weighting, a resource-saving measure
is rated highly in terms of both grid losses and resource expenditures. The weighting
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“Use of primary equipment” focuses on the equipment costs and the resource expenditure,
aiming at evaluating each planning variant with regard to the share of required primary
equipment.

Table 7. Six different weightings for the secondary criteria.

Secondary Criterion Equally
Weighted

Cost-
Oriented

Grid
Resilience

Technically
Oriented

Resource-
Saving

Use of Primary
Equipment

Equipment costs 20% 60% 10% 5% 10% 35%
Grid losses 20% 10% 10% 30% 35% 10%
Failure rate 20% 10% 35% 30% 10% 10%

Voltage stability 20% 10% 35% 30% 10% 10%
Resource expenditure 20% 10% 10% 5% 35% 35%

5.2.2. Scoring System

Methodically, the input parameters per planning measure are first determined, as they
can be taken from Table 8 for a hypothetical example.

Table 8. Exemplary input parameters of six planning variants (PV) for the secondary assessment model.

Secondary Criterion PV1 PV2 PV3 PV4 PV5 PV6 “Worst” “Best”

Equipment costs A 12,500 EUR 17,750 EUR 15,000 EUR 35,500 EUR 4500 EUR 42,000 EUR 42,000 EUR 4500 EUR
Grid losses B 7.1% 4.5% 2.3% 1.0% 2.8% 0.1% 7.1% 0.1%
Failure rate C 0.087 1

a 0.080 1
a 0.092 1

a 0.082 1
a 0.094 1

a 0.083 1
a 0.094 1

a 0.080 1
a

Voltage stability D 4.9% 3.5% 0.8% 3.3% 4.7% 1.2% 4.9% 0.8%
Resource expenditure E 550 m 425 m 410 m 260 m 375 m 75 m 550 m 75 m

A Results of the primary assessment model. B Grid losses in year 2050. C Total failure rate in year 2050. D Voltage value of the feed-in minus
voltage loss value in percent. E Resource expenditure (length) in meters on which the results of the primary assessment model are based.

Subsequently, the value range per secondary criterion is identified. Here, either the
highest value can correspond to the “worst” result (e.g., equipment costs) or the lowest
value to the “best” result (e.g., grid losses). Afterwards, the score (“baselining”) per
secondary criterion (SC) and planning variant (PV) is determined in the form of a point
system according to Equation (6):

ScoreSCn,PVm = TopScore −
ValueSCn,PVm

Worst Value SCn over all PVs
·TopScore (6)

The TopScore is defined for all assessments and used for all secondary criteria.
The respective planning variants are then calculated with the weighting factors (WF)

to an overall result ScoreΣ according to Equation (7):

Score∑ = WFSC1 ·ScoreSC1 + WFSC2 ·ScoreSC2 + WFSC3 ·ScoreSC3 + WFSC4 ·ScoreSC4 + WFSC5 ·ScoreSC5 (7)

Finally, the evaluation of the planning alternatives is carried out depending on the
overall result. Here, the planning measure with the highest ScoreΣ represents the optimal
overall result for the respective weighting.

The scoring result of the “baselining”, based on the input parameters, can be found in
Table 9. On the one hand, it can be seen that the “worst” planning measure per secondary
criterion receives no points (e.g., PV1 voltage stability). Furthermore, a value close to the
optimum shows that the respective score is approaching the top score and the top score
is almost reached (e.g., PV1 grid losses). The values of the other planning measures are
calculated according to the equation.
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Table 9. Exemplary “baselining” for six planning variants (PV) in the secondary assessment model with a defined TopScore

of 6 (without taking weightings into account).

Secondary Criterion PV1 PV2 PV3 PV4 PV5 PV6 “Max”

Equipment costs 4.21 3.46 3.86 0.93 5.36 0.00 5.36
Grid losses 0.00 2.20 4.06 5.15 3.63 5.92 5.92
Failure rate 0.45 0.89 0.13 0.80 0.00 0.70 0.89

Voltage stability 0.00 1.71 5.08 2.02 0.24 3.86 5.08
Resource expenditure 0.00 1.36 1.53 3.16 1.91 5.18 5.18

Sum 4.66 9.63 14.65 12.07 11.14 15.66 15.66

Figure 14 shows the respective total scores (ScoreΣ) of the planning measures per weight-
ing. The example of planning variant PV5 shows that it performs best in the weighting in
“Cost-oriented” due to the high score for equipment costs, among other things. Within the
weighting “Resource saving”, on the other hand, PV5 has the most points for equipment costs,
but PV6 has significantly more points for grid losses and resource expenditures, which is why
PV6 can be identified here as the optimal planning variant.

Figure 14. Exemplary overall results of different weightings of the secondary assessment model for
six planning variants (PV).

6. New Planning and Operation Guidelines for Urban Low-Voltage Grids

For the LV level, there is generally a reactive and short-term need for planning mea-
sures in the case of acute problems, which can largely be defined in standardized POGs, as
this involves a large number of similar planning and construction measures. The challenge
here is usually the variety of necessary measures over time and the reconciliation with
the equipment available at the DSO and its subcontractors. These measures are driven,
especially in the area of CI and HPs, by the corresponding political subsidies and are
regulated by the use of public transport routes for local general supply via route utilization
contracts within the framework of concession awards.

6.1. Load Development

In order to derive POGs, grids are first required to which the methodology described
in Section 2 can be applied. For this purpose, 20 representative LV grids (Appendix B) have
been selected from 4200 grids on the basis of [66], and are shown in Figure 15.

Based on the scenarios and apportionment methodology, Figure 16 shows the respec-
tive load development for all 20 LV grids from the perspective of the DTs. The currently
installed transformer capacity is also indicated (horizontal black dotted lines). The grey
bars represent the conventional household and commercial loads. Building on this, the
private charging power is shown in purple and the public charging power in turquoise.
The continuous green bar then shows the power for the 3.0-kW-HP variant. The bar on
top of this (green left hatched line) represents the power increase that must be considered
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if the 6.5-kW-HP variant is adopted. As for the 9.0-kW-HP variant (green right hatched
line), the same applies to the last green hatched bar accordingly. It can be seen that more
suburban grids with a correspondingly higher proportion of HPs are reaching their limits
from the perspective of the DTs (e.g., G11). In contrast, more inner-city grids show a
higher robustness against the integration of new loads (e.g., G01), which are comparatively
fewer than in suburban grids. It can be seen that a significantly higher utilization of the
transformers by new loads can be assumed in the future, a factor that must be taken into
account in the grid planning. As an alternative calculation of SFs for calculation method
C4, the last blue dotted bar shows the additional power results when private and public CI
is determined with calculation method 4 and on the assumption of a simultaneity factor of
1 separate to each other (C4s).

Figure 15. Results of a clustering for the low-voltage level and grid selection based on [66].

6.2. Technical-Economic Evaluation

Applying the relevant conventional and innovative planning variants for the LV
grids described in Sections 4.1 and 4.2 results in the consolidated line measures shown in
Figure 17 across all analyzed planning variants for each scenario, HP variant, and year.
It can be seen that the line measures decrease from the VRS through the RDT to the ES.
There are also differences within the DLM variants. As for the resulting costs, Figure 18
shows that conventional grid expansion is the most economical planning variant next to
the VRS. One should keep in mind that, if full equipment is necessary for the DLM due to
shorter useful lives of the MICT components, renewals are necessary at least once during
the lifetime of conventional equipment of these same components. The use of RDT is
also partly more expensive as it primarily resolves voltage band violations, so that further
measures are necessary in the event of line overloads. ES is the most expensive planning
measure. As an alternative cost representation, Figure 19 shows the respective saving
potential compared to conventional planning representing the 0-%-line. It can be seen
that the DLM-V1 with necessary full equipment is less expensive than the conventional
grid expansion in approximately 23% of all planning variants. ES is also cheaper than
conventional expansion, but only in very few planning variants.
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Figure 16. Load development and installed capacity from the perspective of local distribution
transformers for 20 low-voltage grids.

Figure 17. Necessary line measures consolidated across all conventional and innovative planning
variants from the perspective of the feeders for 18 low-voltage grids.

Figure 18. Resulting costs (CapEx + OpEx—residual values) consolidated across all conventional
and innovative planning variants for 18 low-voltage grids.
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Figure 19. Savings potential related to the conventional planning variant as a reference variant
consolidated across all innovative planning variants for 18 low-voltage grids, note: not shown further
than −100%.

6.3. Derivation of New Planning and Operation Guidelines

Based on the findings of the individual grid planning variants as well as the corre-
sponding technical-economic assessment from Section 5, seven new POGs for urban LV
grids are defined (in italics) in Sections 6.4–6.10 and explained.

The first guideline provides power value assumptions for different (new) loads, which
can be used for grid planning if no own reliable findings are available. Following these
assumptions, the relevant OP for the design of urban LV grids is identified. Afterwards,
recommendations for standard equipment are made for lines and DTs. Subsequently,
innovative measures, primarily voltage regulating measures, are discussed with regard to
their effects on grid planning. Based on this, the different DLM variants are thoroughly
investigated. The last guideline then discusses the grid structures and where there is a
need for grid reinforcement. Thus, all strategically important topics are dealt with within
the framework of the principles for the LV level, which can be supplemented by DSO-
specific POGs.

Note: The LV grids G02 and G12 can integrate the new loads without limit violations.
so that some evaluations include only 18 LV grids instead of 20. Likewise, G10 has only
one transformer overload, which is why only 17 instead of 20 grids are considered for the
secondary assessment model in Section 6.12.

6.4. First Planning and Operation Guideline

For the dimensioning of local distribution transformers, an average effective power for private
charging points per building connection of PPrCP,DT,BC = [1.7; 2.9] kW or alternatively PPrCP,DT,MP
= [0.4; 0.8] kW per metering point plus Pconv,DT,OTFH = 2.0 kW for conventional loads of one- and
two-family detached houses or Pconv,DT,MFH = 1.0 kW per metering point for multi-family houses in
the grid is recommended.

For the dimensioning of the low-voltage feeders, PPrCP,Feeder,BC = [8.2; 12.0] kW or alternatively
PPrCP,Feeder,MP = [3.2; 4.3] kW per metering point plus Pconv,Feeder,OTFH = 2.7 kW for conventional
loads of one- and two-family detached houses or Pconv,Feeder,MFH = 1.3 kW per metering point for
multi-family houses are recommended.
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If additional electric heat pumps are to be considered, it is recommended to add an additional
power of PHP = [3; 9] kW per heat pump, which is equally valid for local distribution transformers
and low-voltage feeders [41].

For the future development and planning of urban LV grids, it is important to plan
with appropriate power value assumptions. The first POG therefore aims to provide
the grid planner with power values that can be used for conventional loads, PrCPs and
HPs. Taking into account the scenarios used and the apportionment methodology and SF
calculation carried out (further explanations in [41]), the power values for PrCPs given
in Figures 20–25 are developed for different planning perspectives (DT, feeder, building
connection, metering point, and CP) for 20 LV grids. The public CI is not shown here, as it
can be assumed that the DSO can plan them much better than the private CI. Due to the
applied SF calculation method, it should be noted that public CI is indirectly taken into
account. For the predominant share of the grids, the presented power value assumptions
represent applicable values that reflect a balanced distribution of charging services.

Figure 20. Average effective charging power of private charging points per building connection from
the perspective of local distribution transformers for 20 low-voltage grids based on [41].

Figure 21. Average effective charging capacity of private charging points per building connection
from the perspective of feeders (not including feeders without private charging infrastructure) for 20
low-voltage grids based on [41].
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Figure 22. Average effective charging power of private charging points per metering point from the
perspective of local distribution transformers for 20 low-voltage grids based on [41].

Figure 23. Average effective charging capacity of private charging points per metering point
from the perspective of feeders (not including feeders without private charging infrastructure) for
20 low-voltage grids based on [41].

Figure 24. Average effective charging power per private charging point from the perspective of local
distribution transformers for 20 low-voltage grids based on [41].
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Figure 25. Average effective charging capacity per private charging point from the perspective of
feeders (not including feeders without private charging infrastructure) for 20 low-voltage grids based
on [41].

As the DSOs do not always have all grid parameters for each grid, the values neces-
sary for strategic grid planning is displayed for different grid parameters. In particular,
in analogy to Section 3.3 regarding the dimensioning of DTs and feeders, different SFs
in the area of the CI are applied, which accordingly result in different power value as-
sumptions. Furthermore, the power value assumptions currently represent the greatest
uncertainty as, to date, only limited reliable knowledge is available for the grid-wide load
behavior. Hence, the following six figures show different value assumptions for private CI
depending on the considered grid parameter. Figure 20 shows both the detailed results
and, among other values, the average values for private CI from the perspective of the
DT based on the building connections per grid. Figure 21 shows corresponding values to
Figure 20, however from the perspective of the feeders. Figures 22 and 23 represent, analog
to Figures 20 and 21, respectively, the values for private CI but on the basis of the metering
points, and Figures 24 and 25 per CP. These evaluations form the basis of the power value
assumptions for private CI in Table 10.

Figures 26–28 show evaluations of conventional loads. Although they represent the
smallest share of future impacts according to Figure 16, these must also be differentiated
for different building types and taken into account in grid planning.

If HPs are to be taken into account, an additional value of 3 to 9 kW must be applied in
the grid planning, which hardly differs between the planning perspectives DTs and feeders
due to the SF shown in Figure 7 and can therefore be used for both planning perspectives.

An overview and summary of all power value assumptions can be seen in Table 10.

Figure 26. Performance ranges of conventional loads per building type and planning perspective
based on [41].



Electricity 2021, 2 638

Figure 27. Distribution of conventional loads per building type and planning perspective based
on [41].

Figure 28. Maximum simultaneous conventional power consumption per household metering point
based on [41].

Table 10. Power value assumptions for different loads in the low-voltage level.

Load Local Distribution Transformer Feeder

kW/BC 5 kW/MP 6 kW/PrCP * kW/BC 5 kW/MP 6 kW/PrCP *

PrCP 1,A,B [1.7 D; 2.9 E] [0.4 D; 0.8 E] [5.1 D; 1.8 E] [8.2 D; 12.0 E] [3.2 D; 4.3 E] [11.1 D; 7.1 E]
OTFH 2,B,C - 2.0 - - 2.7 -
MFH 3,B,C - 1.0 - - 1.3 -

HP 4 [3; 9] (no differentiation for HPs, as SF 7 is almost 1)
1 Private charging point. 2 One- and two-family house (per metering point). 3 Multi-family house (per metering
point). 4 Heat pump. 5 Building connection. 6 Metering point. 7 Simultaneity factor. A 3.7 kW, 11 kW, and
22 kW. B Arithmetic mean values per building connection, metering point, or charging points in the grid or feeder.
C There is no distinction for electric water heating. D Conservative scenario in 2030. E Progressive scenario in
2050. * Note: The charging capacity per PrCP decreases over the years as the number of PrCPs increases. Building
connections and metering points of OTFH and MFH, however, remain constant.

6.5. Second Planning and Operation Guideline

For urban low-voltage grids, the operating point “peak load” is the relevant operating point
for grid dimensioning.

To determine the relevant OP for urban LV grids, it is necessary to investigate the extent
to which limit value violations are caused by loads and feed-ins in both analyzed OPs. For
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this purpose, Figure 29 shows an evaluation for the conservative and progressive scenario
with 9.0 kW HPs. Equipment overloads are not shown here, as equipment overloads do
not occur in the OP-PG, neither from the perspective of the DT, nor from the perspective of
the feeders. With regard to the voltage band being respected according to [11], it is clear
that the OP-PL is more important for grid planning. Voltage band violations occur due
to feed-ins (progressive scenario) in only four suburban grids. Voltage band violations,
however, occur in 17 of 20 grids due to new loads, some of which are severe (progressive
scenario). In addition, Figure 30 shows the year in which limit violations occur for the first
time. Figures 29 and 30 should therefore be considered in combination, as they also show
that the OP-PL is relevant for the planning of urban LV grids.

Figure 29. Maximum voltage change for the operating points “peak generation” and “peak load”
for 20 low-voltage grids at the year 2050 in the progressive scenario with 9.0 kW heat pumps for the
conservative (cons.) and progressive (prog.) scenario.
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Figure 30. First occurrence of limit value violations for low-voltage lines for the operating points
“peak generation“ and “peak load” consolidated for 20 low-voltage grids based on [41].

6.6. Third Planning and Operation Guideline

It is recommended to supplement the current standard line cross-section q = 150 mm2 (Al)
with a second new standard line cross-section q = 240 mm2 (Al) for urban low-voltage grids.

Standard line cross-sections are another essential component of POGs. They are kept
in stock for short-term line measures, so that a restriction of line cross-sections is intended
here in order to keep storage costs at a minimum. Figure 31 therefore shows an evaluation
that essentially recommends the cross-sections q = 150 mm2 (Aluminum, short: Al) and
q = 240 mm2 (Al). Among the different line measures given in Section 4.1, the cross-section
q = 150 mm2 (Al) is sufficient for line reinforcement in approximately 83% of all line mea-
sures. On the other hand, in the case of a line replacement, a cross-section of
q = 240 mm2 (Al) is necessary in a quarter of all the cases, which also covers q = 185 mm2

(Al). In the case of a “forced” replacement, i.e., if no parallel q = 150 mm2 (Al) line is
installed to redistribute the loads, but rather is replaced by a higher dimensioned line, a
line cross-section q = 240 mm2 (Al) is already necessary in one third of all the cases.

Figure 31. Shares of line measures by cross-section for 18 consolidated grids.

It is therefore recommended to introduce a further cross-section of q = 240 mm2 (Al)
in addition to the current standard line cross-section of q = 150 mm2 (Al), which equally
covers q = 185 mm2 (Al).
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6.7. Fourth Planning and Operation Guideline

Regarding standard transformer classes, it is recommended to increase the respective existing
dimension by one power class in relation to the rated power.

In addition to lines, standard DTs, which are also kept in stock in order to react quickly
as a DSO, must also be defined. Figure 32 shows the necessary power classes of DTs
that result from the respective planning variants. It can be seen that the standard size of
630 kVA—used by most DSOs—is still significantly important to be kept in stock. However,
it then replaces lower power classes such as 400 kVA and below. Furthermore, it can be
seen that 800 kVA DTs and 1000 kVA DTs will also become necessary in some grids, despite
the application of the DLM described in Section 4.2.3. It is therefore recommended to define
a standard size of 800 kVA in addition to the current standard size of 630 kVA, which is
henceforth to be defined as the smallest size. Alternatively, it can be examined whether two
630 kVA DTs can be used instead of one 1000 kVA DT if an 800 kVA DT is not sufficient.

Figure 32. Necessary increases in the power classes of local distribution transformers for 18 consoli-
dated grids in the presence of limit violations.

6.8. Fifth Planning and Operation Guideline

Innovative voltage regulation measures do not offer a long-term advantage for the elimination
of limit violations, as in urban low-voltage grids, equipment overloads are the dimensioning factor
for reinforcement measures [41].

Figure 30 has shown that in the years 2030 and 2040, voltage band violations can also
occur without the presence of equipment overloads. These can be remedied almost free of
charge by applying the tap changer. Only negligible costs are incurred by the operating
personnel who have to adjust the tap on site. In the case of voltage band violations and
equipment overloads, the same remedy applies. If voltage band violations persist, they can
almost always be remedied in the same way equipment overloads are remedied.

As, according to the second POG, the OP-PL is relevant to the planning and it is shown
in Figure 30 that line overloads are predominant, these usually cannot be remedied with
innovative voltage regulating measures.

In addition to this fundamental observation, the RDT must be considered for another
reason. According to [17,38,48], this is recommended when the OP-PG also becomes
relevant in suburban grids.

6.9. Sixth Planning and Operation Guideline

Grid-serving load management can defer and partly avoid conventional grid expansion. If the
acquisition of measurement, information and communication technology (MICT) is fully necessary,
conventional planning measures are usually more cost-effective and are therefore recommended.
However, if the MICT is already available or its deployment is independently planned and can
be used for load management, load management is always significantly more cost-efficient and is
therefore recommended [41].
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Figure 17 already shows that, with a DLM, considerable line measures can be saved.
On the other hand, it was evident in Figures 18 and 19 that a DLM is the economical
solution in only very few cases when the MICT has to be built, and that conventional
grid expansion is still necessary to a small extent in most cases. Therefore, a sensitivity
analysis with further cost calculations can be taken from Figures 33 and 34 in relation to
Section 4.2.3. This clearly shows that if existing MICT is used, or if it is already planned and
can be used, a DLM is considerably more cost-effective than conventional grid expansion.
In the case that either reduced measurement sensors or only a RTU is to be considered,
DLM does become more economical in some variants, but at maximum in 49% of the
variants. This proportion is still too low to qualify for a new recommendation. However,
if the necessary MICT equipment is already available in the respective grids, DLM can
be recommended, as it is cheaper in at least 88% of the planning variants and even in
approximately 50% of all variants, in some cases significantly more than 50% in DLM-V2.

Figure 33. Resulting costs (CapEx + OpEx—residual values) consolidated over all analyzed variants
for 18 low-voltage grids in different variants of dynamic load management based on [41].

Figure 34. Savings potential of different variants of dynamic load management related to conven-
tional reference variant based on the conventional reference variant for 18 low-voltage grids based
on [41]; note: not shown further from −100%.
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In principle, it should be noted that the regulation of private CI has a higher effective-
ness, as this outweighs public CI in terms of numbers in the grids. The DLM is also more
successful if in early years, such as in the year 2030, the base load is not yet so high due to
new loads and thus limit violations are avoided.

Furthermore, it is recommended to include HPs in DLM in addition to the private CI,
as the grid load can be temporarily reduced in any peak load time window through the
intelligent use of blocking periods.

6.10. Seventh Planning and Operation Guideline

For inner-city low-voltage grids in which no building renovations or new constructions are
planned and which have an average load density of more than 10 metering points per building
connection, it can be assumed that no significant need for reinforcement of the low-voltage lines is
required [41].

To interpret the results in Figure 35, it should first be noted that there were no under-
ground garages or larger garage yards in any of the analyzed 20 LV grids. In particular,
this leads to the fact that no limit violations were identified in G02 from cluster 2 and G12
from cluster 7. The grids have a load density of approximately 38 and 12 metering points
per building connection, respectively. This is also the case in G09 from cluster 9, with ap-
proximately 19 metering points per building connection, where a negligible reinforcement
due to public CI is identified. Similarly, in grid G07 from cluster 7, with approximately
12 metering points per building connection, the need for expansion is significantly lower
compared to suburban areas with less than 10 metering points per building connection on
average. Accordingly, provided that no building renovations or new buildings are planned,
and no underground parking garages are available, it can be assumed that no significant
expansion is required with an average load density of approximately 10 metering points or
more per building connection.

Figure 35. Analyzed low-voltage grids with more than 10 metering points per building connection
in the cluster evaluation based on [41].

6.11. Overarching New Planning and Operation Guidelines over All Voltage Levels

From the new POGs for LV grids derived in Sections 6.4–6.10, the following three
POGs in Sections 6.11.1–6.11.3 can be derived from the LV level, which basically apply to
all voltage levels.
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6.11.1. First Overarching POG concerning All Voltage Levels

In principle, a cross-voltage level consideration of HV, MV and LV grids should be aimed for.
The first POG concerning all voltage levels addresses the importance of an overarching

and target-oriented consideration of the three voltage levels relevant for distribution grids.
As the LV and MV grids, in particular, are coupled via still largely conventional DTs, a
voltage increase in the MV level results in a voltage increase in the LV level. Thus, voltage
band violations can be solved simultaneously by adjusting the permissible voltage band in
both voltage levels. Vice versa, a DLM in the LV level results in a load reduction in the MV
level and thus also eliminates not only equipment overloads in the LV level but also those
in the MV level.

6.11.2. Second Overarching POG concerning All Voltage Levels

Equipment overloads are the driving factor behind the need for expansion of urban distribution
grids, whereas voltage band violations are not.

The second POG concerning all voltage levels, in combination with the second POG
from the LV level, addresses the fact that the new loads such as CI and HPs, which are
mostly connected in the LV level, also have a considerable impact on the two upstream
voltage levels in the distribution grid. According to Figure 29, Figure 30, and Figure 32,
these power increases primarily result in equipment overloads. Voltage band violations,
on the other hand, can be remedied almost free of charge in most cases, especially via tap
positions in DTs, so that voltage band violations play a subordinate role.

6.11.3. Third Overarching POG concerning All Voltage Levels

Innovative technologies, such as grid-serving load management or energy storages, are the
most economical solution only in some parts of the grids. In the remaining grids, conventional
expansion is recommended.

The third POG concerning all voltage levels is to be understood in combination with
the second POG over all voltage levels and the sixth POG in the LV level. Although the
measures primarily driven by equipment overloads can in principle be remedied by a
grid-serving DLM, conventional measures are still required in many cases in addition
to the DLM. If the MICT then has to be installed, a DLM is usually significantly more
expensive. However, it becomes particularly interesting where the necessary MICT can
already be used or is already in the planning stage. Regardless of this purely economic
consideration, a DLM can make sense wherever there are time or resource bottlenecks for
the grid expansion, grid conversion or renewal requirements.

6.12. Decision Path for Strategic Grid Planning

Based on the new POGs for the LV level, a decision path (see Figure 36) is derived
that takes into account both conventional and innovative planning measures. Based on the
underlying limit value violations (voltage band violations or equipment overloads) for LV
grids, decision-making for suitable planning measures is thus facilitated. It should be noted,
however, that this is a highly simplified flowchart that cannot replace the POGs described in
detail and must be supplemented by the specific requirements of the respective DSO.

6.13. Results from the Perspective of the Secondary Assessment Model

With regard to the secondary assessment model presented in Section 5.2, the results
consolidated over 17 LV grids can be seen in Figures 37 and 38 for the progressive scenario
with 9.0-kW-HPs and year 2050.

Figure 37 shows, in analogy to the primary assessment model, that conventional
planning and VRS perform best when only the secondary criterion “Equipment costs” is
used as a basis for evaluation. They both have a predominantly high rank between 5 and 7,
whereas rank 7 is the best and rank 1 is the worst in terms of the underlying assessment.
VRS and RDT score best regarding the secondary criterion “voltage stability” and DLM on
the secondary criterion “Resource expenditure”.
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If the evaluations of the secondary criteria are combined in the respective weightings,
Figure 38 shows a different picture depending on the weighting to be considered. If,
for example, the weighting “Cost-oriented” is left out, conventional planning no longer
performs as well, as other secondary criteria are assigned a higher relevance. Thus, in all
other weightings, the RDT and DLM-V1 measures are in the lead. In summary, it can be
said that when grid-related criteria are given a higher relevance, other planning measures
come out ahead of conventional planning.

Figure 36. Decision path for strategic grid planning of urban low-voltage grids, with: “ok” =
compliance with the specified limit values, bottleneck = short line section (length and/or small
cross-section), ∆U/Un = additional voltage difference beyond the lower voltage band according
to [11].

Figure 37. Percentage distribution of the ranking consolidated for 17 low-voltage grids in relation to
the individual secondary criteria for the progressive scenario with 9.0-kW-HPs.
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Figure 38. Percentage distribution of the ranking consolidated for 17 low-voltage grids in relation to
the different weightings for the progressive scenario with 9.0-kW-HPs.

7. Discussion

Finally, it should be noted that urban LV grids have a certain capability for integrating
new loads, depending on the area structure, so that the load growth driven by CI and HPs
does not lead to limit violations in every case. The POGs derived for the LV level therefore
enable DSOs to develop, standardize, or supplement DSO-specific POGs, taking into
account conventional and innovative planning and operating variants for a cost-optimal
reinforcement of the grids.

Furthermore, it should be noted that, in many cases and in the near future, volt-
age band violations can be partially or completely eliminated by conventional voltage
regulation measures, such as tap changers, without additional investment costs. On the
other hand, equipment overloads often have to be remedied by conventional means if
measurement, information, and communication technology is not yet available for the
use of load management, even though load management can defer and partially prevent
planning measures in many variants.

If costs are not to be the only criterion to be considered, the secondary assessment
model has shown that other innovative planning measures can also be beneficial in contrast
to conventional planning measures. In any case, the results show that target grid planning
for urban LV grids and the revision or expansion of the company’s own planning and
operation guidelines are urgently needed.
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Appendix A

Table A1. Cost assumptions for low-voltage equipment based on [41].

Cost Position Parameter Value Unit

NAYY cables Service life 45 a
Operating costs 2.5 % 1

Cost increase 0.5 %/a
NAYY 150 single 2 Cables and installation 150 Euro/m

NAYY 150 parallel 3 Cables and installation +20 Euro/m
NAYY 185 single 2 Cables and installation 175 Euro/m

NAYY 185 parallel 3 Cables and installation +40 Euro/m
NAYY 240 single 2 Cables and installation 200 Euro/m

NAYY 240 parallel 3 Cables and installation +60 Euro/m
Distribution transformer (DT) Service life 40 a

Operating costs 2.5 % 1

1.630-kVA-DT Costs 10,000 Euro/Piece
1.800-kVA-DT Costs 12,500 Euro/Piece
1000-kVA-DT Costs 15,000 Euro/Piece
1200-kVA-DT Costs 18,500 Euro/Piece
1600-kVA-DT Costs 25,000 Euro/Piece

Regulated DT (RDT) Service life 40 a
Operating costs 2.5 % 1

1.630-kVA-RDT Costs 21,500 Euro/Piece
1.800-kVA-RDT Costs 24,200 Euro/Piece
1000-kVA-RDT Costs 27,500 Euro/Piece
1200-kVA-RDT Costs 30,000 Euro/Piece
1600-kVA-RDT Costs 36,000 Euro/Piece

Remote terminal unit Basic amount 9500 Euro/Piece
Service life 15 a

Operating costs 2.5 % 1

Measuring sensors (up to 4) Service life 15 a
Operating costs 3500 Euro/Piece

Line cabinet distribution Service life 40 a
Operating costs 2.5 % 1

Installation 5000 Euro/Piece
Line voltage regulator Service life 30 a

Operating costs 2.5 % 1

Installation costs 1000 Euro/Piece
Capacity costs 78 Euro/kVA

Grid-serving energy storage Service life 16 a
Operating costs 2.5 % 1

Basic amount 16,500 Euro/Piece
Capacity costs (2 h) 550 Euro/kW

1 Percent of capital expenditures per anno. 2 These lump-sum cost figures include, among other things, costs for
construction work, joints, etc. 3 For the cost calculation, with parallel cables of different cross-sections, the larger
cross-section is used as the basis for the cost and the smaller cross-section is used for the additional cost of the
parallel cable (cables and installation).
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Appendix B

Table A2. Grid structure parameters of the low-voltage grids (values of the scenarios: first line in
each case conservative, second line in each case progressive, first column in each case 2030, second
column in each case 2040, third column in each case 2050) based on [41].
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G01
C01

630 1233 40 353 4
20 31 66 1 1 2 3 3 5

26 55 94 1 2 2 4 5 8

G02
C02

400 1042 10 382 5
12 16 21 0 0 0 1 1 1

14 21 24 0 0 0 1 1 2

G03
C03

1430 4757 41 94 13
8 18 32 0 0 0 2 2 4

15 39 74 0 0 0 3 4 8

G04
C04

400 2043 40 245 5
15 33 75 2 3 4 4 4 7

29 69 89 3 7 7 5 7 13

G05
C05

1600 2058 59 150 9
24 39 68 5 7 8 8 8 15

36 85 118 7 11 17 10 16 28

G06
C06

630 4017 192 448 4
37 84 180 2 2 4 14 14 25

68 158 327 2 7 10 18 27 47

G07
C07

1200 2173 44 521 14
37 65 97 0 0 1 2 2 4

59 100 112 0 3 4 3 4 8

G08
C08

630 1493 99 226 6
35 67 149 3 5 10 13 13 23

54 136 175 6 17 31 16 25 44

G09
C09

400 2097 29 486 7
9 13 33 0 0 0 2 2 3

10 27 55 0 0 0 2 4 7

G10
C10

630 5054 189 489 6
46 99 214 9 11 14 22 22 39

79 187 303 11 18 26 28 43 75

G11
C05

630 9412 226 289 2
93 180 286 24 37 50 18 18 35

160 299 320 38 79 106 23 35 61

G12
C07

630 2529 26 306 2
11 18 35 0 0 1 1 1 2

18 35 53 0 2 2 2 3 5

G13
C10

630 2486 88 111 4
15 39 87 5 5 6 10 10 18

29 77 137 5 8 11 13 19 34

G14
C05

400 3892 91 119 8
21 44 99 4 5 8 10 10 18

37 87 142 5 9 15 13 20 35

G15
C05

250 1299 27 51 3
4 14 35 0 0 0 3 3 5

13 30 59 0 1 4 4 6 10

G16
C05

1000 3003 88 287 10
9 36 103 6 9 12 7 7 13

43 92 178 9 14 18 9 14 24
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Table A2. Cont.
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G17
C05

315 4010 108 231 6
15 36 92 3 6 6 9 9 15

32 84 178 6 8 16 1 16 29

G18
C05

250 2458 72 301 1
36 63 101 6 7 10 10 10 18

58 115 152 7 14 23 13 19 34

G19
C05

1600 1832 37 140 8
47 75 78 12 19 24 7 7 13

71 81 89 20 26 26 9 14 24

G20
C06

630 4991 231 166 4
35 74 146 5 7 8 77 77 77

65 139 193 7 11 18 77 77 77

Table A3. Classification of building and urban structure based on location and building types for
20 low-voltage grids (with: OTFH = One- and two-family detached house, MFH = multi-family
house, CB = commercial buildings, S = Suburban, U = Urban, I = Inner-city, X = high proportion,
O = low proportion, - = negligible or not present) based on [41].
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CB - - X - - - O - O - - O - - - - - - - -
S X X X X X X X X X X X X X X
U X X X
I X X X
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