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Executive summary

The overall objective of this study is to quantify the CHF value of �exibility of distributed energy re-

sources (DER) such as electri�ed demand (e.g. heat pump, EV charging), solar PV generation and dis-

tributed battery energy storage systems (BESS) at low voltage level to minimize or defer infrastructure

investments in distribution grids while considering the impact of the technical capability and availability

(reliability) of such resources, including the reliability of the ICT infrastructure. In order to achieve the

objective, a framework is designed containing

• data preparation including importing grid topology (urban and rural) from a commercial software,

and creating/estimating reasonable synthetic demand, generation and storage pro�les for each

proliferation pathway,

• �exibility analysis by means of successive power �ows in selected time resolution, including identi�-

cation of temporal and spatial �exibility needs, and approximating the costs of meaningful �exibility

providers, and

• demonstrating the potential of �exibility utilization for asset investment deferral, by comparing tra-

ditional approach, relying on worst case simultaneity factors.

In this study central optimization of all resources for low voltage grid operation by means of optimal

power �ow is not used. It is assumed that the DER-owners (i.e., end customers) control their own

resources according to their local objectives. The �exibility utilization is primarily based on shifting or

reducing the demand and curtailing the PV production locally either through established remuneration

or bonus programs or through bilateral long-term contracts, which are not within the scope of this study.

The implemented local strategies of delaying EV charging and shifting HP operation help reducing the

simultaneity factors of these types, while the implemented local strategy for delaying BESS charging and

discharging helps reducing the peak excess solar generation.

The performed analysis concluded into the following �ndings:

1. The potential of utilizing DER �exibility to postpone asset investment is assessed by comparing

the cost of investment (annualized capital expenditure / investment cost, CAPEX + operational

expenditure, OPEX) and the cost of �exibility to alleviate the violation.

• If the cost of �exibility in a year is smaller than the cost of investment, it favors a deferral.

• The assessment provides a basis to estimate the order of magnitude for the cost of the nec-

essary ICT infrastructure.

• The cost of ICT infrastructure necessary to communicate with the DER owner and for activa-

tion is ignored.

2. The cost of �exibility is determined by using the minimum �exibility remuneration that is required to

convince the DER owner to commit to �exibility provision (compensating the loss of opportunity).

• Highly dependent on electricity retail prices and solar prices (for feeding in)

• Low solar prices reduce the cost of �exibility

• Since the �exibility remuneration for demand is based on the difference between the electricity

prices during the time of �exibility need and the time when price is lower, smaller difference

in daily electricity retail prices (daily time-variant or multi-tier tariff structure) reduce the cost

of �exibility

2



SGEN-DFlex

3. Highly dependent on the investment cost of each branch as well as the transformer and the �exi-

bility remuneration scheme, the �exibility utilization can present economic advantage if the branch

violations are < � 130%of the thermal ratings.

4. The need for DER �exibility is location-dependent (i.e., spatial). Therefore, only those DER, which

can alleviate the violations are utilized and remunerated.

5. The violations due to excess solar PV can only be alleviated if solar curtailment is allowed by

regulation

• Grid violations in urban grids are expected to be mainly due to demand (i.e., HP and EV

charging) on winter workdays.

• Grid violations in rural grids are expected to be mainly due to solar PV since the excess

generation (if not stored) in summer can be higher than the winter workday evening demand

due to EV and HP operation.

6. Customer-owned BESS proliferation can signi�cantly reduce the amount and the frequency of

violations by grid-friendly local control without affecting the local objectives such as increasing

self-suf�ciency and reducing the cost of electricity purchased from the utility

• Local control: Grid-friendly smart charging (i.e, delay the charging so that the forecasted

excess PV production is ”shaved” and delay discharging so that the forecasted evening peak

demand is supplied).

7. Utility shall have access to the smart meter data in 15-minute or higher resolutions (e.g., 5-min).

[Higher resolution is important to capture the behaviour of the EV charging accurately so that

potential violations are not over-estimated.]

• For infrastructure planning : Utilities will use historical smart meter data and the installed

capacities of the DER to identify the root-cause of potential grid violations.

– Temporal (i.e., year, day, time) and spatial (i.e., location: cable) needs for �exibility to be

calculated/forecasted using such data.

• For operation : Utility needs to estimate the grid status (i.e., grid observability / transparency)

near-real-time to ensure that no violations occur and meaningful �exibilities (e.g, right amount

at the right location) are activated as planned so that they are properly remunerated.

– Such observability can be achieved either by deploying sensors to measure voltages and

currents in the grids or by accessing the aggregated smart meter (e.g., at the level of

Verteilkabinen,VK, or Hausanschlusskästen, HAK) data during the day. Intra-day access

to aggregated smart meter data can be governed securely in supervisory control and

data acquisition / distribution management system, (SCADA/DMS) where the grid status

(i.e., voltages and currents) is estimated.

8. Heat pumps can only be switched on or off. Without compromising the comfort at the customer

site, they can be turned off for up to a few hours.

• Estimating / forecasting HP behaviour (consumption pattern) is critical unless the consump-

tion is directly measured.

9. EV owners can be motivated by tariffs to delay the charging or to charge slowly for longer duration,

reducing simultaneity factor for EV charging in a given district.
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• This helps alleviating the load increase especially in the evenings at urban regions and day-

time loading in touristic regions.

10. Estimating the simultaneity factor (i.e., Gleichzeitigkeitsfaktor) for EVs and HPs at the transformer

station level (NE6) is important, but very challenging, for asset investment planning even though a

time-series analysis-based approach is not adopted.

11. Flexibility utilization, itself, cannot completely avoid investments on each and every branch and

transformer; however, it can reduce the number of investments and can help deferring (i.e., post-

poning) the investments to a later stage. Compared to traditional approaches, relying on simul-

taneity factor estimation and point forecasts, the asset investment analysis exploiting time-series

analysis is especially bene�cial and utilization of �exibilities demonstrate potential, because the

pace of proliferation is expected to be faster than the pace of upgrading the grid infrastructure.

However, it is noted that the ”reliability” of the �exibility provision has to be guaranteed for a utility

to rely on ”�exibilities” for infrastructure planning. This can be achieved through mid- or long-term

contractual commitments.
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1 Introduction

1.1 Background and motivation

Proliferation of solar photovoltaics, PVs (with or without BESS), personal electric vehicles (EV) and

electric heat pumps (HP) (i) to meet the CO2 targets set by SFOE Energiestrategie 2050+ and (ii) to

decrease the dependence on imported fossil-fuels is gaining traction in Switzerland. Massive amounts

of such distributed energy resources (DER) will be mainly deployed in the NE7 in distribution networks,

resulting in unprecedented challenges to distribution network infrastructure investment planning and

daily operation. However, the technological transformation is also accompanied by new solutions based

on new �exibility options.

Distribution networks are generally designed in Switzerland for a simultaneity factor in the range of 30%.

That means only 30% of the customers consume their nominal (maximum) load simultaneously (at the

same time). Therefore, for example, the loading of the transformers at NE6 varies often between 20%

40%. This traditional simultaneity assumption will not hold true in presence of high shares of EVs, solar

PVs and HPs unless the end-customers are motivated to shift or change their consumption/generation

patterns. The willingness of the end-users of such DERs at NE7 to change their consumption/generation

is referred to as the �exibility. An excellent example is the utilization of boilers of end-customers by

utilities through ripple control (e.g., by turning on/off), however, mostly for free.

Why is �exibility needed? Current regulation in Switzerland motivates the electricity distribution utili-

ties to invest in the infrastructure (e.g., increase the capacity of the transformers, cables) when needed

rather than paying for and utilizing the �exibilities of DERs owned by end-users. However, the pace of

DER proliferation is expected to be higher than the speed of replacement of cables and/or transformers,

etc. This phenomenon will force utilities to revise their infrastructure planning (asset investment) pro-

cesses, since the utilities cannot replace cabling very often due to local regulations for construction (e.g.,

digging), especially in urban areas. In addition, over-dimensioning the network capacity for pronounced

peaks due to excess solar PV and simultaneous EV charging occurring only a few hours a day will result

in inef�cient utilization of the infrastructure. Therefore, focusing exclusively or only on ”Netzausbau” may

not be economically ef�cient. Thus, the need for �exibility emerges for the utility to maintain the reliability

of electricity supply (e.g., avoid power outage) by ensuring a secure grid operation.

The cause of the �exibility needs of a distribution utility are potential grid violations such as

1. thermal overloading of the transformer, cables and overhead lines along the radial branches,

2. over-voltage at the point of injection and at electrically nearby nodes of the excess generation, and

3. under-voltage at the demand connection and at electrically nearby nodes due to high simultaneity

factors of the new loads (HP, EV charging).

Note that the violations have temporal and spatial characteristics. That means, unless the DERs are

coordinated or controlled, the violations will occur in some parts of the grid at certain times on certain

days. For example, excess PV generation might occur on a Sunday in summer at 14:00 resulting in (i)

and (ii). Violation in (iii) might occur on a winter weekday in the evening at 19:00, when the HPs start

operating, and simultaneously the EVs are charged. The temporality and the spatiality of the �exibility

need is of utmost important for the utility to identify the meaningful �exibility provider(s) and setup a

remuneration scheme for the �exibility service. That means, the �exibility will be needed only from a set

of DER owners, not all. Note that, today, selective remuneration of DER �exibility is not allowed by the

regulation based on the principle of Diskriminierungsfreiheit.
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Who needs �exibility ? The �exibility services offered by DER owners can be utilized by the distribution

utilities either until the replacement of an infrastructure asset takes place (asset investment decision

is already made) or to defer/postpone an asset investment decision by the utility. Furthermore, the

DER �exibilities can be aggregated at the transformer stations (TS) to help balancing the supply and

demand in neighbouring districts, which may have different levels and types of DER proliferation, or

to provide services to upper grid layers (e.g., participating in ancillary services or wholesale market in

transmission). In all cases, DER �exibility will have to be remunerated, since different entities in need

of �exibility might compete for the �exibility service, and the DER �exibility may not be assumed to be

available for free.

Digitalization The observability (or transparency) in distribution networks together with digital represen-

tations (e.g., mathematical modelling) of the distribution grids are essential in seamless integration of

new demand and new local generation so that the loadings of components can be monitored and the

�exibility needs as well as the meaningful �exibility providers can be identi�ed. This can be achieved

either by means of non-linear sensitivity analysis or by using power �ow analyses. Traditionally the

level of observability in distribution grids is low compared to that of transmission grids. However, having

access to smart meter data in 15-minute (or less) time resolution aggregated and anonymized at dis-

tribution cabinets (i.e., Verteilkabinen, VK) or at house connections (i.e., Hausanschlusskasten, HAK)

will introduce unprecedented level of observability, combined with the measurements by grid sensors

mainly at TSs. Missing data can be replaced with estimated values. Solar converters are equipped with

necessary ICT to broadcast the status information as well. Increased observability will enable the utility

to identify the �exibility needs in daily operation. If due to regulation, near-real-time (with up to a few

hours of delay) access to smart grid data is not possible in the future, the utility will rely on day-ahead or

x-hour-ahead forecasts of demand and generation, so that the power �ow analyses can be performed

to forecast the need for �exibility.

In short, the most important foreseeable trends are:

• An increase in electric demand due to electric vehicle charging (e.g., personal EVs, electric buses)

and electri�ed heating systems such as heat pumps.

• Increase in digitalization (i) at the end-user site: via smart meter roll-out as well as due to new

components such as EVs, HPs and PVs, which are equipped with digital systems consisting sen-

sors, (ii) throughout the grid: new equipment and grid monitoring sensors, faster and more reliable

communication infrastructure (wireless and wired), and (iii) in the processes of grid operators by

integrating different databases resulting better digital models of the grid. Two trends in combination

will increase the grid observability/transparency.

• Increase in electric feed-in due to excess local generation e.g., due to solar PV on summer demand

with low electric demand, that is neither locally consumed nor locally stored due to lack of energy

storage system.

• Increase in decentralized small-scale batteries coupled with solar PV systems.

• Increase in the use of local (site-/building-/house-level) control based on economic factors for the

cost optimization of the consumer, subsequently making it more challenging for grid operators to

directly (e.g., ripple control of boilers) or indirectly control or incentivize the change in loads and/or

local generators at the premises of the end-users.

In particular, the fact that the loads (e.g., boilers) previously controlled by the distribution network

operators for the bene�t of optimal distribution network utilization may no longer be available to the

2
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network operator per se in the future, but will have to be procured via a mechanism (e.g., tariff-

, remuneration- or market-based), if necessary, presents the distribution network operators with

major challenges in order to continue to operate a secure and economically ef�cient network.

1.2 Objective and scope of this study

1.3 Questions of this study

Following aspects are tackled in this study:

• the viability of deferring grid infrastructure investment by relying on the �exibility provided by dis-

tributed resources

• temporal and spatial �exibility needs of the distribution grid operator

• the technical requirements for digital technology (i.e. grid measurements, end-customer meters,

DER measurements, communication infrastructure)

• the effects of D-A-CH rules (using sensitivity analysis)

• the minimum level of availability of �exible/controllable resources required for �exibility services

• distributed resources such as residential EV charging, residential HP operation, solar PVs and

BESS connected at the NE7.

Figure 1 illustrates the adopted steps to address the questions tackled within the scope of this project.
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Figure 1: Overall methodology. * Based on the base-case load information in the provided grid model,
we arti�cially assign number of people, and vehicles. Accordingly we allocate PV/BESS to those nodes
with demand. ** Worst case for winter, summer and spring are selected for heat demand and PV,
Sat/Sun/Weekday
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1.4 Outside the scope of this study

Following aspects are not tackled in this study:

• the services provided by DERs to transmission system operators, TSOs

• protection aspects in distribution networks

• de�nition of economic mechanisms (e.g., markets, tariff systems, incentives) for �exibility provision

by small and distributed resources

• industrial customers, network levels above NE6.

1.5 Organization of the report

The second chapter is dedicated to the de�nition of ”�exibility” in active distribution grids, the methods to

identify and quantify the �exibility needs for an electric distribution utility, followed by the modeling of po-

tential �exibility providers such as EV charging, electric HP operation, PVs and BESSs. The discussion

is provided in the context of various scenarios for urban and rural grids, including how the time-series

are created and aggregated, and �nally a method to quantify the cost of �exibility is provided.

In the third chapter an assessment of �exibility candidates and data characteristics are provided followed

by potential scenarios for digitalization and controllability in distribution systems.

The fourth chapter describes how �exibility can be used for asset investment deferral: Three approaches

for investment strategies is summarized: (i) traditional approach using simultaneity factors for conven-

tional load and new load such as EV charging, electric heat pumps, (ii) time-series-driven approach and

(iii) time-series-driven approach relying on �exibilities.
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2 Modeling of DERs and their �exibilities

The willingness of the end-users who own distributed energy resources such as EVs, solar PVs, HPs,

BESS at NE7 to change their consumption/generation pattern is de�ned as the �exibility. Providing

�exibility can be remunerated based on current tariff structures, speci�c remuneration schemes or new

market mechanisms. Within the scope of this study, �exibility that can be offered by the end-users

to the distribution grid operator is modeled and the techno-economic feasibility of using �exibility for

asset investment deferral is demonstrated, while this section is dedicated to the modeling of the DERs,

scenario evolution and the cost of �exibility.

It is projected that the evolution of DERs in rural (e.g., more PV) and urban (e.g., more EVs) grids will

be different, resulting in different �exibility needs for the distribution grid operators. Therefore, two grids

are selected for the study: rural and urban.

Ideally the distribution grid operator needs the information on the following type of information to ef�-

ciently plan for the asset investments (when to invest, on what to invest, how much to invest) in the

future:

1. conventional electrical demand

2. thermal demand to be supplied by the heat pumps, the installed capacity of the heat pumps and

their operation patterns

3. the number and utilization patterns of vehicles to be electri�ed, the installed capacity of the EV

charging

4. the installed capacity of solar PVs and BESS

The distribution grid operators are very experienced at projecting the changes in the conventional elec-

trical demand, and the usage patterns of their customers. However, they are now in the process of

increasing their know-hows on how to estimate the ”new electric demand” and how the ”simultaneity”

of such demand evolves (i.e., simultaneity of EV charging, simultaneity of HP operation, simultaneity of

excess PV generation). Each distribution grid operator has its own asset investment strategy, however,

due to lack of data and resources, the utilities have been using ”simultaneity factor” and ”demand growth

projections” to identify the needs for grid reinforcement instead of ”steady-state power �ow simulations

using time-series” in NE7. These simulations are referred also as quasi-dynamic simulations , and can

be performed for a day or a year in hourly or sub-hourly resolution.

The proliferation of HPs, EVs and PVs make it a necessity for the grid operators to reconsider their

asset investment strategies and adopt methods to estimate simultaneity factors or the time-series of new

electric demand at the transformer stations and the power �ows along the feeders fed by the transformer

stations. It is important to note that the time-series of the demand/generation do not need to be at

the meter level. The time-series data can be aggregated at the building connections (HAK) or at the

distribution cabinets (VK). Such observability (transparency) in the NE7 can provide the grid operator

the most accurate information on the type (e.g., thermal overloading of an asset, over-/under-voltage at a

node), location as well as the time instant of the of potential violation. The ”temporal” and ”spatial” aspect

of the grid violations indicate the need for �exibility for the distribution grid operator. It is important to

emphasize the fact that the �exibility need is a temporal and spatial need, and there are always a set of

DERs that can provide meaningful �exibility to alleviate the potential violations.

In the following sections, the modeling aspects and the scenario evolution for the selected grids are
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detailed.

2.1 Modeling

In this section, the framework of setting up a representative grid serving a district (rural or urban), with

DERs such as solar PV generation, electric HPs, BESSs, EVs is summarized. The aim is (i) to identify

an LV grid, (ii) to assign population and DER to each node for selected proliferation scenarios, and (iii)

to create time-series for each DER. Note that the approximation is not performed at the building level

but at the node of the selected grid. The resulting time-series for each node will be later used in Section

XYZ to calculate the �exibility needs by the grid operator.

Multiple LV grids are provided by ewz and Repower for analysis. These grids and the relevant data

represented only one time snapshot for load (without a time stamp), and they contain transformer and

cable/line parameters as well as ratings. The provided grids are analyzed under different loading condi-

tions for different scenarios of DER proliferation and one of them is selected as a representative network.

Figure 2: The 0.4-kV network, representing an urban district

The urban district has 20 nodes (distribution cabinets or building connections), 25 branches (feeders) as

demonstrated in Figure 2, fed by a 1 � MV A transformer (22=0:4 � kV ), via a mainly radial topology

with 4 loops. The underground cables uniformaly have a cross-sectional area of 185mm2, and the total

length of the cables is 3 km.

The urban district has 102nodes (distribution cabinets or building connections), 105branches (feeders)

as demonstrated in Figure 3, fed by a 0:63� MV A transformer (10=0:4� kV ), via a mainly radial topology

with 3 loops. The underground cables with main feeders have a cross-sectional area of 150mm2 (1.6

km), and the rest of the cables have an almost equal distribution of 16� mm2, 25� mm2, 50� mm2 and

95� mm2 sections, resulting in a total of 3.8-km underground cables in the district.

Since, realistic representation of nodal demand and proliferation of DER is required for the analysis, a

”scenario and time-series generator” is designed which approximately determines the population living in

the territory serviced by the LV grid, and creates the time-series of conventional demand, EV charging,
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Figure 3: The 0.4-kV network, representing a rural district

electric HP consumption, solar PV generation and BESS charging/discharging pro�les in 15-minute

resolution for representative weekdays, Saturdays and Sundays for three seasons: Winter, Summer and

Spring/Fall, a total of 9 days for each season for each scenario. The steps and assumptions in creating

these time-series is as follows:

Conventional demand : Since the provided grids do not have detailed information regarding the type of

consumer, and only include a time snapshot of the demand, the transformer rating, P trafo
capacity is used to

determine the annual energy supplied by the transformer, E trafo
annual . A median loading, � , of 30% on an

annual basis is used, as it is a reasonable assumption in Switzerland. The annual total demand supplied

by the transformer is determined by:

E trafo
annual = P trafo

capacity � � � 8760 (1)

Roughly 75% of the total annual demand is assumed to be the household customers (H4: : 4'500

kWh/year consumption, ElCom), while the rest of the demand is assumed to be a mixture of small com-

mercial customers (C1 & C2:8'000 & 30'000 kWh/year consumption, ElCom). This ratio is kept constant

for each node of the LV grid. Using the assumed ratio, the total annual electric consumption of the house-

holds, E households
annual , supplied by the LV grid is obtained. Using an annual demand per person, E person

annual ,

of 2:5 MWh per person (i.e., total household electricity consumption divided by the population) for urban

grid and 3 MWh for rural grid, the approximate number of people living in the district is determined as

follows.

N district
people = E households

annual =Eperson
annual (2)

Using 2 the estimated population in the urban district, shown in Figure 2 is 965 and in the rural district,

shown in Figure 3 is 515.

In the meantime, using the demand distribution of each node in the provided snapshot of the LV grid,
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Figure 4: Synthetic conventional demand (a mix of household and small commercial) at each node in
the selected urban grid

each node is assigned an annual household consumption, an annual commercial consumption as well

as the number of people. Figure 4 illustrates the conventional demand time-series at each node in the

urban district as an example, for the year 2046+. Standard averaged household and commercial demand

pro�les provided in 15-minute time resolution for an annual consumption of 1'000 kWh (VDEW 1999)

are used to scale up and assign the conventional load time series to each node. The power factors of

the provided snapshot for each grid at each node is used to determine the reactive power consumption

time-series at each node. A random temporal shifting is applied to the demand time-series at each node

to ensure a simultaneity factor of 30%. The conventional demand is assumed to stay same in the

selected districts in the various scenarios considered in this study.

EV charging : The approximate number of cars, N node
auto , at each node is calculated by using a car own-

ership ratio of 0:542(Federal Statistical Of�ce), and the share of EVs is treated as a scenario parameter.

For a selected scenario, the number of EVs, N node
EV , is calculated and an average rating for the charging

infrastructure is assigned to each vehicle. It is assumed that each EV has access to a charging station

at the time of its arrival or at the time when it starts charging. In order to estimate and randomize the

daily distances, driven by each EV, of�cial statistics for average daily distance driven by personal vehi-

cles, �� daily
km , are used (Federal Statistical Of�ce), which distinguish between the weekend and the week

day mobilities, as well as between winter and summer seasons. In order to be able to create a realistic

distance for each EV while ensuring that different types of EV utilization patterns are covered, we used

Gaussian distribution with a selected standard deviation for average daily driven distance, � daily
km such

that 95% of the sample data is within �� � 2� . It is assumed that the EVs charge the amount of energy

that they spent during the day.

Two technology parameters are considered, which are assumed to be evolving every 5-6 years:

• The average EV ef�ciency , � EV in kWh=km, ”decreases” (i.e., EVs become more ef�cient,

consuming less kWh per km driven) every 5-6 years, starting with 25kWh=100km and reaches
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18kWh=100km in 5 scenario steps (25-30 years).

• The charging infrastructure installed at the residential dwellings have signi�cant impact on the

instantaneous peak. It is a common practice in the literature to assume one type of chargers

for home (e.g., charging stations at all residential dwellings are rated at 7 kW or 11 kW) and for

workplaces (e.g., all charging stations are rated at 22 kW). However, a more realistic assumption is

to assume that there are different types of charging stations, with varying nominal power (e.g., 68

% at 7kW, 30% at 11, and 2% at 22 kW at home) will be deployed. Analyzing the results of a recent

report on the user experiences in Norway, the leading country for EV adoption, we believe that the

evolution of the charging infrastructure will demonstrate a great mix of charging types including

the ordinary socket charging (without a wallbox) at home. Therefore, we tried to re�ect these

assessments creating a larger set of charging types, as well as varying their distribution every 5-6

years. It is assumed that depending on the selected mobility rate of the EV owners per scenario,

each mobile EV owner, charging her/his EV at home, has access to an individual charging station.

It is assumed that while majority of the residential charging occurs at 2.3 and 3.6kW today, the

share of 7.4 kW an 11 kW will increase reaching 30% and 20%, respectively, in a decade and 45%

and 25%, respectively in the next two decades. Share of 3.6 kW chargers is assumed to drop from

50% to 20% while the share of 22 kW charging are assumed to increase to 10% by mid 2040s.

The very fast charging stations, > 30kW , are ignored within the scope of this study, as projections

show that the shares of such stations will be signi�cantly low ( < 2%).

The time-series for EV charging is created in 15-minute resolution. In the urban grid, the residential

EVs are considered, which are charging in the evening or during the night, while in the rural grid, the

tourist EVs are also considered (modeled on Saturdays) with higher daily distances covered compared

to residential EVs. Note that the average daily driven distance for EVs in the urban district is assumed

to be 30km on weekdays, 20km on Sundays and 50km on Saturdays, while it is 60km on weekdays and

90km on Saturdays in the rural region.

It is assumed that the EV owners can provide �exibility by shifting their charging. This �exibility is as-

sumed to be coordinated locally, without direct intervention by the grid operator. It is assumed that a

local charging station management system adjusts the charging power and duration (i.e., smart charg-

ing) either according to a tariff- or market-based pricing or based on a (long-term) contractual agreement

with the grid operator. Therefore, average charging starting times,� charging
t , is not necessarily the time of

arrival. Thanks to the smart charging the simultaneity factor of the EVs decreases to � 20%. It is noted

that only active power �exibility is assumed to be provided by the EVs. Figure 5 illustrates two charging

pro�les at each node in the selected urban district for the year 2046+: 5a shows the time-series of EV

charging if the EV users start charging as they arrive and 5b shows the time-series of EV charging if

each charging management system at each node coordinates the EV charging locally.

HP: In order to estimate the required heat demand per node, we assume that the average energy

reference area to be heated, EBF (Energiebezugs�äche), per person is a Swiss average, 50m2. We

assume an average heat demand per m2 per annum, EKZ (Energiekennzahl), equal to 100kWh=(m2 �

year), and an average coef�cient of performance, COP, for the electric heat pumps as 3:0. Note that the

selected EKZ is assumed to re�ect the space heating as well as warm water demand. Once the amount

of heat demand to be supplied by the heat pump at a node for one year is determined based on the

share of HPs for a seleted scenario step, the required electrical energy by a heat pump to supply the

heat demand is calculated by using the COP, which is assumed to represent an average value for space

and water heating as well as for different types of heat pumps. Resulting electrical energy required
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(a) Uncoordinated charging
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(b) Smart charging

Figure 5: Synthetic EV charging pro�les at each node, in the future in the selected urban grid. Note the
difference in peaks.
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Figure 6: Full-load HP operation hours in a year in selected European countries.

by the heat pump is divided by the design parameter, full-load operation hours in a year, to identify the

power rating of the heat pump at a given node in kW. A representative list of full-load hours from selected

European countries (Figure 6) as well as public information on the websites of Swiss heat pump vendors

are used for parameter selection and a conservative number is selected as 20000hours.
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Figure 7: Standardized HP operation pro�le in a day in % of the kWp in winter, summer and spring/fall
in 15-minute intervals.

Once the nominal kW rating is identi�ed the standardized heat pump pro�les for worst days in winter,

summer and spring/fall seasons are used to approximate the heat pump time-series at a give node. Note

that the heat pump pro�le is randomly shifted to ensure a simultaneity factor between 50%and 80%. The

standard HP operation pro�le is derived from measure time-series of multiple HPs serving multi-family

houses in 15-minute time resolution for a year and a statistical analysis is performed to identify worst

day in each season, as illustrated in Figure 7.

It is assumed that the HPs can provide �exibility by shifting the consumption � 2 hours. Presently, the

standards and the technology available in the market do not allow the heat pumps to continuously ramp

up or down. In addition, it is known that frequent switching (i.e.,on/off) of the heat pumps signi�cantly

reduce the lifetime of the equipment. Therefore, it is assumed that a ”building energy management

system” is adjusting the operation of the heat pump by respecting the technological limits and ensuring
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that the comfort level of the end-users are not affected when �exibility is provided. Figure 8 illustrates

the time-series of HP operation at each node on a Winter day, in the selected urban district for the year

2046+.
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Figure 8: Synthetic time-series for heat pump operation at each node in the selected urban grid

Solar PV : The size of the installed solar PV is determined by using the total annual demand, E node
annual ,

and the annual generation of 900kWh for 1kWp installed PV in Switzerland. The share of the PV is

used as a scenario parameter and �nally the kWp installed capacity of PV is determined per node. We

derived a standard time-series for solar PV, based on the measured time-series of an aggregated solar

PV generation, which is then scaled by using the installed capacity at each node, in 15-minute resolution.

It is assumed that the solar PV converter is not oversized.

PP V
kW p = E node

annual � PVshare =(900kWh=kWp) (3)

It is assumed that the solar PV owners are allowed to curtail the generation to provide �exibility. We

assumed that up to 50% of instantaneous excess PV generation can be curtailed. Figure 9 illustrates

the PV generation pro�les at each node in the selected urban district for the year 2046+.

BESS charging/discharging : The excess energy due to solar PV production not consumed locally,

resulting in reverse �ows and overvoltages in grids with high shares of PVs, can be mitigated by resi-

dential BESS, which signi�cantly increase the self-consumption and self-suf�ciency of the prosumers,

especially when feed-in tariffs (or other solar remuneration schemes) are not attractive. The overall

controllability of residential PV systems is expected to increase if they are coupled with BESS at the

household level. As a by-product, PV+BESS introduce more �exibility, which can be further exploited

in peak shaving, load leveling, demand response, voltage regulation, etc. Therefore, the proliferation

of BESS by PV owners is expected to increase, especially with decreasing capital costs and increasing

governmental subsidies.

In this study it is assumed that only PV owners install BESS. The installed energy capacity of BESS is
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Figure 9: Solar PV generation at each node, in the future in the selected urban grid

determined by using the annual generation of the installed solar PV, E P V
annual . We assume that the BESSs

are designed to store 50%of the solar PV generation on average and on a daily basis. The share of the

BESS is used as a scenario parameter. Once the installed energy capacity for BESS, E BESS
kW h , per node

is determined, the converter capacity for BESS, PBESS
kW , is selected. Based on our analysis of available

BESS in the market (Varta, Sonnenbatterie, Tesla), we assume that the smallest E BESS
kW h is 3kWh while

the smallest PBESS
kW is 2kW . The BESSs larger than 3kWh but smaller than 10kWh are assumed to be

equipped with a converter size, PBESS
kW = 3kW , and those larger than 10kWh but smaller than 30kWh

are assumed to be equipped with PBESS
kW = 5kW . We assume that the average energy and converter

capacity of the installed BESS is 10kWh and 5kW , respectively.

E BESS
kW h = 0 :5 � E P V

annual � BESSshare =365 (4)

We implemented two different strategies for BESS charging and discharging:

• Grid-independent:BESS starts charging as soon as there is excess solar generation (i.e., ”nega-

tive” net demand), and it starts discharging as soon as there is no excess solar generation (i.e.,

”positive” net demand), and

• Grid-friendly: BESS starts charging � 2 hours before the forecasted maximum excess solar gen-

eration, and it starts discharging � 1:5 hours before the forecasted peak demand in the evening.

Note that BESS control is locally implemented at the end-user site, and it is aimed to increase the self-

consumption. It is assumed that BESS owners cannot engage with arbitrage strategies, and BESS

is charged only when there is excess solar PV generation. Figure 10 illustrates the BESS charg-

ing/discharging pro�les and the energy levels for the two implemented strategies.
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Figure 10: The charging/discharging and energy levels of each BESS at each node, in the future in the
selected urban grid

2.2 Scenarios & �exibilities

The following aspects in scenario generation and utilization of �exibilities are considered.

• Scenario steps : 5, starting from today in 6-year intervals, up to 2046

• Target proliferation scenarios :

– Low BESS & high HP & high EV & low EV charging capacity

– Low BESS & high HP & high EV & high EV charging capacity

– High BESS & high HP & high EV & high EV charging capacity

• Regional heterogeneity : Urban and rural grid

– Urban: low solar density, short EV distances

– Rural: high solar density, longer EV distances

• Flexibilities :
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– PV �exibility: with and without curtailment

– EV �exibility: with and without slowing down or delaying charging, by local smart charging

management (i.e., night-charging or as known as valley �lling)

– HP �exibility: shifting the operation � 2 hours

– BESS charging strategies: locally controlled (i) charging at times of excess generation and

discharging at times of positive demand and (ii) delayed charging to cover the peak of the

excess generation and delayed discharging to cover the maximum demand

– Volatility of �exibility remuneration (based on electricity retail and feed-in prices): Higher retail

electricity price than the feed-in price vs. lower electricity retail price than the feed-in price.

The scenario parameters used to create the time-series for each DER is provided in Tables 1, 3 and 2.

Table 1: Scenario parameters & evolution

Scenarios 2022 2028 2034 2040 2046

Solar PV (urban) 5% 10% 15% 20% 25%

Solar PV (rural) 5% 30% 60% 80% 120%

HP 2.5% 10% 20% 30% 40%

BESS (high) 10% 25% 50% 60% 70%

BESS (low) 1% 3% 5% 7% 8%

EV 1% 10% 30% 50% 80%

EV ef�ciency [kWh/100] km 25 23 22 20 18

Table 2: Installed target capacities in Step 5 (2046)

Installed total capacities [MW] 2046

Solar PV (urban) 0.67

Solar PV (rural) 1.9

HP (urban) 0.32

HP (rural) 0.19

BESS (urban high) [MW / MWh] 0.28 / 0.58

BESS (rural high) [MW / MWh] 0.73 / 1.7

BESS (urban low) [MW / MWh] 0.03 / 0.07

BESS (rural low) [MW / MWh] 0.15 / 0.23

EV charging capacity (urban) 1.8

EV charging capacity (rural) 0.72

As noted in Tables 1 & 2, the 120% solar PV proliferation in the rural district results in 1:9MWp to-

tal installed capacity, which corresponds to � 3:8kWp=person in the district, while the 25% solar PV

proliferation in the urban district yields a total of 0:67MWp of total installed capacity corresponding to

� 0:7kWp=person. These values can be compared to � 3:7kWp=personinstalled PV target in Switzer-

land based on the SFOE EP2050 Zero Basis scenario for solar PV installed capacity of 37:5GWp and
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Table 3: EV charging capacities in Step 1 (2022) & 5 (2046)

Share 2.3 kW 3.6kW 7.4 kW 11 kW 22kW

2022 50% 50% 0 0 0

2046 0 20% 45% 25% 10%

Table 4: Future variants for DER control: BESS, EV charging & HP operation

Variant A Variant B

EV
Charging

Customer-driven Grid-friendly charging

charging (valley charging)

HP
Operation

Building/house-driven Grid-friendly (shifted)

operation operation

BESS
(dis)charging

Grid-independent Grid-friendly

(regular local control) (smart local control)

the projected Swiss population of 10.3M.

In the meantime, the 70% BESS proliferation in the rural district corresponds to a total energy capacity

of 1:7MWh with a total of 0:73MW converter capacity, while the same rate of BESS proliferation in the

urban district results in a total energy capacity of 0:58MWh and a total converter capacity of 0:28MW .

When 80%of the vehicles are electri�ed, the total EV charging capacity in the urban district is calculated

as 1:8MW , and in the rural district as 0:72MW . Table 3 shows the assumption for the distribution of EV

charging capacities. Note that the majority of the charging capacity is assumed to be 7:4kW with 45%,

followed by 11kW with 25%and 3:6kW with 20%

Finally, when 40% of the heat demand is covered by electric HPs, 0:19MW (electrical) of installed HP

capacity is calculated for the urban district and 0:19MW for the rural district.

In addition to the considered scenario parameters and evolution of technologies as presented in Tables

1, 3 and 2, the Table 4 shows the considered future scenario variants with respected to the control of

distributed energy resources such as EV charging, HP operation and BESS charging and discharging.

Note that, depending on the adopted variant for EV charging and HP operation, the corresponding

simultaneity factor will be higher, resulting in higher instantaneous power demand, or lower, resulting

in lower instantaneous power demand. In Variant A, the customer charges when convenient and the

HP operation is based on the instantaneous heat demand of the building, which might be due to the

following:

• no local mechanism that coordinates the charging of multiple EVs

• lack of remuneration to shift the delay time of use

• insigni�cant changes in electricity prices in a day which does not motivate to delay the time of use

Note that, Variant A results in higher simultaneity factors for EV charging (GZFEV charging ) and HP

operation (GZFHP operation ). In Variant B, the EV charging is distributed in time (e.g., night charging

for personal EVs charging at home, slow charging during the day for tourist cars), and the operation

of the HPs are randomly shifted � 2 hours. Note that, Variant B results in lower simultaneity factors
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for EV charging and HP operation. In scenarios with high BESS proliferation, the local BESS charging

and discharging strategy can play an important role to reduce the likelihood of branch overloadings and

overvoltage violations. In order to demonstrate this effect, two local control strategies are implemented

as described in Section 2.1. In Variant A, it is assumed that the BESSs are equipped with regular local

control: ”grid-independent”, while in Variant B they are equipped with smart local control: ”grid-friendly”.

Once the time-series of each distributed energy resource and demand is calculated as demonstrated in

Section 2.1, the aggregated demand and generation can be represented as demonstrated in Figures 12

and 13 - 15, for the urban district on a Summer Workday and for the rural district on a Summer Saturday

(to demonstrate the impact of tourist PEVs) , respectively. Note that, the demand at each node in a given

grid is aggregated and treated as ”positive” in the �gures, and solar PV generation is demonstrated as

”negative”. The BESS (illustrated by green line) charging is treated as demand and thus positive while

discharging is treated as generation and thus positive. Net demand (illustrated by red line) is determined

as the sum of all demand (conventional demand in blue, HP in orange, EV charging in turquoise, BESS

discharging) minus the solar PV generation. Therefore, when net demand is negative, that implies it is a

reverse �ow (i.e., feed in back to the grid).
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Scenario step: 5 | Winter Workday
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(a) Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity
factors : GZF EV charging and GZF HP operation [Variant A]

Scenario step: 5 | Winter Workday
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(b) Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], low simultaneity
factors : GZF EV charging and GZF HP operation [Variant B]

Figure 11: Urban grid - Aggregated time-series of EV charging, HP operation, conventional demand,
solar PV generation and BESS charging/discharging at each node on a Winter workday in 2046 (Sce-
nario step 5) for low BESS proliferation
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Scenario step: 5 | Summer Workday
Aggregated demand/generation & net demand
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(a) Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity
factors : GZF EV charging and GZF HP operation [Variant A]

Scenario step: 5 | Summer Workday
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(b) Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], low simultaneity
factors : GZF EV charging and GZF HP operation [Variant B]

Figure 12: Urban grid - Aggregated time-series of EV charging, HP operation, conventional demand,
solar PV generation and BESS charging/discharging at each node on a Summer workday in 2046
(Scenario step 5) for low BESS proliferation
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Scenario step: 5 | Summer Saturday
Aggregated demand/generation & net demand
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Figure 13: Rural grid - Aggregated demand and generation, with net demand - low BESS prolif-
eration with ”grid-independent” control [Variant A], high simultaneity factors : GZFEV charging and
GZFHP operation [Variant A], on a Summer Saturday in 2046 (Scenario step 5)

Scenario step: 5 | Summer Saturday
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Figure 14: Rural grid - Aggregated demand and generation, with net demand - high BESS pro-
liferation with ”grid-independent” control [Variant A], high simultaneity factors : GZFEV charging and
GZFHP operation [Variant A], on a Summer Saturday in 2046 (Scenario step 5)
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Scenario step: 5 | Summer Saturday
Aggregated demand/generation & net demand
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Figure 15: Rural grid - Aggregated demand and generation, with net demand - high BESS proliferation
with ”grid-friendly” control [Variant B], low simultaneity factors : GZFEV charging and GZFHP operation

[Variant B], on a Summer Saturday in 2046 (Scenario step 5)
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2.3 Summary

The modelling of distributed energy resources, DERs, connected to the LV grids such as solar PVs,

electric heat pumps, EVs and BESS are described along with the studied urban and and rural districts.

The methods to derive the time-series for these resources, heat pump operation pro�les, EV charging

as well as BESS charging and discharging, at the level of each relevant grid node are described. The

studied scenario variations considering the evolution of proliferation of these energy resources are pre-

sented. Next section will present how these model and pro�les are used to identify the �exibility needs

of the distribution system operator.
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3 Flexibility: Need, Candidates and Characteristics

A distribution system operator needs �exibility provided by its customers if it forecasts critical operating

points (i.e., a snapshot or multiple snapshots) in its grids within its service territory. The critical operating

points can be de�ned as follows:

• voltage magnitude at each node is beyond the DACH limits or very close to the DACH limits

• transformer, cable/overhead line limits are at their thermal limit or very close to the thermal limits

Since this study focuses on LV grids (i.e., NE7), the voltage limits are expected to be 0:90 � j V j �

1:10 according to the DACH rules. Note that only the customers and the distributed energy resources

connected to LV grids are considered.

The identi�cation of the �exibility needs require appropriate grid models, projected time-series of de-

mand and local generation aggregated at each node (i.e., distribution cabinet, building connection). The

methodology adopted in this study to model the distributed energy resources such as solar PV, BESS,

EV, and HPs and to create the time-series of such resources are demonstrated in Section 2 for an urban

and a rural district. In this section the power �ow analyses results will be demonstrated to temporally

(e.g., time of the day, day, season) and spatially (e.g., node, adjacent nodes to the branch) identify the

�exibility needs. The frequency of violations will also be analyzed, and will be later used in Section ??

in the economic assessment of �exibility utilization to defer asset investment. It is important to note that

identi�cation of the �exibility needs by means of estimating the current �ows throught the lines/cables

and the voltage magnitudes at all nodes is essential to identify the ”candidate �exibility providers”.

3.1 Flexibility need: critical branch loading

Since the proliferation of solar PVs is expected to be rather low compared to the proliferation in rural

grids, the scenario variants used for the urban grid does not contain high proliferation of BESS, resulting

in two scenario variants for urban grids: (i) low BESS with grid-independent local control (Variant A), no

delaying of EV charging and HP operation, resulting in high simultaneity factors, GZF, for both groups

of demand (Variant A), and (ii) low BESS with grid-independent local control (Variant A), delaying of

EV charging and HP operation, resulting in low simultaneity factors, GZF, for both groups of demand

(Variant B). The results of the power �ow for the urban grid for two scenario variants are provided below

for branch violations.

In the meantime, since high proliferation of solar PVs are projected in rural grids, three scenario variants

are studied: (i) low BESS with grid-independent local control (Variant A), no delaying of EV charging

and HP operation, resulting in high simultaneity factors, GZF, for both groups of demand (Variant A), (ii)

high BESS with grid-independent local control (Variant A), no delaying of EV charging and HP operation

(Variant A), and (iii) high BESS with grid-friendly local control (Variant B), delaying of EV charging and

HP operation, resulting in low simultaneity factors, GZF, for both groups of demand (Variant B). Note

that (ii) demonstrates the bene�t of increasing BESS while the simultaneity factors are still high for EV

charging and HP operation, (iii) demonstrates the bene�t ot grid-friendly local control along with low

simultaneities.

Note that dashed red marks in the graphics demonstrate critical loading limits. Some utilities use the

actual thermal limits as the critical loading limit, and some prefer to be conservative and apply a critical

loading factor which can change between 50% to 85% and do not allow the loading of the cables and/or

the transformers to be loaded more than this limit. Such practice is used to determine the time of
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investment for the selected equipment. The results are provided for a workday in winter and summer in

the urban grid and for a saturday in summer for the rural grid to account for the impact of EV charging

by tourists.
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Scenario step: 5 | Winter Workday: Branch loadings (Black: Trafo)

(a) Urban grid - Branch loadings - Figure 11a - low BESS proliferation with ”grid-independent” control
[Variant A], high simultaneity factors [Variant A]
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Scenario step: 5 | Winter Workday: Branch loadings (Black: Trafo)

(b) Urban grid - Branch loadings - Figure 11b - low BESS proliferation with ”grid-independent” control
[Variant A], low simultaneity factors [Variant B]

Figure 16: Urban grid - Branch loadings on a Winter workday in 2046 (Scenario step 5)
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Scenario step: 5 | Summer Workday: Branch loadings (Black: Trafo)

(a) Urban grid - Branch loadings - Figure 12a - low BESS proliferation with ”grid-independent” control
[Variant A], high simultaneity factors [Variant A]
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Scenario step: 5 | Summer Workday: Branch loadings (Black: Trafo)

(b) Urban grid - Branch loadings - Figure 12b - low BESS proliferation with ”grid-independent” control
[Variant A], low simultaneity factors [Variant B]

Figure 17: Urban grid - Branch loadings on a Summer workday in 2046 (Scenario step 5)
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Scenario step: 5 | Summer Saturday: Branch loadings (Black: Trafo)

Figure 18: Rural grid - Branch loadings - Figure 13 - low BESS proliferation with ”grid-independent”
control [Variant A], high simultaneity factors [Variant A], on a Summer Saturday in 2046 (Scenario
step 5)
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Scenario step: 5 | Summer Saturday: Branch loadings (Black: Trafo)

Figure 19: Rural grid - Branch loadings - Figure 14 - high BESS proliferation with ”grid-independent”
control [Variant A], high simultaneity factors [Variant A], on a Summer Saturday in 2046 (Scenario
step 5)
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Scenario step: 5 | Summer Saturday: Branch loadings (Black: Trafo)

Figure 20: Rural grid - Branch loadings - Figure 15 - high BESS proliferation with ”grid-friendly” control
[Variant B], low simultaneity factors [Variant B], on a Summer Saturday in 2046 (Scenario step 5)
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3.2 Flexibility need: critical nodal voltages

The �exibility need driven by voltage violations are demonstrated in this subsection. For the convenience

of the reader the scenario variants for rual and urban grids are revisited: Urban grid: (i) low BESS with

grid-independent local control (Variant A), no delaying of EV charging and HP operation, (Variant A), and

(ii) low BESS with grid-independent local control (Variant A), delaying of EV charging and HP operation

(Variant B). Rural grid: (i) low BESS with grid-independent local control (Variant A), no delaying of EV

charging and HP operation (Variant A), (ii) high BESS with grid-independent local control (Variant A), no

delaying of EV charging and HP operation (Variant A), and (iii) high BESS with grid-friendly local control

(Variant B), delaying of EV charging and HP operation (Variant B).

If an undervoltage violation is observed at a bus, it is due to very high demand at that bus or at buses

electrically nearby (e.g., adjacent). The �exibility need is therefore de�ned as lowering the demand. If

an overvoltage violation is observed at a bus in the radial LV grid, it is due to the extreme feed-in by

generation at that bus or at buses electrically nearby.

Note that the dashed red marks denote the DACH limits for overvoltage and undervoltage. It is assumed

that the MV-LV (NE6)transformers are on-load tap changers (OLTC) and the results are presented with

and without local automatic tap control to demonstrate the impact of excess solar PV generation and

high demand on the voltages. It is important to note that majority of violations are handled by the OLTC

operations. However, if the DACH rules are tightened, �exibility of DER will be required especially for

overvoltage violations due to excess solar PV generation in rural grids. The meaningful �exibility that

can solve the overvoltage problem is curtailing the solar PV excess generation.
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Scenario step: 5 | Winter Workday: Nodal voltages (Black: Trafo secondary side)

(a) Urban grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Winter Workday: Nodal voltages (Black: Trafo secondary side)

(b) Urban grid - Nodal voltage pro�les, with OLTC and tap control

Figure 21: Urban grid - Nodal voltage pro�les on a Winter workday in 2046 (Scenario step 5)
, - Figure 11a - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity

factors [Variant A]
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Scenario step: 5 | Winter Workday: Nodal voltages (Black: Trafo secondary side)

(a) Urban grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Winter Workday: Nodal voltages (Black: Trafo secondary side)

(b) Urban grid - Nodal voltage pro�les, with OLTC and tap control

Figure 22: Urban grid - Nodal voltage pro�les on a Winter workday in 2046 (Scenario step 5)
, - Figure 11b - low BESS proliferation with ”grid-independent” control [Variant A], low simultaneity

factors [Variant B]
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Scenario step: 5 | Summer Workday: Nodal voltages (Black: Trafo secondary side)

(a) Urban grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Summer Workday: Nodal voltages (Black: Trafo secondary side)

(b) Urban grid - Nodal voltage pro�les, with OLTC and tap control

Figure 23: Urban grid - Nodal voltage pro�les on a Summer workday in 2046 (Scenario step 5)
, - Figure 12a - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity

factors [Variant A]
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Scenario step: 5 | Summer Workday: Nodal voltages (Black: Trafo secondary side)

(a) Urban grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Summer Workday: Nodal voltages (Black: Trafo secondary side)

(b) Urban grid - Nodal voltage pro�les, with OLTC and tap control

Figure 24: Urban grid - Nodal voltage pro�les on a Summer workday in 2046 (Scenario step 5)
, - Figure 12b - low BESS proliferation with ”grid-independent” control [Variant A], low simultaneity

factors [Variant B]
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(a) Rural grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(b) Rural grid - Nodal voltage pro�les, with OLTC and tap control

Figure 25: Rural grid - Nodal voltage pro�les on a Summer Saturday in 2046 (Scenario step 5)
, - Figure 13 - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity

factors [Variant A]
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(a) Rural grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(b) Rural grid - Nodal voltage pro�les, with OLTC and tap control

Figure 26: Rural grid - Nodal voltage pro�les on a Summer Saturday in 2046 (Scenario step 5)
, - Figure 14 - high BESS proliferation with ”grid-independent” control [Variant A], high simultaneity

factors [Variant A]
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(a) Rural grid - Nodal voltage pro�les, without OLTC
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Scenario step: 5 | Summer Saturday: Nodal voltages (Black: Trafo secondary side)

(b) Rural grid - Nodal voltage pro�les, with OLTC and tap control

Figure 27: Rural grid - Nodal voltage pro�les on a Summer Saturday in 2046 (Scenario step 5)
- Figure 15 - high BESS proliferation with 'grid-friendly” control [Variant B], low simultaneity factors

[Variant B]
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3.3 Types of �exibility providers

Table 5 summarizes qualitatively the list of meaningful �exibilities and data characteristics.

Table 5: A qualitative assessment of meaningful �exibilities and data characteristics

(a) Part 1
Type of DER Can provide Installed capacities Type of data

�exibility? (known by DSO)
EV Charging meaningful Charging capacity Arrival time &

& reliable [kW] connectedness OR
demand measurement

Solar PV + BESS meaningful Size of BESS & PV Net demand measurement,
& reliable [kW/kWh] & [kWp] BESS SoC

Solar PV meaningful Size of PV Power measurement OR
& reliable [kWp] net demand measurement

but not desired

HP meaningful Capacity of HP Demand measurement OR
& reliable [kW] status [on/off]

Conventional relatively less, N/A Demand measurement
demand meaningful &

less reliable

(b) Part 2
Type of DER Meas. infra. Meas. Flex. duration Flex. Flex. Latency

/ access to resolution & direction " = # availability req.
data  � � ! frequency

EV Charging Direct access OR � 15 min ! # � 5x � min
via site EMS OR 15 min� � � � charging per EV
via smart meter a few hours per day

Solar PV + BESS Direct access OR 15 min  � ! " = # No limit � min
via site EMS OR charging / continuous
via smart meter discharging

Solar PV Direct access OR 15 min N/A # No limit � min
via site EMS OR continuous
via smart meter

HP Direct access OR 30 - 60 min  � ! " = # Limited � min
via site EMS OR shifting discrete
via smart meter [on / off]

Conventional via site EMS OR 15 - 60 min  � ! # Limited � min
demand via smart meter 15 min� � � �

a few hours

Note that the charging time of EVs can be shifted, but customers may not prefer that their cars will be

charged slowly until morning right before they depart for work. A psychological comfort level for the EV

owner might need to be taken into account. The straightforward and commonly-deployed BESS opera-

tion is such that BESS starts charging when there is excess solar PV generation and starts discharging

when there is not excess generation. A �exibility, controlled locally, that can be provided by BESS can
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be such that the charging time might be shifted such that the projected peak excess PV generation can

be reduced, while discharging time might be shifted according to projected peak demand in the evening.

If the LV network is fully observable, and the regulation allows the utility to send a �exibility activation

signal to the distributed BESS, then the charging/discharging times might be shifted according to the

needs in the network.

Heat pumps today and in the near future cannot and will not be able to provide ”continuous” ramping

up/down �exibility (i.e., increasing or decreasing the consumption in a continuous manner). They can

be switched on and off, however, the recent implementation experiences show that the �exibility shall

not be activated multiple times in an hour resulting in additional wear and tear for the equipment re-

sulting in shortened lifetime. The household customers and small commercial businesses may not be

able to reduce their conventional demand frequently to provide �exibility. 1-2 times a day is a realistic

assumption.

The latency requirements in Table 5 are provided for the sake of completeness and these requirements

are important only in case near-real-time measurements are used to directly activate �exibilities based

on the setpoints provided by a centralized operational decision-making algorithm (e.g., optimal dispatch),

however, such centralized near-real-time �exibility dispatch is not within the scope of this study.

3.4 Summary

In this section, the time-series of conventional demand, heat pump operation, EV charging, solar PV

generation and BESS charging and discharging pro�les per node (i.e., distribution cabinet, building

connection) in rural and urban grid, for selected proliferation scenarios, for each senario step and for

each of the 9 selected representative days are used to perform power �ow analysis to identify the grid

violations (i.e., branch critical loadings, under- and overvoltage violations). This analyses results in

temporal (i.e., which year, which season, which day and what time) and spatial (i.e., which node, which

branch) needs of a distribution network operator for �exibility. In addition, a qualitative assessment

of available and meaningful �exibilities that can be provided by the distributed energy resources (i.e.,

demand, generation, storage) is presented, demonstrating for each candidate the required type of data

and measurements, the measurement infrastructure, and the measurement resolution; the �exibility

duration and type that can be provided, the availability frequency for �exibility provision and the latency

requirements.

Next section presents the framework on how to utilize the results of the analyses for asset investment

decisions such as investing in cabling and transformers or deferring the investment to the future by using

available �exibilities.
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4 Use of DER Flexibility for Asset Investment Deferral

The potential of using the �exibility provided by DER for deferring (i.e., postponing) investment decisions

on assets (e.g., transformer, cable) in distribution networks is demonstrated in this section. For com-

parison purposes the general guidelines in decision making strategies for asset investment are brie�y

reviewed, especially in the context of (i) increasing renewable and stochastic generation connected to

the LV grids (NE6-7) and (ii) increasing electri�cation in heating and mobility resulting in new types of

demand.

The types of decision making strategies for asset investment in distribution network can be classi�ed

into three groups:

• Type I: Static analysis

• Type II: Time-series analysis

• Type III: Flexibility-driven analysis

Type I relies on the forecasts of simultaneity factors (Gleichzeitigkeitsfaktor) for (i) conventional demand,

(ii) EV charging, which is highly dependent on the charging strategies adopted by the customers or

indirectly enforced or motivated by the distribution system operators, (iii) solar PV production, which

depends on the orientation and the tilt angle of the solar panels installed, and (iv) HP operation, which

is affected by the type (air, water, ground) of deployed heat pumps, heat pump compressor control and

modulation, age and thermal ef�ciency of the buildings.

Type II & III requires the grid model (i.e., topology, cable and transformer parameters) and the time-

series for conventional demand, EV charging, HP operation, solar PV generation, and BESS charg-

ing/discharging.

In the following sections a summary for each type will be provided. Simultaneity factors for new demand

and local generation will be brie�y discussed for Type I. Illustrative results will provide comparison.

4.1 Type I: Static analysis

The analysis relies on point forecasts of installed capacities of EV charging infrastructure, HP nominal

ratings, solar PV capacities and highest demand as well as the simultaneity factor forecasts for EV

charging and HP operation. Time-series analysis is not used. Based on the identi�ed worst-case val-

ues for point forecasts, the ”highest stress” (the maximum of maximum demand and maximum excess

generation) is identi�ed for the transformer and the investment decision is made. If the models for LV

grids (NE7) exist, the point forecasts can be made for each node along with simultaneity factors and a

power �ow simulation can take place using the worst case forecasts, so that the branch loadings can be

estimated for an investment decision.

Following is a summary of general guidelines:

1. Forecast the maximum conventional demand (season, day, time)

2. Forecast the total installed kWp capacity of the local generation (e.g., solar PV)

3. Forecast the total installed kW capacity of the EV charging stations, assume a simultaneity factor

for the EVs

4. Forecast the total installed kW capacity of the electric heat pumps, assume a simultaneity factor

for the HPs
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5. Forecast the time (season, day, time) of maximum load, considering the simultaneity factors of new

loads (EV charging and HP)

6. Forecast the maximum excess local production (i.e., solar PV) considering the simultaneity factor

for the local production

7. Compare the maximum excess local production and maximum total demand and identify the mag-

nitude of the ”maximum stress”.

8. Compare the ”maximum stress” with the current rating of the equipment and identify the critical

loading

9. Plan for investment

Table 7 illustrates an example where the maximum conventional demand is kept constant to demonstrate

the impact of the evolution of EVs, HPs and solar PVs. The simultaneity factors, GZF, for EV and HP are

selected as 50% and 80%, respectively, representing ”worst case” as an example. Note that, the demand

by EV and HP are separately calculated by multiplying the corresponding simultaneity factor with the

respective installed capacity, and superimposed by the conventional demand. This case is assumed to

represent the ”worst evening” and it assumes that EV charging and HP operation coincides. Therefore,

another simultaneity factor, GZF EV + HP
composite , can be de�ned and the simultaneity of EV charging and HP

operation can also be taken into account, however, in the following example GZF EV + HP
composite = 100%. The

orientation and tilt angles of all solar PV installations are assumed to lead to a 90% simultaneity, a

reasonable number reported in the literature. Finally, the worst-case self-suf�ciency is assumed such

that only 30% of the conventional demand is supplied by the local solar PV generation. Note that in this

example the transformer limit is 630 kVA.

Table 6: Rural grid: Trafo loading estimation due to worst-case demand for
GZFEV = 50%, GZFHP = 80%

Max conv. HP EV Charging HP EV Worst-case Trafo
demand cap. cap. Load Load load loading

2022 0 0 0 0 320 51%
2028 45 69 36 35 391 62%
2034 320 103 140 82 70 473 75%
2040 148 651 118 326 764 121%
2046 191 800 153 400 873 139%

Table 7: Rural grid: Transformer loading estimation due to excess solar PV generation
for GZFP V = 90%, and worst-case self-suf�ciency: 30%

Max conv. PV Excess Trafo
demand kWp PV Loading

2022 103 316 50 %
2028 512 684 109%
2034 320 993 1'117 177%
2040 1'318 1'409 224%
2046 1'958 1'985 315%

Figure 28 demonstrates the evolution of the transformer loading due to day-time solar excess generation

and evening demand including EV charging and HP operation. It is assumed that the critical loading
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for the transformer in this example is 100%. Therefore, by 2027, the transformer is expected to be

overloaded due to solar excess generation, under the assumptions outlined above for Type I analysis.
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Figure 28: Evolution of transformer loading due to day-time solar excess generation and evening de-
mand including EV charging and HP

4.2 Type II: Time-series analysis

The analysis uses the point forecasts for the installed capacities of solar PV, HPs, EV charging infras-

tructures as well as BESS and relies on the time-series pro�les of each type of demand, generation

and storage generated/estimated for each node in a given grid. The nodes can be distribution cabinets

(Verteilkabinen) and/or building connections (Hausanschlusskasten).

Following is a summary of general guidelines:

1. Identify the granulation and aggregation level for the analysis: (i) transformer station-level, (ii) dis-

tribution cabinet-level (Verteilkabinen), (iii) building connection point-level (Hausanschlusskasten).

Hereinafter, the aggregation level will be referred to as ”nodal level”.

2. Forecast the maximum conventional demand (season, day, time), and determine the time-series

in sub-hourly time-resolution (e.g., 15-minute) at nodal level

3. Forecast the installed kWp capacity of the local generation (e.g., solar PV) at nodal level

• assume an average orientation and a tilt angle for the panels to calculate the solar generation

potential

• calculate the time-series of the generation in selected time resolution

• if BESS proliferation is expected, identify the total kW/kWh installed BESS size, assume

a local control strategy (charge/discharge according to net demand or projected maximum

excess PV generation), and calculate the time-series of BESS charging/discharging

4. Forecast the installed kW capacity of the EV charging stations as well as at nodal level

• assume an electric mobility level i.e., number of EVs that are mobile

• assume an average EV ef�ciency

• assume an average distance driven by the users

• assume an EV charging strategy adopted on average by the customers
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• calculate the time-series of EV charging pro�les, considering the simultaneity factor

5. Forecast the total installed kW capacity of the electric heat pumps as well as at nodal level

• identify standard HP operation pro�les

• calculate the time-series of HP operation, considering the simultaneity factor

6. Aggregate the time-series and perform power �ow

7. Identify the critical loading and voltage violations, and the frequency of occurrence of such viola-

tions

8. Plan for investment
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(a) Urban grid - Histogram of branch loadings - low BESS proliferation with ”grid-independent” control [Variant
A], high simultaneity factors [Variant A]
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Histogram of loading in selected branches (black: transformer)
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(b) Urban grid - Histogram of branch loadings - low BESS proliferation with ”grid-independent” control [Variant
A], low simultaneity factors [Variant B]

Figure 29: Urban grid - Histogram of loading of selected branches [which are above the critical loading
limit of 65% in any one of the scenario steps] in all scenario steps together

The statistical representation of the branch loading results presented in Section 3 for urban and rural

grids, respectively, for selected variants are demonstrated below. The histogram of loadings of branches

(i.e., cables and transformer), which are selected among those with overloading at any time in any

scenario-step, are presented for each grid. The �rst two histograms show the loading for selected

branches for each each grid in all time steps (15-minute time resolution) in 9 representative days, in all

scenario-steps (i.e., 5, every 6 years), resulting in 96 � 9 � 6 = 40320 time steps, to demonstrate the

frequency of critical loading with respect to 4 critical loading levels: 65%, 75%, 85% and 100%. The

affect of scenario variants can be observed in the reduction of the number of critically loaded branches

as well as the magnitude of maximum loading. Following, the transformer is selected to demonstrate how

the loading evolves in scenario steps. This time the demonstration is per scenario-step and therefore
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the number of time-steps for each scenario-step is 96 � 6 = 864. Finally, three tables are provided

to illustrate the impact of the scenario variants: (i) demonstrates how the number of branches loaded

above the selected critical loading limits in each scenario step, (ii) demonstrates the scenario steps when

the transformer is loaded above critical loading limit, and (iii) demonstrates the frequency of transformer

critical loading in each scenario step for selected critical loading limits. The decision making for the asset

investment deferral can be taken analyzing these tables, and more scenario variants can be assessed

to re�ect the impact of different policy decisions.

Table 8: Urban grid : Number of branches loaded above critical loading limit in each scenario step,
Simultaneity factors for EV and HP, GZF: High (Variant A) ! Low, (Variant B)

Critical loading limit 2034 2040 2046

>=65% & < 75% 0 ! 1 1 ! 0 1 $ 1

>=75% & < 85% 0 3 ! 1 0

>=85% & < 100% 1 ! 0 1 ! 0 3 ! 1

>=100% 0 1 ! 0 3 ! 0

Total 1 $ 1 6 ! 1 ! 2

Table 9: Urban grid : In which scenario steps is the transformer loaded above critical loading limit?
Simultaneity factors for EV and HP, GZF: High (Variant A) ! Low, (Variant B)

Critical loading limit 2028 2034 2040 2046

>=65% & < 75% yes ! no

>=75% & < 85% no ! yes

>=85% & < 100% yes no ! yes

>=100% yes ! no yes ! no

Table 10: Urban grid : What is the frequency of transformer critical loading in each scenario step for a
given critical loading limit?
Simultaneity factors for EV and HP, GZF: High (Variant A) ! Low, (Variant B)

Critical loading limit 2028 2034 2040 2046

>=65% � 1% ! 0% 10% ! 1% 26 % ! 8% 48 % ! 25%

>=75% 0 4% ! 0% 14 % ! 1% 29 % ! 8%

>=100% 0 0 2 % ! 0% 9 % ! 0%
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Histogram of transformer loading
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Urban grid - Histogram of the transformer loading in all scenario steps together
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Evolution of the loading: histogram of transformer loading
in % of occurence in each scenario step (96*9 = 864 time instants)
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(b) Urban grid - Histogram of the transformer loading per scenario step

Figure 30: Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], high simul-
taneity factors [Variant A]
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in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Urban grid - Histogram of the transformer loading in all scenario steps
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Evolution of the loading: histogram of transformer loading
in % of occurence in each scenario step (96*9 = 864 time instants)
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(b) Urban grid - Histogram of the transformer loading per scenario step

Figure 31: Urban grid - low BESS proliferation with ”grid-independent” control [Variant A], low simul-
taneity factors [Variant B]

44



SGEN-DFlex

0 25 50 75 100 125 150
Loading of branches in %

0 

2 

4 

6 

8 

10

12

14

O
cc

ur
en

ce
 in

 %
 o

f a
ll 

tim
e 

in
st

an
ts

 in
 a

ll 
sc

en
ar

io
 s

te
ps

Histogram of loading in selected branches (black: transformer)
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Rural grid - Histogram of branch loadings - low BESS proliferation with ”grid-independent” control [Variant
A], high simultaneity factors [Variant A]

0 25 50 75 100 125 150
Loading of branches in %

0 

2 

4 

6 

8 

10

12

14

O
cc

ur
en

ce
 in

 %
 o

f a
ll 

tim
e 

in
st

an
ts

 in
 a

ll 
sc

en
ar

io
 s

te
ps

Histogram of loading in selected branches (black: transformer)
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(b) Rural grid - Histogram of branch loadings - high BESS proliferation with ”grid-independent” control [Variant
A], high simultaneity factors [Variant A]

0 25 50 75 100 125 150
Loading of branches in %

0

1

2

3

4

5

6

7

8

9

O
cc

ur
en

ce
 in

 %
 o

f a
ll 

tim
e 

in
st

an
ts

 in
 a

ll 
sc

en
ar

io
 s

te
ps

Histogram of loading in selected branches (black: transformer)
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(c) Rural grid - Histogram of branch loadings - high BESS proliferation with ”grid-friendly” control [Variant B],
low simultaneity factors [Variant B]

Figure 32: Rural grid - Histogram of loading of selected branches [which are above the critical loading
limit of 65% in any one of the scenario steps] in all scenario steps together
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Histogram of transformer loading
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Rural grid - Histogram of the transformer loading in all scenario steps
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Evolution of the loading: histogram of transformer loading
in % of occurence in each scenario step (96*9 = 864 time instants)
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(b) Rural grid - Histogram of the transformer loading per scenario step

Figure 33: Rural grid - low BESS proliferation with ”grid-independent” control [Variant A], high simul-
taneity factors [Variant A]
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Histogram of transformer loading
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Rural grid - Histogram of the transformer loading in all scenario steps
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Evolution of the loading: histogram of transformer loading
in % of occurence in each scenario step (96*9 = 864 time instants)
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(b) Rural grid - Histogram of the transformer loading per scenario step

Figure 34: Rural grid - high BESS proliferation with ”grid-independent” control [Variant A], high simul-
taneity factors [Variant A]
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Histogram of transformer loading
in % of occurence in all scenario steps (96*9*5 = 4320 time instants)
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(a) Rural grid - Histogram of the transformer loading in all scenario steps
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Evolution of the loading: histogram of transformer loading
in % of occurence in each scenario step (96*9 = 864 time instants)
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(b) Rural grid - Histogram of the transformer loading per scenario step

Figure 35: Rural grid - high BESS proliferation with ”grid-friendly” control [Variant B], low simultaneity
factors [Variant B]

Table 11: Rural grid : Number of branches loaded above critical loading limit in each scenario step,
Low BESS, High GZF (Variant A) ! High BESS, High GZF (Variant A) ! High BESS with grid-friendly
control , Low GZF (Variant B)

Critical loading limit 2028 2034 2040 2046

>=65% & < 75% 3 $ 3 $ 3 6 ! 7 ! 5 6 ! 4 ! 5 10 ! 6 ! 5

>=75% & < 85% 0 5 ! 3 $ 3 2 $ 2 ! 5 2 ! 3 $ 3

>=85% & < 100% 0 2 $ 2 ! 0 1 ! 2 ! 4 1 ! 2 $ 2

>=100% 0 0 19 ! 18 ! 4 20 ! 19 ! 15

Total 3 $ 3 $ 3 13 ! 12 ! 8 28 ! 26 ! 18 33 ! 30 ! 25

Table 12: Rural grid : In which scenario steps is the transformer loaded above critical loading limit?
Low BESS, High GZF (Variant A) ! High BESS, High GZF (Variant A) ! High BESS with grid-friendly
control , Low GZF (Variant B)

Critical loading limit 2034 2040 2046

>=65% & < 75% yes $ yes $ yes

>=75% & < 85%

>=85% & < 100% no $ no ! yes

>=100% yes $ yes ! no yes $ yes $ yes
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Table 13: Rural grid : What is the frequency of transformer critical loading in each scenario step for a
given critical loading limit?
Low BESS, High GZF (Variant A) ! High BESS, High GZF (Variant A) ! High BESS with grid-friendly
control , Low GZF (Variant B)

Critical loading limit 2034 2040 2046

>=65% 4% ! 3% ! 1% 22% ! 13% ! 6% 58% ! 38% ! 29%

>=75% � 1% ! 0% $ 0% 12% ! 7% ! 2% 43 % ! 27% ! 14%

>=100% 0 6 % ! 3%! 0% 25 % ! 12 % ! 3%

4.3 Type III: Flexibility-driven analysis

The analysis relies on the time-series analysis performed as part of Type II and requires assumptions

on (i) how different types of �exibilities can be remunerated, and (ii) technology costs (i.e., transformer,

OLTC, underground cable). Since the majority of the voltage violations due to excess solar PV genera-

tion can ben alleviated by OLTCs, this section focuses on the assessment of �exibility utilization to defer

investment in underground cables and transformers.

Following is a summary of general guidelines:

1. Perform the �rst six steps in 4.2

2. Identify the required amount and location of the ”�exibility” to alleviate the violation, assess the

mitigation options if the mitigation measure is allowed by regulation (e.g., enforce PV curtailment

if the source of the violation is excess PV, turn off HPs if the source of the violation is very high

demand)

3. Calculate the minimum cost of such �exibility based on a ”�exibility remuneration scheme”

4. Compare the annualized cost of investment (including operational expenditures) and the annual

cost of required �exibility

5. Plan for investment
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Figure 36: Technology costs [VSE]

For each grid, for each time-step in each scenario-step, for each overload (with respect to a selected
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critical loading limit) the source of the overload is identi�ed along with the associated cost. Since the

analyses are performed for 9 representative days, and an annual cost for �exibility is required to make a

comparison with the annualized cost of adding a parallel equipment to the existing asset, various levels

of the frequency of occurrence in a year are investigated to identify the boundary conditions of when

�exibility utilization is cheaper and when not. Figure 36 presents the typical costs for LV transformer and

underground cables provided by VSE.

The following section presents the approach adopted in this study to calculate different costs of �exibility

depending on whether it is a generation source or a demand.

4.3.1 Remuneration for �exibility owners or the cost of �exibility

It is envisioned that the DER owners will be remunerated if they accept to change their generation/demand

patterns, thus providing �exibility to the grid operator, according to the requests by the grid operator. The

�exibility provided by the DER owners shall not disturb the comfort level, and shall not decrease the life-

time of the DER technology. In the meantime, the loss of opportunity shall be reimbursed to the DER

owner, if providing �exibility incurs such loss. As an example, when the BESS owner cannot supply the

local demand because the BESS is already committed to provide a �exibility service by discharging its

energy, results in an increase in the electricity bill. This phenomenon is de�ned as loss of opportunity.

In this project we de�ne the remuneration for each DER as ”the least amount that the DER owners would

accept” to provide ramping up �exibility (i.e., acting like a generator, discharging BESS, or increasing

demand) and ramping down �exibility (i.e., acting like demand, curtailing solar, charging BESS) �exibili-

ties. It is assumed that the minimum amount for the cost of �exibility services is the remuneration paid to

the DER owner to make up for the loss of opportunity and the amount of remuneration is directly depen-

dent upon the retail tariff and the feed-in tariff structures. This way, the DER owner is guaranteed that

there is no �nancial risk in providing �exibility. It is noted that in addition to the ”minimum” remuneration

amount, the DER owners can be awarded an extra compensation in relation to the bene�t they brought

to the system if the �exibility provision by DER bene�ts the system such that the total cost of supplying

energy reduces or the security level of the overall system is increased. However, the investigation of

market mechanisms that can provide insights to such additional rewards is not within the scope of this

study. Please refer to [TDFlex] in which the bene�ts of DER �exibility in energy dispatch and providing

secondary control services are investigated.

Switzerland has more than 600 electric distribution utilities today with varying retail tariff structures and

electricity feed-in models. In the future, the following evolution of the tariffs are expected to be observed:

1. Business as usual: 2-tier structure (i.e., low tariff, high tariff)

2. More than 2-tier structure (e.g., 3 tiers in summer 2 tiers in winter)

3. Dynamic pricing (i.e., the electricity price is time-dependent: changes sub/hourly based on a local

market (e.g., peer-to-peer trading) or in�uenced by wholesale energy prices)

4. One-tariff system, awarding customers for controllability or �exibility

We assume that independent of the retail tariff structure, the DER owner will be remunerated for the

�exibility and the remuneration amount is assumed to be determined as follows:

• Flexibility is provided by demand: If the tariff system is one of the (1)-(3), the difference between

the electricity retail price at the time of �exibility provision and the minimum electricity price of

the day, F lexcost = � Tarif f . If it is a 2-tier retail tariff structure, � Tarif f = HT � LT , where
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HT stands for high-tariff and LT stands for the low-tariff. If the retail price at the time of the

�exibility request is the minimum price during the day, it is assumed that the �exibility provider is

still remunerated

• Flexibility is provided by demand: If the tariff systems is the (4), the F lexcost is assumed to be

determined by the utility. For the sake of simplicity and demonstration, it is assumed that the

� Tarif f values are used for F lexcost in this study.

• Flexibility is provided by generation: The �exibility provided by solar PVs (i.e., curtailment) is as-

sumed to be remunerated by using the feed-in tariff (F lexcost = Feed� in ), which can be based

on a one-tier system (i.e., one price), two-tier structure (e.g., corresponding to HT and LT time

intervals) or it might be dynamically changing (e.g., daily, monthly, quarterly) based on the market

value of the solar generation at the projected time of �exibility provision.

Since BESSs are operated in a manner by discharging the stored excess solar generation in the evening

hours when the demand is high, thus decreasing the electricity bill, if the BESS provides �exibility by

discharging its energy during the day, the electricity bill will increase since the evening demand has to

be supplied by the energy purchased from the utility. Therefore, discharging BESS during the day shall

be remunerated by using the evening tariff instead of the � Tarif f as the F lexcost , thus signi�cantly

increasing the cost of BESS �exibility as a ”generator”.

Figure 37: Electricity standard tariff for H4 (40500kWh=year) customers in Switzerland in 2023 (ElCom)

As Figures 37 and 38 demonstrate, Switzerland does not have a uniform tariff structure throughout the

country, neither for retail nor for feed-in:

Retail electricity tariffs: For example, the high tariff for average household customers in Switzerland

can be as high as 70:8Rp:=kWh in Worb, BE, with a median value of � 27:35Rp:=kWh and as low as

8:49Rp:=kWh (ElCom 2023). As an example EWZ charges 23:80Rp:=kWh as HT and 13:05Rp:=kWh

(� 55%of the HT) for as LT (excluding the MWST, federal and cantonal levies) in its pronatur program,

yielding � Tarif f = 10:75Rp:=kWh. In the meantime, Repower provides a one-tariff system (similar

to BKW), and the tariff is granulized with respect to different levels of monthly consumption in kWh

and the peak power consumption in kW . For a customer consuming 40000kWh in a year with a peak
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Figure 38: Feed-in prices in Switzerland for a 10-kVA PV system (VESE). Grey: No data available

power consumption of 7kW the tariff is � 11:7Rp:=kWh, while a customer consuming 20000kWh with a

peak power consumption of 5kW pays 13Rp:=kWh in its Grischunpower program (excluding the MWST,

federal and cantonal levies). Avoiding the 2-tier tariff-structure, Repower rewards its customers with a so-

called Sparbonus savings program (in Grischunpower program) with two dimensions: (i) 13:80CHF=kW

per month in grid usage (i.e.,Netznutzung), and (ii) 7:90Rp:=kWh in energy use. In addition, if end-

customers provide �exibility as a controllable demand, they receive 15% reduction on their total grid

usage tariff. IWB provides 2-tier tariff structure, where the customer pays 25:3Rp:=kWh as HT and

17:9Rp:=kWh (� 70%of the HT) as LT for a customer consuming less than 130000kWh a year. Therefore,

we took into account different levels of F lexcost for the remuneration of demand �exibility, to account for

the heterogenous nature of Switzerland and to hedge against the uncertainty in the evolution of tariffs.

Feed-in tariffs: As Figure 38 shows that there is currently lack of data for 2023, however, it is important

to note that the minimum feed-in tariff can be as low as 10Rp:=kWh, while in Repower territory it is

12Rp:=kWh, in CKW 31Rp:=kWh, and in Nidwalden 33Rp:=kWh, the highest one-tariff constant price

in Switzerland. EWZ provides a two-tier constant pricing with 8:50Rp:=kWh in HT and 4:45Rp:=kWh

in LT (excluding the MWST) for solar PV and BKW applies a dynamic tariff system with quarterly

varying feed-in prices . As an example, BKW paid 40:30Rp:=kWh for solar PV feed-in in the 3rd quar-

ter of 2022 and 19:51Rp:=kWh in the 4th quarter of the same year. Finally, the reference market

prices for solar PV generation varied between 179:59CHF=MWh in October (i.e., 17.96 Rp./kWh) and

472:25CHF=MWh in August (i.e., 47.23 Rp./kWh) in the year of 2022 as published by BFE. Correspond-

ing quarterly prices were as low as 223:93CHF=MW h in the 4th quarter and 413:89CHF=MWh in the

3rd quarter, leading to a 281:29CHF=MWh price for the year of 2022. It is noted that due to the in-

crease in the prices of primary sources such as gas as a direct result of the war and the under-utilization

of nuclear power plants in France due to various reasons, the wholesale energy prices increased in an

unprecedented manner in 2022. Therefore, similar to the case for retail tariffs, we analyzed various

levels of solar feed-in prices to hedge against uncertainties.

The basic assumptions for �exibility remuneration in this study is as follows:

• Decreasing consumption by turning off the HP, stop EV charging, decreasing conventional de-

mand: F lexcost = 8 rp=kWh

• Increasing consumption by curtailing solar PV generation: F lexcost = 3 rp=kWh

It is assumed that in a two-tier system the high-tariff starts at 06:00 and ends at 20:00, while the excess

solar PV is assumed to occur between 10:00 and 17:00.
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4.3.2 Illustrative results

Following, the results of the assessment is demonstrated for rural and urban grid. Since the results are

highly dependent on the (i) annual violation frequency, (ii) critical loading limit, and (iii) the difference

between the �exibility remuneration for demand and �exibility remuneration for generation, the results

are provided for various combinations to demonstrate the impact of these parameters.

Note that, the results are based on the low BESS proliferation with grid-independent control (Variant A)

and high simultaneity factors for EV charging and HPs (Variant A), for both grids, to demonstrate the

most frequent and most drastic violations resulting in highest need for �exibilities.

(a) Branch 12

(b) Branch 26: Transformer

Figure 39: Urban grid - Annualized cost of CAPEX and OPEX vs. �exibility cost to alleviate the overload
vs. the loadings of selected branches for annual violation frequency : 10%, critical loading limit :
100% (thermal loading), and for remuneration tariff for demand is higher than the remuneration for
feed-in - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity factors
[Variant A]

In the �rst group of �gures, the annualized cost of investments for a selected branch (CAPEX and

OPEX) for three scenario steps corresponding to three different loading levels are presented. The

annual violation frequency is assumed to be optimistic: 5% of the days in a year. Critical loading limit is

chose to be 100% and �exibility remuneration for demand is higher than the �exibility remuneration for

generation (feed-in). Note that the dashed red horizontal line represented the annual investment cost,
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and as long as the �exibility cost is lower than this amount, asset investment can be deferred.

In the second group of �gures, the annual violation frequency is increased to 15% to demonstrate the

impact on asset investment decisions.

In the third group of �gures, the branch loadings in % and annualized cost of �exibility of each branch

which experiences overloading in any scenario step presented �rst, followed by the branch overload

amounts with respect to the annualized cost of �exibility of each branch. These �gures demonstrate how

the temporal and spatial need for �exibility translates to a temporal and spatial differences in �exibility

costs. Finally, the unit costs of �exibility in CHF/kW for each branch is shown.

(a) Branch 12

(b) Branch 26: Transformer

Figure 40: Urban grid - Annualized cost of CAPEX and OPEX vs. �exibility cost to alleviate the overload
vs. the loadings of selected branches for annual violation frequency : 25%, critical loading limit :
100% (thermal loading), and for remuneration tariff for demand is higher than the remuneration for
feed-in - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity factors
[Variant A]
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(a) Branch loadings in % vs. annualized cost of �exibility of each branch which experiences overloading
in any scenario step

(b) Branch overload amounts in kW vs. annualized cost of �exibility of each branch which experiences
overloading in any scenario step

(c) Unit cost of �exibility in CHF/kW for each branch which experiences overloading in any scenario step

Figure 41: Urban grid: Annual violation frequency : 25%, critical loading limit : 100% (thermal
loading), and for remuneration tariff for demand is higher than the remuneration for feed-in - low BESS
proliferation with ”grid-independent” control [Variant A], high simultaneity factors [Variant A]
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(a) Branch 38

(b) Branch 48

(c) Branch 106: Transformer

Figure 42: Rural grid - Annualized cost of CAPEX and OPEX vs. �exibility cost to alleviate the overload
vs. the loadings of selected branches for annual violation frequency : 5%, critical loading limit : 100%
(thermal loading), and for remuneration tariff for demand is higher than the remuneration for feed-in -
low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity factors [Variant
A]
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(a) Branch 38

(b) Branch 48

(c) Branch 106: Transformer

Figure 43: Rural grid - Annualized cost of CAPEX and OPEX vs. �exibility cost to alleviate the overload
vs. the loadings of selected branches for annual violation frequency : 15%, critical loading limit :
100% (thermal loading), and for remuneration tariff for demand is higher than the remuneration for
feed-in - low BESS proliferation with ”grid-independent” control [Variant A], high simultaneity factors
[Variant A]
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(a) Branch loadings in % vs. annualized cost of �exibility of each branch which experiences overloading
in any scenario step

(b) Branch overload amounts in kW vs. annualized cost of �exibility of each branch which experiences
overloading in any scenario step

(c) Unit cost of �exibility in CHF/kW for each branch which experiences overloading in any scenario step

Figure 44: Rural grid: Annual violation frequency : 15%, critical loading limit : 100% (thermal load-
ing), and for remuneration tariff for demand is higher than the remuneration for feed-in - low BESS
proliferation with ”grid-independent” control [Variant A], high simultaneity factors [Variant A]
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4.4 Summary

This section presents a framework to assess the potential bene�ts and the in�uencing parameters of

utilizing �exibilities provided by distributed energy resources to defer asset investment in low voltage

distribution networks. For comparison reasons, general guidelines for the decision-making in asset

investment planning are provided under three groups: (i) static analysis, (ii) time-series-based analy-

sis, and (iii) �exibility-driven analysis. The importance of �exibility remuneration and its impact on the

decision to defer investment is emphasized and section is dedicated to remuneration options. A sim-

ple methodology is proposed for demand �exibility and generation �exibility separately. The impacts

of parameters such as (i) the frequency of violations on an annual manner, (ii) critical loading limit for

branches, and (iii) the difference between the �exibility remuneration for demand and �exibility remuner-

ation for generators are demonstrated for urban and rural grids.
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5 Conclusions

The performed analysis concluded into the following �ndings:

1. The potential of utilizing DER �exibility to postpone asset investment is assessed by comparing

the cost of investment (annualized capital expenditure / investment cost, CAPEX + operational

expenditure, OPEX) and the cost of �exibility to alleviate the violation.

• If the cost of �exibility in a year is smaller than the cost of investment, it favors a deferral.

• The assessment provides a basis to estimate the order of magnitude for the cost of the nec-

essary ICT infrastructure.

• The cost of ICT infrastructure necessary to communicate with the DER owner and for activa-

tion is ignored.

2. The cost of �exibility is determined by using the minimum �exibility remuneration that is required to

convince the DER owner to commit to �exibility provision (compensating the loss of opportunity).

• Highly dependent on electricity retail prices and solar prices (for feeding in)

• Low solar prices reduce the cost of �exibility

• Since the �exibility remuneration for demand is based on the difference between the electricity

prices during the time of �exibility need and the time when price is lower, smaller difference

in daily electricity retail prices (daily time-variant or multi-tier tariff structure) reduce the cost

of �exibility

3. Highly dependent on the investment cost of each branch as well as the transformer and the �exi-

bility remuneration scheme, the �exibility utilization can present economic advantage if the branch

violations are < � 130%of the thermal ratings.

4. The need for DER �exibility is location-dependent (i.e., spatial). Therefore, only those DER, which

can alleviate the violations are utilized and remunerated.

5. The violations due to excess solar PV can only be alleviated if solar curtailment is allowed by

regulation

• Grid violations in urban grids are expected to be mainly due to demand (i.e., HP and EV

charging) on winter workdays.

• Grid violations in rural grids are expected to be mainly due to solar PV since the excess

generation (if not stored) in summer can be higher than the winter workday evening demand

due to EV and HP operation.

6. Customer-owned BESS proliferation can signi�cantly reduce the amount and the frequency of

violations by grid-friendly local control without affecting the local objectives such as increasing

self-suf�ciency and reducing the cost of electricity purchased from the utility

• Local control: Grid-friendly smart charging (i.e, delay the charging so that the forecasted

excess PV production is ”shaved” and delay discharging so that the forecasted evening peak

demand is supplied).

7. Utility shall have access to the smart meter data in 15-minute or higher resolutions (e.g., 5-min).

[Higher resolution is important to capture the behaviour of the EV charging accurately so that

potential violations are not over-estimated.]
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• For infrastructure planning : Utilities will use historical smart meter data and the installed

capacities of the DER to identify the root-cause of potential grid violations.

– Temporal (i.e., year, day, time) and spatial (i.e., location: cable) needs for �exibility to be

calculated/forecasted using such data.

• For operation : Utility needs to estimate the grid status (i.e., grid observability / transparency)

near-real-time to ensure that no violations occur and meaningful �exibilities (e.g, right amount

at the right location) are activated as planned so that they are properly remunerated.

– Such observability can be achieved either by deploying sensors to measure voltages and

currents in the grids or by accessing the aggregated smart meter (e.g., at the level of

Verteilkabinen,VK, or Hausanschlusskästen, HAK) data during the day. Intra-day access

to aggregated smart meter data can be governed securely in supervisory control and

data acquisition / distribution management system, (SCADA/DMS) where the grid status

(i.e., voltages and currents) is estimated.

8. Heat pumps can only be switched on or off. Without compromising the comfort at the customer

site, they can be turned off for up to a few hours.

• Estimating / forecasting HP behaviour (consumption pattern) is critical unless the consump-

tion is directly measured.

9. EV owners can be motivated by tariffs to delay the charging or to charge slowly for longer duration,

reducing simultaneity factor for EV charging in a given district.

• This helps alleviating the load increase especially in the evenings at urban regions and day-

time loading in touristic regions.

10. Estimating the simultaneity factor (i.e., Gleichzeitigkeitsfaktor) for EVs and HPs at the transformer

station level (NE6) is important, but very challenging, for asset investment planning even though a

time-series analysis-based approach is not adopted.

11. Flexibility utilization, itself, cannot completely avoid investments on each and every branch and

transformer; however, it can reduce the number of investments and can help deferring (i.e., post-

poning) the investments to a later stage. Compared to traditional approaches, relying on simul-

taneity factor estimation and point forecasts, the asset investment analysis exploiting time-series

analysis is especially bene�cial and utilization of �exibilities demonstrate potential, because the

pace of proliferation is expected to be faster than the pace of upgrading the grid infrastructure.

However, it is noted that the ”reliability” of the �exibility provision has to be guaranteed for a utility

to rely on ”�exibilities” for infrastructure planning. This can be achieved through mid- or long-term

contractual commitments.
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6 Future work

Following factors demonstrate potential for making the framework more complete:

• Due to lack of ”standard heat pump operation pro�les”, they are created by statistically analyzing

a handful of heat pump recordings with no information regarding the rated power, type of the heat

pump or the size of the multi-family households where they are located. Standardized heat-pump

pro�les are derived from this statistical analysis and then used by randomization to create pro�les

at each node in a given district. Utilization of more realistic and more generic heat pump operation

pro�les with prominent operational peaks will provide more re�ned conclusions.

• In this study nine representative days are selected to perform the analysis in 15-minute time res-

olution: workday, Saturday and Sunday in Winter, Summer and Spring/Fall. Based on the results,

the annualized costs of �exibilities are approximated based on the assumptions on the frequency

of the occurrence of grid violations and thus the frequency of �exibility need. Performing analysis

for the whole year with more granulated estimations of heat-pump operation and EV charging has

potential to provide more insights.

• In this study central optimization of all resources for low voltage grid operation by means of optimal

power �ow is not used. It is assumed that the DER-owners (i.e., end customers) control their

resources according to their local objectives. The �exibility utilization is primarily based on shifting

or reducing the demand locally either through established programs driven by tariffs or through

bilateral contracts. A multi-period (i.e., scenario step such as every �ve years) operation-aware

planning tool using optimization can provide the ”best” case, which may not be realistic in terms

of implementation, however, can provide insight to the boundary conditions. Even using optimal

power �ow for each scenario step (avoiding a multi-period approach) and creating a pareto front

for different objectives has potential to see the maximum potentials.
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