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A B S T R A C T

Efforts to reduce carbon intensity of electricity involve increasing shares of variable renewable energy (VRE),
including a trend towards decentralized generation. Ensuring their high utilization necessitates addressing
generation variability at different spatial and temporal scales, likely involving a coordination of multiple
systems (e.g. flexible loads, storage, dispatchable generation). This paper presents a methodology for estimating
the energy flexibility required from such a synchronized system. The simple data-based approach uses local load
and VRE production patterns, and provides a regional assessment considering (1) indicators to evaluate energy
flexibility requirements based on VRE self-consumption (2) visualization methods to observe consumption and
production patterns’ impact on flexibility requirements across day/week/year and (3) simple algorithms to
estimate the energy flexibility requirements at different timescales. The approach is demonstrated for three
Swiss distribution system operators, for both current and increased shares of VRE generation. The largest
benefits for optimal self-consumption are realized for the energy flexibility timescale of 6–12 hrs. Medium-
and long-term (seasonal) storage appears beneficial at VRE penetration levels beyond 40%. The proposed
framework can be readily utilized to assess energy flexibility requirements of different regions, and serve as a
basis for identifying a suitable mix of strategies needed to address them.
1. Introduction

1.1. Motivation

National energy systems are facing a major challenge: reducing
greenhouse gas (GHG) emissions while providing equitable and secure
access to electricity [1]. Addressing this challenge has centered on
increasing shares of variable renewable energy (VRE), with solar and
wind now meeting an appreciable share of global electricity demand
(approx 8% in 2019 [2]), while also accounting for the majority of
the newly installed capacity [3]. Distributed solar photovoltaic (PV)
installations by private households and small-to-medium sized busi-
nesses contributed to approx. 20% of the global renewable capacity in
2019 [4].

VRE generation varies at different timescales governed by atmo-
spheric conditions—from the less predictable short-term variations to
the more distinct daily and seasonal patterns. Optimized VRE utiliza-
tion therefore depends upon available flexibility choices at different
timescales. Various solutions could play a role in addressing this
need, including flexible generation technologies, flexible demand [5–
8], short- to medium-term storage (hours to weeks), sector-coupling
(Power-to-Heat [9], Vehicle-to-Grid [10]) and long-term storage
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(Power-to-X [11]). Additional market-based strategies that incentivize
small end-consumers and producers to become active participants
in the electricity market (e.g. virtual power plants [12], flexibility
trading platforms [13]) may also be needed. However, given a wide
range of timescales for the required flexibility, no single solution is
likely to meet them all. Rather, it would require a combination of
multiple energy systems acting in a coordinated way, able to respond to
system needs by storing and releasing electricity [14]. Quantifying the
energy flexibility requirements for this virtual energy storage system
(VESS) can serve to identify the appropriate mix of technological and
market-based solutions needed to address them.

Flexibility requirements between different regions are expected to
vary, with demand patterns, VRE type and penetration, as well as
grid inter-connectivity playing an important role. In order to identify
them, and compare them side-by-side, as well as estimate how they
are expected to evolve, requires a heuristic approach. Increased VRE
generation, especially in the distribution grid, poses added challenges
for the distribution system operators (DSOs) to plan for and manage
distributed energy resources (DER) – local generation, flexible loads
and storage – while reducing network expansion investment [15,16].
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Glossary

𝐷𝐸𝑅 Distributed energy resources
𝐷𝐻𝑊 Domestic hot water
𝐷𝑆𝑂 Distribution system operator
𝐺𝐻𝐺 Green house gas
𝐻𝑉 High voltage
𝐿𝑉 Low voltage
𝑀𝑉 Medium voltage
𝑃𝑉 Photovoltaic
𝑆𝐹𝐻 Single family home
𝑆𝐻 Space heating
𝑇𝑆 Transformer station
𝑉 𝐸𝑆𝑆 Virtual energy storage system
𝑉 𝑅𝐸 Variable renewable energy

At the same time, DSOs exhibit great diversity in terms of size, net-
work levels they operate (low, medium, and sometimes high voltage),
end-consumers they serve (residential, commercial, industrial), climate
conditions, end-use electrification (e.g. heating/cooling, mobility), grid
structure, VRE penetration level, as well as access to DERs [17–19].

Based on available literature on how to estimate flexibility needs at
the local scale (see next section), this paper proposes novel flexibility
indicators based on spatially-aware VRE utilization that can be used
or side-by-side comparison between different DSOs, as well as to
onitor their progress towards increased self-sufficiency. Addressing
RE self-sufficiency at this level becomes especially important for
egions where national VRE mandates are largely expected to be met
hrough decentralized generation. Additionally, we include a simple
lgorithm to estimate how their energy flexibility requirements are
xpected to evolve with increased VRE generation, independent of
echnology/strategy that may be used to supply this energy flexibility.

.2. Literature review

The effects of VRE generation on power and energy systems have
een previously studied using both power flow and time-series analysis.
sing detailed network models, the former explores physical effects of
ariability on grid operation (e.g. over-voltage, congestion, etc. [20,
1]) that impact the quality and security of supplied electricity. As
he European DSO Observatory study demonstrates, diversity in grid
tructures between DSOs requires detailed data to build representative
etwork models for each region [17,19], which is needed to evaluate
he impact of different VRE integration strategies on the grid [22].
o reduce the need for a detailed grid representation, the concept of
lectrical hubs has also been used to evaluate operational flexibility
n distributed energy systems [23]. On the other hand, time-series
nalyses usually use a combination of historical data and VRE projec-
ions [24], which can be applied to balancing areas of different scales
nd over longer time-frames (e.g. months to years). Several studies
ave used time-series analyses to evaluate a system’s need for flexibility
cross a number of locations (Germany [25], Ireland [26], France [27],
exas [28], Denmark [29], as well as multiple regions [30]), which
onsider either PV or wind or a combination of the two. Holttinen
t al. [30] used it to identify the impact of large wind penetration
n ramp magnitude and occurrence patterns (e.g. diurnal/monthly).
imilarly, Lannoye et al. [26] take the time-series of changes in net load
s a system’s requirement for flexibility (and quantifies it for different
ime horizons) to identify when a power system cannot cope with these
hanges. On the other hand, Ueckerdt et al. [25] use residual load
uration curves to analyze the impact of VRE on long-term generation
apacity planning. These studies consider the evolving power flexi-
ility requirements with increased VRE generation. In another study,
2

Denholm and Mai [28] explore the energy flexibility requirements,
specifically energy storage duration needed to reduce VRE curtailment
under high-VRE scenarios (including the impact of a wind/PV gener-
ation mix) using a chronological dispatch of aggregated conventional
units and energy storage with the NREL’s REFlex model [31]. Heggarty
et al. [27] provide a more general (technology-independent) approach
to quantifying energy flexibility requirements at different timescales
(annual, weekly, daily) using frequency analysis, including the impact
of different factors (degree of network interconnection, VRE penetra-
tion mix, and electrified heating/cooling). Both of the above studies
demonstrate the impact that diurnal/seasonal cycles of VRE production
and end-consumption have on the timescales of energy flexibility re-
quirements (from hourly to annual), which can be utilized for providing
general guidelines for planning of VESS. While VRE penetration, as well
as the VRE generation mix, are identified as primary determinants of
energy flexibility requirements, the latter study also shows the impact
that seasonal demand variations (due to electrified heating and cooling)
have on the annual energy flexibility requirements. Olsen et al. [29]
use a similar frequency method, and present the time-resolved energy
flexibility requirements in an intuitive way for the case of the goal
VRE penetration in Denmark. Both Heggarty et al. and Olsen et al.
also show that increased VRE penetration has a greater effect on
the energy flexibility capacity requirement than the power flexibility
capacity requirement.

1.3. Original contribution and manuscript structure

The literature already provides evidence that increased VRE produc-
tion raises energy flexibility requirements at different timescales, which
are affected by the VRE penetration level (and its generation mix), as
well as seasonal demand. Consequently, with increased distributed gen-
eration, different regions will likely experience unique energy flexibility
needs, requiring separate models. Nevertheless, most time-series mod-
els are applied at the highest (transmission system operator) network
level, and do not consider the impact of regional differences. On the
other hand, studies featuring higher spatial resolution often resort to
complex models requiring a high degree of detail about the energy
system. As a result, they cannot be readily applied on a wider scale
to allow comparison of different regions side-by-side and/or to track
their progress over time; both are needed in order to provide a basis
for choosing a regionally-specific mix of strategies able to meet their
energy flexibility requirements.

The main objective of this study is to develop practical ways to
examine typical available data from DSOs and define a simple approach
to estimate region’s energy flexibility needs based on them. Prior to
extensive digitization, analysis of aggregated data at the local (DSO)
level can help identify when and (to a certain extent) where, energy
flexibility is most needed—both now and in the future. We define
simple indicators to characterize the performance of an energy system
based on VRE utilization, while also being able to identify the presence
of spatial mismatch within a system boundary (between local demand
and VRE production) using only their aggregated time-series profiles.
Additionally, a simple algorithm for estimating temporally-resolved
energy flexibility requirements, which are not technology-dependent, is
provided. As proof-of-concept, we demonstrate the proposed method-
ology for three small- to medium-sized DSOs in Switzerland, a country
that currently meets 4.5% of its demand through PV generation [32],
primarily from smaller systems in the distribution grid [33]. The VRE
mandates primarily focus on increasing PV generation (40% of total
production by 2050) accompanied by the phase out of nuclear, with the
remainder covered mainly by hydroelectricity (53%) [34]. Significant
differences between the DSOs – in structure, size, and VRE implemen-



Energy 270 (2023) 126885N. Vulic et al.
Fig. 1. General overview of the proposed methodology.
tation – highlight the need for localized approaches to assess their
current state and monitor their progress. Additionally, with most of
the growth expected to take place in the distribution networks, due
to the network constraints at this level, addressing VRE utilization
at this scale is of high importance. At the same time, it necessitates
a simple approach—with over 600 DSOs in Switzerland, separately
modeling each one would be challenging. The method can provide a
basis for relevant stakeholders to evaluate potential technology and
market-based solutions most suitable for a particular area.

This paper is structured as follows. Section 2 presents the case
studies and the methodology, including indicators and visualization
methods used to identify critical times – when the generated electricity
is either underutilized or variability is high – as well as estimate
corresponding energy flexibility requirements. Section 3 shows the
results of the case studies, including the impact of daily and seasonal
load patterns on VRE utilization and energy flexibility requirements
throughout the year (both current and future). Furthermore, limitations
of the proposed methodology and an outlook for further study are
briefly discussed. Section 4 summarizes the main findings.
3

2. Methods

The data-centered framework presented in this paper allows for
evaluating flexibility needs of various DSOs using indicators, visualiza-
tion techniques, and simplified algorithms to estimate energy flexibility
requirements aimed at improving VRE utilization. A general overview
of the proposed methodology is shown in Fig. 1. DSO system boundary
measured profiles – electricity inflow, outflow, consumption, and pro-
duction – form the basis of the presented analysis, and can therefore be
applied to any DSO. We first adapt previously used indicators related
to PV utilization (often applied at the building level) in Section 2.2.
Then, we expand upon previous visualization techniques to observe
daily, weekly, and seasonal patterns of PV generation and total demand,
which, in combination with the indicators, serve to identify critical
times as detailed in Section 2.3. To estimate the intra-daily energy
flexibility requirements for improving VRE utilization at this scale, we
present an accounting-based approach to balance production surpluses
and deficits for various time windows (3–24 hrs) in Section 2.4. This
methodology is demonstrated for three DSOs in Switzerland described
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Table 1
Case study data (year 2019 profiles with 15-min resolution).

Background information Annual profilesa Grid levelsb Electricity generation

Population Settlement In/out Prod. Cons.

DSO Ac 6k peri-urban ✕ ✕ ✕ 4–7 PV

↰Transformer (20 SFH) ✕ 4 PV

↰Prosumers (5 SFH) ✕ ✕ 7 PV

DSO B 16k urban ✕ ✕ 4–7 PV

DSO C 35k urban ✕ ✕ ✕ 2–7 hydro, PV

aIn/out → system boundary electricity inflow/outflow; prod.→ production; cons.→ consumption.
b7 → low voltage (LV); 5 → medium voltage (MV); 3 → high voltage (HV); 6, 4, 2 → transformer levels [37].

cOperates grid levels 6–7.
in Section 2.1. In the following sections, these case studies and methods
are described in more detail.

2.1. Data

In the following analysis, three sets of data are used: two from
individual utilities (DSO A and B), with PV as their main source of pro-
duction, and one for a utility with significant hydroelectric generation
(DSO C). The three DSOs supply electricity to medium-sized towns in
the cantons of Bern, Aargau, and Valais in Switzerland (from a total
of 600+ DSOs serving a population of 8.6 million [18,35]). Due to
confidentiality terms, the exact locations and specifications cannot be
given (however, this does not affect the methods and results presented
here). The various profiles are provided for the year 2019 at 15 min
resolution. For DSO A only, subset profiles for one of its transformer
stations (serving a residential neighborhood of 20 single family homes
[SFH]), as well as a group of five downstream prosumers, are also
included. Table 1 summarizes these data and includes corresponding
supplementary information. The annual profiles available from the
DSOs are indicated with ✕; the missing profiles are derived from these.
All of the indicated profiles in Table 1 are aggregated. The data from
the DSOs was provided as part of the aliunid project [36].

Grid levels are indicated for each of the profiles. It is important
to note that while data for DSO A is provided for grid levels 4–7,
DSO A only operates levels 6–7. Therefore, each DSO is distinct in their
degree of vertical integration, with DSO A operating the lowest grid
levels and DSO C being the most vertically integrated (comprising low
voltage [LV] to high voltage [HV] grids). Additional data, such as load
control schedules for space heating (SH) and domestic hot water (DHW)
systems (available for DSO B), complement the profiles by helping
identify the sources of certain daily periodic and/or seasonal patterns.
In addition, when DSOs have other generation sources within their
system boundaries (aside from PV production), as is the case for DSO C,
separate production profiles are provided. No grid energy storage is
reported for the DSOs (aside from dammed hydroelectricity in DSO C).
In addition, within each DSO boundary, the interconnection between
the consumers can be either physical (i.e. grid) or market-related.

Eq. (1) for the net electricity flow at the system boundary (i.e. the
net load) 𝑃𝑛𝑒𝑡 (𝑡) captures the relationship between different types of
annual profiles (indicated in Table 1) at each timestep 𝑡. Specifically,
the expression relates the following annual profiles (i.e. timeseries data
over a full year period) – inflow 𝑃𝑖𝑛, 𝑡𝑜𝑡(𝑡) and outflow 𝑃𝑜𝑢𝑡, 𝑡𝑜𝑡(𝑡) across
the system boundary to the consumption 𝑃𝑐𝑜𝑛𝑠, 𝑡𝑜𝑡(𝑡) and production
𝑃𝑝𝑟𝑜𝑑, 𝑡𝑜𝑡(𝑡) within the boundary – as schematically represented in Fig. 1
(DSO system boundary inset).

𝑃𝑛𝑒𝑡 (𝑡) = 𝑃𝑖𝑛, 𝑡𝑜𝑡(𝑡) + 𝑃𝑜𝑢𝑡, 𝑡𝑜𝑡(𝑡) = 𝑃𝑐𝑜𝑛𝑠, 𝑡𝑜𝑡(𝑡) + 𝑃𝑝𝑟𝑜𝑑, 𝑡𝑜𝑡(𝑡) (1)

By convention, inflow and consumption profiles have positive values
and outflow and production have negative values. This relationship is
used to estimate missing profiles (e.g. net electricity flow, consump-
tion). All calculations are performed on aggregated time-series profiles
for the system boundaries indicated in Table 1. Any activation of energy
4

flexibility of the VESS would be reflected as either an increase/decrease
in the consumption/production terms.

Due to increased digitization, a DSO may already have additional
data within their service area that allow a closer examination
(e.g. transformer stations, individual end-consumer production/
consumption) as is the case for DSO A. If available, similar analysis
can be applied to subsets of the DSO as schematically shown for the
transformer station (TS) system boundary (see Fig. 1 inset).

2.2. Definition of indicators to evaluate energy flexibility needs

To evaluate flexibility needs of DSOs, we adapt previously used
indicators related to PV utilization, often applied at the building level
(as described in Ref. [38]). Specifically, we relate the following two
indicators: (1) portion of VRE production to total demand (not all of
which is utilized within the system boundary) and (2) portion of total
demand which is met with VRE generation. If all of the produced VRE
electricity is used within the system boundary to meet the demand
(i.e. ideal self-consumption), the two indicators would be equal. The
first indicator (%𝑉 𝑅𝐸𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠) is defined in Eq. (2) below

%𝑉 𝑅𝐸𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 =
∑𝑇

1 𝑃𝑝𝑟𝑜𝑑,𝑉 𝑅𝐸 (𝑡)
∑𝑇

1 𝑃𝑐𝑜𝑛𝑠,𝑡𝑜𝑡(𝑡)
∗ 100, (2)

where 𝑃𝑝𝑟𝑜𝑑,𝑉 𝑅𝐸 (𝑡) is the VRE production profile and 𝑇 is the number
of timesteps. While the relative volume of VRE production to total
consumption within a system boundary is a good initial indicator of
region’s flexibility needs, different DSOs with similar fractions of VRE
production can still substantially differ in their ability to consume that
electricity within their network area. This may be due to missing con-
nections between areas with high production and high consumption, as
well as temporal mismatch between production and consumption of the
full network area. An important indicator of the network’s flexibility
needs is thus the portion of PV production which is self-consumed
within its boundary, as defined in Eq. (3) below

𝑉 𝑅𝐸𝑠𝑒𝑙𝑓 -𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =

(

1 −
∑𝑇

1 𝑃𝑜𝑢𝑡,𝑉 𝑅𝐸 (𝑡)
∑𝑇

1 𝑃𝑝𝑟𝑜𝑑,𝑉 𝑅𝐸 (𝑡)

)

, (3)

where 𝑃𝑜𝑢𝑡,𝑉 𝑅𝐸 (𝑡) is the excess VRE production. In the case when excess
VRE production is the main contributor to the network outflows, then
𝑃𝑜𝑢𝑡,𝑉 𝑅𝐸 = 𝑃𝑜𝑢𝑡,𝑡𝑜𝑡. For the DSOs A and B investigated here, where most
of the production within the network area comes from PV, this is a
valid assumption. In the case of intentional export from dispatchable
plants (e.g. hydro production), as is the case for DSO C, 𝑃𝑜𝑢𝑡,𝑉 𝑅𝐸 can be
estimated by comparing network outflows to the generation patterns of
VRE and non-VRE sources.

The resulting self-sufficiency (i.e. percentage of total consumption
met with VRE electricity produced within the boundary) is represented
in Eq. (4) below:

%𝑉 𝑅𝐸𝑠𝑒𝑙𝑓 -𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = %𝑉 𝑅𝐸𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 ∗ 𝑉 𝑅𝐸𝑠𝑒𝑙𝑓 -𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛. (4)

The presented VRE production and VRE self-sufficiency indicators are
used to determine and compare VRE utilization of DSO balancing
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Fig. 2. Schematic representation of the actual (measured) and net outflow.

reas at different time scales (daily, annual) and spatial resolutions
e.g. TS, group of prosumers). If energy flexibility can be accessed to
educe surplus VRE production (e.g. by storing it for later use and/or
hifting demand to uptake the surplus), both VRE self-consumption and
elf-sufficiency can be further increased.

As previously mentioned, the excess VRE production of a partic-
lar region can arise from either temporal or spatial mismatch, or a
ombination of the two. In order to separate the two contributions,
e compare the results using the calculated net outflow (𝑃𝑜𝑢𝑡,𝑛𝑒𝑡) to

he actual (measured) outflow (𝑃𝑜𝑢𝑡,𝑡𝑜𝑡) of the network area. If only
single connection point exists between the network area and its

uper-ordinate grid, the two values are, by default, equal (𝑃𝑜𝑢𝑡,𝑛𝑒𝑡(𝑡) =
𝑜𝑢𝑡,𝑡𝑜𝑡(𝑡)). However, when inflows and outflows occur simultaneously
t different connection points (i.e. 𝑃𝑖𝑛,𝑡𝑜𝑡(𝑡) and 𝑃𝑜𝑢𝑡,𝑡𝑜𝑡(𝑡) are both non-
ero at timestep 𝑡), the net outflow is smaller than the measured, as
chematically presented in Fig. 2. Eq. (5) shows the corresponding
athematical expression for calculating the net outflow:

𝑜𝑢𝑡, 𝑛𝑒𝑡(𝑡) =

{

𝑃𝑛𝑒𝑡(𝑡), if 𝑃𝑛𝑒𝑡(𝑡) ≤ 0
0, if 𝑃𝑛𝑒𝑡(𝑡) > 0

(5)

y comparing the net to the actual outflow – in this case, surplus VRE
roduction – the following interpretations can be made:

• If net surplus VRE production ≈ actual surplus VRE production
(i.e. 𝑃𝑜𝑢𝑡,𝑛𝑒𝑡 ≈ 𝑃𝑜𝑢𝑡,𝑡𝑜𝑡) and both values are non-negligible, the mis-
match between consumption and production within the system
boundary is mainly temporal

• If net surplus VRE production < actual surplus VRE production
(i.e. 𝑃𝑜𝑢𝑡,𝑛𝑒𝑡 < 𝑃𝑜𝑢𝑡,𝑡𝑜𝑡), there is an additional spatial mismatch, with
the degree of that mismatch indicated by the difference between
these two values

.3. Visualizing consumption and production patterns across day/week/
ear

To examine the patterns of electricity use and generation that
mpact VRE utilization, various time series profiles (e.g. consumption,
roduction, net electricity flow) are represented as heatmaps. Their
agnitudes are plotted along two dimensions – time-of-day and day-of-

ear – showing how daily profiles vary across week and season (similar
o the method presented in Ref. [39]). The heatmaps are combined
ith daily VRE utilization indicators (from Section 2.2) in order to

dentify current (or anticipated) critical times related to surplus VRE
roduction.

Similarly, changes in load (i.e. load ramps) are visualized alongside
ndicators of load variability. Specifically, the change in load (𝛥𝑃 ) from
he previous to the current timestep (t), as expressed in Eq. (6) below,
s computed for different time series profiles.
5

𝑃 (𝑡 + 1) = 𝑃 (𝑡 + 1) − 𝑃 (𝑡) (6) n
he resulting 𝛥𝑃 profiles are then represented as heatmaps. A similar
ethod was applied in Ref. [30] to visualize net load ramps with in-

reased wind penetration. As an indicator of the observed load variabil-
ty, a root mean square deviation (RMSD) from a nominal (zero-change)
alue is computed for each day of the year using Eq. (7) below

𝑀𝑆𝐷𝛥𝑃 =

√

∑𝑇
1 (0 − 𝛥𝑃 (𝑡))2

𝑇
, (7)

where 𝑇 is the number of timesteps. This helps to identify potential
critical times related to high variability of VRE generation.

In addition to the heatmaps, average daily consumption and produc-
tion profiles are calculated for four months representative of different
seasons (January, April, July, and October), with consumption profiles
also separated between weekdays and weekends. These profiles are
compared to each other – within and across seasons – with regards to
their shapes and relative magnitudes.

2.4. Estimating the maximum potential of activating intra-daily energy
flexibility

Here we examine the impacts of increased VRE production on
changing energy flexibility requirements at different timescales. The
maximum benefit that a VESS meeting those requirements could pro-
vide (in terms of increased self-consumption) is then evaluated. In
the analysis, we make the following simplified assumptions for each
balancing group (e.g. DSO area):

• The annual consumption profile remains unchanged for higher
VRE penetration scenarios (i.e. consumption profile for the year
2019 is used in all scenarios)

• The annual VRE production profile is scaled from the provided
measured profile (i.e. VRE production profile is a scaled measured
profile for the year 2019)

• Impact of network topology is not considered when evaluating
surplus VRE production (taken as the net outflow in Eq. (5)) and
the corresponding self-consumption (Eq. (3), where 𝑃𝑜𝑢𝑡,𝑉 𝑅𝐸 (𝑡) =
𝑃𝑜𝑢𝑡,𝑛𝑒𝑡(𝑡))1

• Energy flexibility requirements are estimated for an ideal VESS
(i.e no storage or transmission losses)

Measured VRE production profiles (in this case, PV) are scaled to
pecific annual production levels – from 20 to 100% of annual demand
where 100% 𝑃𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 indicates a net zero case (i.e. equal levels of

production and consumption within a one year period). For each of
these production levels, 𝑉 𝑅𝐸𝑠𝑒𝑙𝑓 -𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (Eq. (4)) is first computed
or the base (no load-shifting) case. Then, load-shifting windows of
arious duration (between 3 and 24 hrs) are applied over the course
f the year, and the maximum benefit of this load shift is computed.
ore specifically, for an 𝑛th day, the netflows are balanced for each

oad-shifting window (𝑤) (balancing out potential inflows and outflows
hat occur within the 𝑖th time window) and the new net outflow 𝑃𝑜𝑢𝑡,𝑛
omputed for each day of the year (as shown in the Eq. (8) below).

𝑜𝑢𝑡,𝑛 =
𝑖=24∕𝑤
∑

𝑖=0
𝑃𝑛𝑒𝑡,𝑛,𝑖(𝑡)𝛥𝑡[𝑃𝑛𝑒𝑡,𝑛,𝑖(𝑡) < 0] (8)

he expression [𝑃𝑛𝑒𝑡,𝑛,𝑖(𝑡) < 0] is an indicator function, which evaluates
o 1 if True and 0 if False, ensuring that only surpluses are considered
similar to Eq. (5)). The corresponding net load within the 𝑖th time
indow (𝑃𝑛𝑒𝑡,𝑛,𝑖) is shown in the Eq. (9) below:

𝑛𝑒𝑡,𝑛,𝑖 =
𝑗=𝑖+𝑤
∑

𝑗=𝑖
𝑃𝑛𝑒𝑡,𝑗 (𝑡)𝛥𝑡. (9)

1 To determine the actual outflow with increased VRE production, detailed
etwork topology with specific spatial distribution of simulated profiles is
eeded.
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Table 2
Flexibility needs comparison (annual).

%𝑃𝑉𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 %𝑃𝑉𝑠𝑒𝑙𝑓∓𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

Net Actual

DSO A 11.9 11.9 7.6

↰Transformer 10.2 7.0 7.0

↰Prosumers 180 21 14

DSO B 8.7 8.7 8.5

DSO C 3.8 3.8 3.8

The resulting net outflows, computed over the course of the year,
are then used to determine the corresponding daily and annual VRE
self-sufficiency for each of the specified VRE production levels.

3. Results and discussion

3.1. Energy flexibility needs comparison with respect to spatial and temporal
mismatch

The following analysis gives an overall indication of flexibility needs
related to the utilization of VRE electricity (in this case PV) over
the course of the year, enabling a quick side-by-side comparison of
different DSOs. In Table 2, we compare the three DSOs based on their
annual PV production levels (𝑉 𝑅𝐸𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 from Eq. (2)), as well as the
orresponding self-sufficiency values (𝑉 𝑅𝐸𝑠𝑒𝑙𝑓 -𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 from Eq. (4))
hat take into account their surplus production (both net and actual,
s defined in Fig. 2). For DSO A, data for one of the transformer
tations (connected to the superordinate grid), as well as a group of
ive prosumers downstream of the transformer, are also included; they
llustrate how localized temporal mismatch between production and
onsumption contributes to the spatial mismatch observed for the full
alancing area.

When we compare the three DSOs using these indicators, with
espect to the type and degree of mismatch (between production and
onsumption), we observe large differences among them. The first
wo DSOs have comparable PV production levels as portion of their
otal consumption, 8.7 and 11.9%, respectively. Nevertheless, after PV
roduction surpluses are taken into account, the resulting PV self-
ufficiency drops only slightly for DSO B (to 8.5%), but quite sub-
tantially for DSO A (to 7.6%). While their net production surpluses
eveal negligible temporal discrepancies for their respective network
reas (negligible for DSO A, non-existent for DSO B), their actual
roduction surpluses reveal considerable differences in terms of spatial
ismatch: 36% and 1.7% of their PV production for DSOs A and B,

espectively. In other words, while DSO B currently has a good match
etween PV production and consumption in terms of location – due to
ither (1) PV systems being located in areas with high consumption
nd/or (2) network area being well-connected and able to displace
ocalized surpluses within the network boundary – DSO A appears
ess able to effectively utilize its localized PV production surpluses.

hen considering their respective characteristics in terms of PV system
ocation (NE 7 vs. NE 5, 7) and distribution system operation (NE
–7 vs. NE 4–7) it becomes clear why DSO A currently has both a
reater need and a challenge displacing their localized PV production
urpluses to other areas within their network boundary—localized PV
roduction surpluses are both more likely, and these surpluses also
irectly outflow to the superordinate DSO (outside of their network
oundary). Upon closer examination of one of the transformer stations
n DSO A, we observe that PV self-sufficiency is consistent with that
f the full network area (7.0% vs. 7.6%). In addition, downstream of
his transformer station, further spatial mismatch is evidenced by the
igh production to consumption ratio of the group of 5 prosumers rel-
tive to their self-sufficiency. This discrepancy could indicate potential
ransmission issues (e.g. over-voltage) due to network constraints. In
6

omparison to DSO A and B, DSO C has a relatively low PV penetration
evel (at 3.8%), with no recorded losses due to temporal and/or spatial
ismatch between their production and consumption (%𝑃𝑉𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 =
𝑃𝑉𝑠𝑒𝑙𝑓 -𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦). In addition, the wider range of available network

evels (NE 2–7), would provide more control over diverting production
urpluses to balance supply and demand within this particular network
rea.

.2. Critical times and potential flexibility options visualized across
ay/week/year

Here we assess when flexibility needs are most critical by combining
isualization techniques with daily flexibility indicators. This approach
eveals how changing production/consumption patterns
daily/weekly/seasonal) directly impact flexibility needs throughout
he year. In addition to identifying critical times, the patterns can also
eveal potential flexibility options that may be available to address
hem.

In Fig. 3, DSO B time series profiles of consumption, PV produc-
ion, and net flow of electricity (across the system boundary) are
epresented as heatmaps for the full year, while their impact on daily
V utilization and net load variability is shown in the sideplots. In
he top row, plotting consumption magnitudes at each timestep (𝑃 (𝑡))
eveals the presence of regularly scheduled loads during the day, a
istinct weekday–weekend demand pattern (i.e. drop in consumption
uring weekends and weekday holidays), as well as noticeably higher
onsumption during the colder months (Jan–March, Nov–Dec). With re-
pect to PV production, intra- and inter-day variability (due to weather
hanges), as well as its seasonally-dependent availability (due to the
uration of day-lighting hours) and intensity (due to solar elevation)
s observed. The combined effect of these patterns on PV utilization is
ummarized in the corresponding sideplot, which compares the daily
V production (from Eq. (2)) to the PV self-sufficiency (from Eq. (4)).
hile the annual %𝑃𝑉𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 is estimated at 8.7% (see Table 2),

he values can range from a few percent in winter to close to 30%
n summer. As a result, PV production exceeds PV self-sufficiency
𝑃𝑉𝑝𝑟𝑜𝑑∕𝑐𝑜𝑛𝑠 > 𝑃𝑉𝑠𝑒𝑙𝑓 -𝑠𝑢𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦) when decreased weekend consumption
oincides with increased PV production leading to surpluses, especially
n spring/summer.

In the bottom row, plotting the changes in power over the course
f a day (𝛥𝑃 (𝑡) from Eq. (6)) reveals periodic and seasonally varying
atterns, which are correlated with load schedules provided by the
SO, as well as seasonal changes (e.g. sunset/sunrise times). Through-
ut the year, a number of peaks occur periodically during nighttime
ours (approx. between 9pm and 2am local time), associated with
SO-scheduled electric hot water boiler charging times during off-
eak hours (black arrows). Other scheduled loads for this DSO include
witch-off times of direct electric heaters and heat pumps (observed
s a reductions in load) occurring around 8am and 11:30am (blue
rrows), which have a largest effect in the colder months of the year
also observed as a seasonally-dependent increase in load following the
-hr shut-off). The observed load reduction following a peak at noon
gray arrow) has not been identified as a scheduled load; however, it
ay be associated with lunchtime loads of heating (e.g. office kitchen
icrowaves [40]) and/or preparing food (e.g. workplace canteens).
nother seasonally-varying load, which increases at sunset (yellow
rrow) is indicative of indoor/outdoor lighting loads. Daily PV pro-
uction changes follow a general bell-curve shape from sunrise to
unset. However, sudden and frequent fluctuations in PV production
ccur during most of the year, which are also reflected in the observed
ariability in net electricity flow. This effect is summarized in the cor-
esponding sideplot by comparing the daily load variability (as defined
n Eq. (7)) of net electricity flow (orange) and consumption (gray); the
ifference between the two indicates the additional variability arising
rom weather-dependent PV production.
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Fig. 3. Load visualization across day and year for DSO B using heatmaps to show their intra-daily/weekly/seasonal patterns, including their impact on PV utilization and net load
variability throughout the year (sideplots). The 15-min load profiles, and the corresponding changes in load, are shown in the top and bottom rows, respectively. Periodic and
seasonally-varying patterns, which they reveal (indicated by the arrows), are explained in the main text. The impact of seasonal variability on PV production and self-sufficiency,
as well as increased intra-daily load variability, are shown in the top and bottom sideplots, respectively.
In Fig. 4, we compare consumption patterns between the three
different DSOs throughout the year. In the top row, we plot their
changes in demand throughout the day (𝛥𝑃 ) over the course of the
year. We observe presence of scheduled loads; some of them are rela-
tively constant throughout the year (e.g. electric boilers), while others
seasonally-dependent (e.g. heat pumps and direct electric heating).
While the scheduling times and the types of loads are specific to a
particular DSO, the three investigated here also appear to share certain
commonalities: a ramp-up in load in the early morning hours, a peak
followed by a drop around noon, and a second ramp-up in load around
sunset, which appears most prominent during winter. Following this
peak, the loads generally decrease into the late night/early morning
hours.

Below each heatmap, the average daily consumption and production
patterns are shown for four months representative of each season;
weekday and weekend demand are shown separately in blue and
(dashed) gray, respectively, with the corresponding PV production
shown in orange. With respect to demand, we observe seasonal depen-
dence in both the magnitude and the shape of the profiles, especially
during daytime hours. We observe that the overall demand is highest
in winter and lowest in summer for all three DSOs. Additionally, the
presence of the late afternoon (sunset) peak is most prominent in winter
and fall when day-lighting hours are short. The overall higher daytime
winter demand appears dominated by electrified heating, while the
late afternoon peak by the longer duration of indoor lighting demand
during waking hours in winter in addition to the mostly constant
outdoor lighting between sunset and sunrise. For all three DSOs, we
also observe a reduced weekend demand, including a more gradual
ramp-up in the morning hours, and a (first) peak around mid-day. The
relative magnitudes between the weekday and weekend demand can
be attributed to relative portions of the type and relative intensities
of different economic sectors served by the DSOs compared to their
residential demand, which was not investigated here.
7

When compared to the observed demand patterns, seasonality in
PV demand, with regards to its shape and intensity shows that (1)
the mismatch between PV production and demand is highest during
winter weekdays and lowest during summer weekends and (2) peak
PV production lags the mid-day peak demand (more prominent in
spring/summer due to the solar noon occurring later in the day—1 hr
shift forward in local time). With regards to the general daily trends
between production and consumption, daytime demand during summer
and spring weekdays appear to match most closely. During winter and
fall, the more prominent afternoon peak starts ramping up around
sundown, and, consequently, is expected to contribute significantly
to the unmet demand. With regards to variability, while the average
PV production follows a ‘‘bell curve’’ shape (from sunset to sunrise)
throughout the year, we showed that, during this time, production
levels can still drop to negligible levels during most of the year, as well
as have frequent and/or steep fluctuations, most notably during spring
months (as shown in Fig. 3).

The observed demand patterns also give clues about the potential
flexibility options that can be used to shift end-consumer demand and
improve utilization of PV electricity – namely electricity-based DHW
boilers and SH – as they appear as scheduled and seasonal loads,
respectively. Both have a heat storage ability, which can provide a
good flexibility measure. The scheduled DHW loads identified in the
heatmaps, are also observed in the average daily profiles. However,
seasonal changes in electric consumption are attributed to a combina-
tion of heating demand (throughout the day), lighting demand (starting
at sundown), and lifestyle changes (in the evening hours) during both
weekdays and weekend, which would require further processing to
adequately estimate their individual contributions.
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Fig. 4. Consumption patterns over the year represented as heatmaps for each DSO. Average daily consumption profiles for weekdays (blue lines) and weekends (dashed gray
lines), with corresponding average PV production (orange lines), during the months representative of each season.
3.3. Potential benefits and limits of intra-daily load-shifting on PV utiliza-
tion

In Figs. 5 and 6, we explore the impacts of increased PV production
on energy flexibility requirements at different timescales within and
between DSOs, respectively. In Fig. 5 we compare three entities (from
left to right): (1) a group of five prosumers, (2) the feed-in from an
upstream transformer station, and (3) the full balancing area of DSO A.
For each PV production level (x-axis), annual PV self-sufficiency (y-
axis) is computed for the base case (gray sections), as well as when
energy flexibility requirements are met at different timescales (colored
bar sections). For the given consumption/production profiles, the latter
provides the best case scenarios for each timescale assuming an ideal
VESS. Horizontal lines mark the maximum attainable annual PV self-
sufficiency at each level (i.e. 100% PV self-consumption). In addition to
the annual, daily PV self-sufficiency is shown for the 40% case, where
8

hatched areas indicate excess PV production (after energy flexibility
requirements are met). In all cases, largest benefit for increased PV
self-sufficiency are realized at the 6–12-hr timescale, as mid-day pro-
duction surpluses are shifted to meet night-time demand. The following
flexibility window (12–24 hrs), provides a comparatively smaller addi-
tional benefit over the full year, most likely due to high variability at
these timescales occurring during times of the year with lower overall
production and shorter days (e.g. fall, spring). Due to differences in
weekday/weekend demand patterns (as shown in Fig. 4), we would
expect there to be a need for a 3-day flexibility. Nevertheless, reaching
maximum annual self-sufficiency would require seasonal storage, with
summer surpluses shifted to meet winter demand.

The match between PV production and demand appears highest for
the entire service area of DSO A. Considering the 40% PV production
case, DSO A is able to achieve approx. 30% annual PV self-sufficiency
for the base case, approaching the maximum 40% when energy flexibil-
ity requirements are met. On the other hand, the group of prosumers,
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Fig. 5. Estimated impact of daily and seasonal production and consumption patterns on
V utilization and energy flexibility requirements for (1) a group of five prosumers, (2)
he feed-in from an upstream transformer station, and (3) the full balancing area of DSO
. Annual PV self-sufficiency (y-axis) at each PV production level (x-axis) for the base
ase (gray) and when energy flexibility requirements are met at different timescales
colors). Horizontal lines mark the maximum attainable PV self-sufficiency (i.e. 100%
V self-consumption); the difference is the unused PV production (shown as hatched
reas in the graphs below). At the 40% annual production, daily PV self-sufficiency
hroughout the year is plotted for each indicated group.

ogether with the surrounding residential area supplied by the trans-
ormer station, are only able to directly meet about 10% of their
emand without energy flexibility. Even if all intra-daily energy flex-
bility requirements can be met, they still fall significantly below the
aximum PV self-sufficiency at the 40% annual PV production. Their

ower PV utilization compared to the full DSO appears related to their
ifferences in typical daily demand profiles—higher daytime demand
f the full DSO area provides a better match to PV production profiles.
or instance, PV utilization during winter is approaching its maximum
ithout load shifting, and smaller volumes need to be shifted within

he day in the period from spring to fall. On the other hand, for both
he prosumers and the TS, intra-daily load-shifting appears needed even
n winter, and higher shares of load require shifting during the rest of
he year. Their production surpluses are also significant during summer
onths compared to the full DSO area for the same annual PV adoption

evel. From the prosumer survey responses and their profiles, 3 out
f 5 use heat pumps as their main source for space heating. Their
ignificantly higher winter loads dominate their annual demand when
ompared to the full DSO area. As a result, seasonal storage needs that
ptimize PV self-consumption are higher for this group compared to
he full DSO area.

The presented comparison of PV utilization for both the local (pro-
umer/TS) and aggregated (DSO A) PV production and demand further
llustrates the heterogeneity in flexibility needs within the DSOs, which
rimarily arise due to their differences in demand patterns. With re-
uced spatial (i.e network) inter-connectivity, as is the case in DSO A,
9

Fig. 6. Annual PV self-sufficiency (y-axis) at each PV production level (x-axis) without
load shifting (gray) and when energy flexibility requirements are met at different
timescales (colors). Horizontal lines mark the maximum PV self-sufficiency (100%
PV self-consumption); the difference is the unused PV production (shown as hatched
areas for the graphs below). At the 40% annual production, daily PV self-sufficiency
throughout the year is plotted for each DSO, with DSO C shown for cases without and
with current hydroelectricity (C and C*, respectively).

spatial imbalances within the DSO can lead to an overall reduction in
PV utilization for the DSO area (see Table 2).

Similarly, in Fig. 6, we compare PV utilization of the three DSOs. For
DSO C, two cases are shown – without and with current hydroelectric
generation – indicated as C and C*, respectively. Despite existing
differences in their demand patterns (see Fig. 4), their estimated annual
PV self-sufficiency values all lie within a narrow range; negligible
differences are observed for the 20% PV production case, reaching 3%
for the net-zero (i.e. 100% PV production) case. With the assumption
that loads can be spatially shifted within the DSO network area, an
annual PV self-sufficiency approaching 20% appears achievable for the
base case (with negligible surplus production). At 40%, ideal intra-
daily load-shifting leads to maximum benefits with negligible outflows
(nearly 100% PV self-consumption), where the 6–12 hr load-shifting
window provides the largest share. The accompanying daily PV self-
sufficiency graphs (excluding DSO C*), show that surplus production
occurs in the limited case during summer weekends (Jun–Aug). The
annual PV self-sufficiency shows a saturation trend in the range 70%–
100% for all the three cases. In this range, a VESS operating on the
intra-daily timescale is unable to utilize the surpluses in summer, while
still experiencing high deficits in winter, requiring the need for seasonal
storage.

For the case when non-PV generation is included for DSO C (de-
picted in the figure as DSO C*), which is primarily supplied with hydro
power, the utilization of PV electricity within the DSO is expected to
be either (1) limited to the times when hydroelectric generation is
unable to meet the demand for the DSO (as shown in the figure), or

(2) hydroelectric generation would need to reduce its supply of energy
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volume within the DSO to complement increased PV production. Due to
the seasonality of hydro production, similar to that of PV production –
highest in summer and lowest in winter – PV production would provide
least benefit between May and August when both hydroelectric and PV
production are at their highest levels.

3.4. Limitations and further work

The presented approach for evaluating energy flexibility is currently
limited to intra-daily flexibility (up to 24 hrs) due to its relevance for
demand-side management and battery storage. The flexibility require-
ments of a VESS between 24 hrs and seasonal is briefly discussed, and
will be a focus of future work. Additionally, due to the simplicity of
the model, which uses aggregated time series profiles, the presence of
spatial mismatch within the DSO boundary can only be evaluated for
the present state (using the above-mentioned VRE utilization indica-
tors). For the future projections, flexibility needs are based solely on
the temporal mismatch within the DSO boundary. However, based on
the current state, one can decide whether a more detailed model may
be needed to evaluate potential solutions that address spatial mismatch
in the region (e.g. grid expansion).

The impact of temporal resolution on the results has not been
investigated in this study. Nevertheless, as pointed out by other stud-
ies [41–43] there can be significant differences in the results when
using hourly and sub-hourly resolution, especially in estimating the
overall surpluses and deficits that arise due to the temporal mismatch
between production and consumption. Specifically, temporal resolu-
tion limits the ability to capture the temporal mismatch that may be
occurring below the temporal resolution of the analyzed data, which
becomes a concern at high spatial resolution where generation and
demand profiles are more stochastic [43].

In addition, while our analysis is specific to the three DSOs pre-
sented here (serving small to medium towns in Switzerland), the gen-
eral trends we observed, driven by diurnal and seasonal cycles of solar
production, are expected to hold true for other regions with similar
daily and seasonal demand patterns (e.g. heating as the main seasonal
driver of electricity use). Nevertheless, the presented methodology can
be readily applied to areas with significantly different VRE generation
(e.g. wind), latitude position, weather conditions (e.g. cloud coverage),
as well as load patterns (e.g. cooling as a dominant seasonal load)
in order to gain regionally-specific insights. At the same time, while
measured data may not be available in many cases, the presented
approach for estimating energy flexibility needs could be applied to
fully modeled data, and/or a combination of measured, modeled and
projected loads and generation patterns. Further analysis would also be
helpful to understand how changes in load shape due to a number of
factors – such as electrification of mobility and space heating, as well
as the impacts of climate change on heating and cooling loads – impact
the results.

Lastly, while we have identified two main sources of flexibility
based on the consumption patterns of the DSOs – space heating and
domestic hot water – future studies could quantify the energy flexibility
that these sources would be able to provide in each of the regions
considered, in addition to including the emerging sources of flexibility
(e.g. electricity-based mobility).

4. Conclusion

Using existing load profiles from distribution system operators
(DSOs), the study set out to develop a generalized, scalable method
to estimate regional utilization of variable renewable energy (VRE),
as well as corresponding energy flexibility requirements at differ-
ent timescales, for both current and scaled-up VRE penetration lev-
els. Based on a case study of three small- to medium-sized DSOs in
10

Switzerland, we provide the following key takeaways:
• With regards to energy flexibility needs (in the context of VRE
utilization), we have shown that utilities with similar photo-
voltaic (PV) production levels can significantly vary in their
ability to consume the produced electricity within their network
areas, despite having comparable demand patterns. The observed
discrepancies in PV self-consumption appear mainly influenced
by their respective network topologies; comparison of their net
and actual PV self-sufficiency indicators revealed differences in
their ability to displace localized PV production surpluses to other
areas within their network boundary. If only temporal mismatch
is considered, their comparable demand patterns lead to minor
differences in the future energy flexibility requirements (within
3%), where the PV penetration level is the most influential factor
(in the absence of other generation sources).

• When PV production and demand are aggregated – from the
individual prosumer to a group – higher portion of PV-generated
electricity is self-consumed due to variations in both supply and
demand profiles, thereby reducing the energy flexibility require-
ments.

• For the DSO having hydroelectric power as the main source of
production, we have shown that the seasonality of hydro produc-
tion (highest in summer, lowest in winter) may either limit PV
utilization in summer or reduce the reliance on hydroelectricity
to meet summer demand.

• Critical times arise at different timescales – across day/week/
year – due to the changing production and consumption patterns.
DSOs experience highest deficits during winter weekdays, and
highest surpluses during summer weekends. Additionally, PV pro-
duction levels can drop to negligible levels during most of the
year, as well as experience frequent and/or steep fluctuations,
especially during spring months.

• Assuming that a virtual energy storage system (VESS) can meet
the estimated intra-daily energy flexibility requirements, we
showed that (1) ∼40% of energy demand could be met with
PV production while minimizing production surpluses (i.e nearly
100% PV self-consumption) and (2) the largest gains in PV utiliza-
tion could be achieved at the 6–12 hr timescale, which address
the diurnal PV production cycle (especially from spring to fall).
For PV production levels beyond 70% of annual consumption,
we observe a saturation trend. In this range, additional gains
in PV self-sufficiency are limited by the seasonal PV production
cycle, where small gains in winter coincide with high surpluses
in summer.

The results of the case study demonstrate the importance of ac-
counting for regional differences in the assessment of VRE utilization
and energy flexibility requirements. The presented approach, based on
aggregated profiles at the local (DSO) level in combination with the
proposed indicators, could be readily applied to different areas for
initial evaluation. Their results could serve as a basis for determining
regionally-specific challenges to VRE integration, as well as a suitable
mix of technological and market-based strategies needed to address
them.
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