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Abstract: Although they are primarily installed for specific applications, decentralised energy systems,
storage systems, and controllable loads can provide flexibility. However, this varies over time. This
study investigates the fundamentals of flexibility provision, including quantification, aggregation,
simulation, and impact on energy systems and the power grid. We extended our methods by
integrating adjustments to calculate the flexibility potential of heat pumps (HPs) and heat storage
(HS) systems, as well as by incorporating variability and uncertainty. The simulations revealed the
relevance of energy systems operation to flexibility, e.g., 2 K deviation in HS temperature increased
theoretical coverage by 16 percentage points. The results also proved that aggregating multiple
systems could obviously enhance their flexibility potential, e.g., six investigated battery storage (BS)
systems could have covered up to 20 percentage points more external flexibility requests than any
individual unit. The provision of flexibility by decentralised energy systems can lead to energy
surpluses or deficits. Such imbalances could have been fully balanced in a system- and grid-oriented
manner in 44% of BS simulations and in 32% of HP-HS ones. Overall, the findings highlight the
importance of the system- and grid-oriented operation of decentralised energy systems, alongside
local optimisation, for a future energy infrastructure.

Keywords: flexibility of heat pumps; integration of uncertainty into flexibility quantification;
flexibility provision simulation

1. Introduction

The transition towards a decarbonised energy supply means a higher penetration of
renewable energy systems that entail volatile electricity generation, such as wind turbines
and photovoltaic (PV) systems, as well as an increasing ratio of electrification in the heating,
cooling, and transportation sectors [1,2]. Nevertheless, the power grid must ensure a
reliable and stable energy supply at each point in time despite the fluctuating nature of
power generation by volatile renewable energy systems. Therefore, the grid must enhance
flexibility by extending the existing portfolio with decentralised flexibility sources, such
as integrated energy systems, storage systems, the solutions of demand side management
and response, as well as power-to-X-to-power technologies [3,4].

Efforts in pursuit of this objective can already be observed nowadays. Mlecnik et al. [5],
for instance, investigated market development in seven European countries and found that
the business solutions for providing flexibility from buildings had mostly been developed
by the retail industry, energy facilities companies, and aggregators. Since the beginning
of 2024, distribution grid operators in Germany have been allowed to temporarily reduce
the energy consumption of decentralised energy systems with installed capacities over
4.2 kW in the case of potential grid overloads, as prescribed in §14a of the German En-
ergy Industry Act [6]. Wanapinit et al. [7] estimated that the system-oriented operation
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(e.g., based on dynamic electricity prices) of battery storage (BS) systems installed in resi-
dential buildings could reduce electricity generation costs by 6% in comparison to operation
for self-consumption optimisation. Adding the regional peak reduction as a secondary
objective could also improve the loading of infrastructure in both the distribution and
transmission grids.

As assumed in [8,9], the future power system may consist of multiple energy cells
that can decide autonomously and within specified conditions about the operation of their
local energy generators, storage systems, and loads. These energy cells could encompass,
for example, residential, commercial and industrial buildings, quarters, city districts, and
others, or even components or joined clusters of these. Different energy systems can be
installed in energy cells, such as PV-BS systems, heat pumps (HPs), heat storage (HS)
systems, combined heat and power (CHP) generators, charging stations for electric vehicles,
systems for heating, ventilation and air conditioning, and other units. These systems have
concrete primary applications, e.g., energy supply, optimisation of self-consumption, space
heating, cooling, water heating, and further needs of energy cell occupants. However, they
are technically able to provide flexibility inside and outside their energy cells by changing
their initial or scheduled operation. Therefore, these technologies are referred to as flexibility
providers in this paper.

In our previous study [10], we defined flexibility as the ability of energy cells and their
components (e.g., power generators, storage systems, cross-sectoral integrated energy sys-
tems, and controllable loads) to deviate from optimally scheduled operations for balancing
the fluctuations in energy generation and consumption without undermining the primary
application of the components. As the overall capabilities of these energy systems are most
of the time not fully exploited for their primary applications, we investigate the flexibility
that remains after the operation of the energy systems has already been optimised to ensure
their primary applications. For example, the operation of HP-HS systems must primarily be
scheduled to provide the necessary amount of thermal energy for space and water heating.
Then, the remaining capacity of this system to balance further deviations can be offered as
flexibility inside or outside of the energy cells. The similar understanding of flexibility as
the additional service was described and calculated using the example of BS systems by
Tiemann et al. [11]. As the deviations can be presented by both power ramp ups and ramp
downs, the flexibility can be distinguished as positive and negative. The need for positive
flexibility requires an increase in energy generation or decrease in energy consumption,
and the need for negative flexibility can be covered by the opposing actions [10].

The studies [3,12–16] have presented extensive literature reviews regarding energy
flexibility, existing methods of flexibility quantification, as well as evaluation metrics. In our
previous work [10], we also conducted a literature review concerning existing definitions
of flexibility, methods for quantifying and assessing flexibility for general cases, various
building types, and different energy technologies. Although the provision of flexibility
belongs to the highly researched topics in recent decades, only a few studies have investi-
gated the entire process of flexibility provision, including quantification, aggregation, the
simulation of flexibility requests, the consideration of uncertainty, and other procedures.
Danner et al. [17] proposed modelling the flexibility power of decentralised energy systems
based on PV and load predictions and then aggregating the flexibility power boundaries of
all investigated components in the pool. Afterwards, a flexibility request was disaggregated
via the iterative assignment of flexibility portions to the most suitable components of the
pool. Agbonaye et al. [18] developed and combined two methodologies: one for calculating
the flexibility potential of decentralised energy systems and another for estimating flexi-
bility needs from the congestion of transformers, ancillary services, and the dispatch of
wind power systems. Furthermore, the authors assessed whether the calculated available
flexibility potential coincided spatially and temporally with the estimated flexibility needs
of the power grid. Früh et al. [19] investigated an entire process for the coordinated, vertical
provision of flexibility from decentralised energy systems connected to distribution grids
under consideration of grid constraints. First, they quantified and aggregated the flexibility
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potential of the energy systems from the bottom up. Second, they applied a top-down
concept to disaggregate the flexibility requests that could be provided by a single energy
system. To the best of the authors’ knowledge, no methodology has been developed for
investigating the influence of flexibility provision on the further operation of decentralised
energy systems and power grids if the flexibility is provided as the additional service, i.e.,
flexibility provision is a secondary (and not mandatory) application of the energy systems.

This study makes the following contributions to the energy flexibility research field: Its
first contribution involves integrating specific calculation steps into the existing flexibility
quantification method (developed in our previous work [10]) to quantify the flexibility
of HP-HS technologies. Its second contribution is the development of an approach for
integrating variability and uncertainty into the flexibility quantification method. And the
third contribution involves analysing the impact of flexibility provision on the operation
of energy cells and the power grid evaluated through the concept of flexibility return. To
summarise, this study contributes to the research field by providing a comprehensive inves-
tigation, quantification, and evaluation of the entire process of flexibility provision based
on the example of energy system simulations. To demonstrate the functionality of the devel-
oped methods, we calculated the theoretical flexibility potential of multiple decentralised
energy systems belonging to diverse technologies and having different applications.

The current study is structured as follows: Section 2 contains the methodology, namely
the fundamentals of the flexibility provision process. In Section 3, we present and discuss
the results of the case studies to demonstrate the functioning of the proposed methodologies.
Section 4 concludes the study and also presents an outlook for future research.

2. Methodology

In this Section, we present the theoretical basics for the entire process of providing
flexibility by means of decentralised energy systems installed in energy cells for specific pri-
mary applications. This implies that flexibility provision is the secondary (non-mandatory)
application of these energy cells components. The complete process of flexibility provision
consists of the following procedures: (1) quantifying and aggregating the flexibility poten-
tial of different flexibility providers with consideration of local uncertainties, (2) providing
the requested amount of flexibility and re-scheduling the operation of energy systems, and
(3) calculating the impact of the flexibility provision for future operation of the local energy
system and the power grid.

2.1. Quantifying the Flexibility Potential

In our previous work [10], we developed a method for quantifying the flexibility
potential of decentralised energy systems that consists of three main calculation steps.
These steps were explained in [10] for a general case as well as for a BS. As the heating
sector has great potential for providing flexibility to the power grid, numerous studies have
proposed frameworks for quantifying and evaluating the flexibility of electricity-based
heating systems, e.g., [20–22]. In this study, we extend the existing method of our previous
work [10] to quantify the flexibility potential of HP-HS systems. The technology-specific, as
well as operational schedule specific steps, for quantifying the flexibility potential of these
technologies are explained in the following.

Step 1: Schedule. The operation of HP-HS systems is scheduled to produce the neces-
sary amount of thermal energy, e.g., in a cost-optimal way, in order to ensure comfortable
room temperature as well as sufficient hot water volume for building occupants. The input
data contain time series with heat demand, scheduled HP electrical power consumption
Psched(t), and energy amount stored in the HS according to the schedule Esched(t). In
addition to that, the technical information of the energy systems is also taken into account,
such as the nominal power and coefficient of performance (COP) of the HP, as well as the
nominal volume of the HS.

Step 2: Calculation of boundaries. In this step, we propose defining and calculating
the boundary values. By boundary values we are referring to the ability of the HP-HS
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system to deviate from typical or scheduled operation in terms of power and energy for the
purpose of flexibility provision without undermining its primary application, namely space
and water heating. The boundary for power depends on the nominal electrical power of
the HP compressor PHP,nom. Therefore, the lower Pmin and upper Pmax power boundaries
are defined as follows:

Pmin = 0 Pmax = PHP,nom (1)

The boundary for energy consists of the minimal Emin(t) and maximal Emax(t) amount
of energy that must be stored in the HS at time t, so that the heating system can be operated
as scheduled until the end of the planning time. Here, planning time refers to a time interval
for which the operation of the HP-HS system is scheduled to cover the heat demand. As
the flexibility potential is quantified based on whether the heating system can both provide
flexibility and cover the heat demand from the given point in time until the end of the
planning period, the duration of this period must be defined beforehand.

Emin(t) = Esched(t)− min
τ∈[t,T]

Esched(τ) (2)

Emax(t) = Esched(t) +
(
Qnom − max

τ∈[t,T]
Esched(τ)

)
(3)

where Esched(t) is the scheduled energy amount stored in the HS at time t and Qnom is the
usable capacity of the HS.

Similar to our flexibility quantification method, the studies summarised by Wag-
ner et al. [23] also proposed integrating the operational boundaries, amongst other values,
in order to mathematically represent the behaviour of energy systems for investigating
their optimised operation and flexibility provision.

Step 3: Calculation of the flexibility power and duration. The maximal duration of
the flexibility provision dur(Pflex) from the HP-HS is equal to the time period in which
the new operating power of the HP (the operating power Psched changed according to
the flexibility power Pflex) lies within the estimated power boundaries. Additionally,
the scheduled capacity Esched(τ) of the HS, together with additional capacity Eflex(τ) =∫ τ

0 Pflex(t)dt for the flexibility provision, must be inside the energy boundaries during
this time period. Therefore, the maximal duration of the flexibility provision dur(Pflex) is
given by

max t ∈ [0, T]

s.t. ∀τ ∈ [0, t] : Pmin ≤ Psched(τ)− Pflex ≤ Pmax

∀τ ∈ [0, t] : Emin(τ) ≤ Esched(τ)− Eflex(τ) ≤ Emax(τ)

(4)

The output of the flexibility quantification method consists of two universal dimen-
sions: the flexibility power Pflex in kW and the maximal duration dur(Pflex) in hours for
which this flexibility power can be provided alongside the scheduled operation. The uni-
versality of the output enables the application of different metrics to evaluate the flexibility
of various energy systems, regardless of their technologies or primary purposes, as well as
to compare and aggregate their flexibility values.

2.2. Aggregating the Flexibility Values of Different Technologies

The orchestration of multiple decentralised energy systems for the purpose of com-
bined flexibility provision increases the extent of flexibility potential, i.e., the combination
can offer more flexibility in comparison to any single unit within it. The aggregated flexibil-
ity potential contains higher flexibility power values for longer periods of time. Moreover,
aggregation can smoothen the flexibility potential of multiple energy systems.

In [10], we proposed a method for aggregating the flexibility values of the different
energy systems. The main goal of this method was to estimate an optimal combination of
energy systems to provide the requested flexibility power for the longest time considering
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the technological and schedule-specific characteristics of the energy systems in the combina-
tion. The input data include the flexibility power Pflex and duration dur(Pflex) values of any
number of flexibility providers, which are combined for the aggregated flexibility provision.
These values are quantified independently for each flexibility provider in the combination
using the flexibility quantification method described in the previous subsection.

The output of the flexibility aggregation method consists of aggregated flexibility
power and duration, as well as flexibility power values that the components in the combina-
tion contributed to the aggregated flexibility. The optimal combination of flexibility values
was determined on the condition that the aggregated flexibility power can be provided as
long as possible. A detailed explanation of the method for aggregating flexibility values,
together with the necessary equations, is provided in our previous study [10].

2.3. Consideration of Local Flexibility Needs

In the current study, we assume that the energy cells reserve their residual load
beforehand and strive to follow it. However, the deviations from this residual load occur
because of variability in local energy consumption, the volatility of energy generated by
the local weather-dependent renewable energy systems, energy forecast uncertainty, the
failure of energy systems, etc. We assume that local flexibility providers, such as BS, HP-HS,
controllable loads, and others, should strive to balance these local deviations. Therefore,
the deviation in the internal power and energy consumption of the energy cell can be
understood as local flexibility needs.

In general, the local flexibility needs can be presented with power and energy val-
ues, as we described in [24]. We propose considering the local flexibility needs by addi-
tion/subtraction of their power and energy values from the power and energy boundaries
of the flexibility providers estimated in Step 2 of the flexibility quantification method (see
Section 2.1). Therefore, the definite amount of power and energy is reserved for the case that
the energy cells must mitigate their internal unexpected fluctuations, i.e., local flexibility
needs.

P̃min(t) = Pmin(t) + |Pflex.needs| P̃max(t) = Pmax(t)− |Pflex.needs| (5)

Ẽmin(t) = Emin(t) + |Eflex.needs| Ẽmax(t) = Emax(t)− |Eflex.needs| (6)

where P̃min, P̃max present the lower and upper power boundaries, respectively, and Ẽmin,
Ẽmax the lower and upper energy boundaries with consideration of local flexibility needs.
Pflex.needs and Eflex.needs are reserved for balancing the unexpected local fluctuations in
power and energy within the energy cells.

As the consideration of the local flexibility needs reduces the distance between lower
and upper boundaries, the flexibility potential is quantified within the narrower range of
power and energy. Therefore, the integration of the local flexibility needs into the flexibility
quantification will cause a decrease in the theoretical flexibility potential that can be offered
outside the energy cells.

2.4. Flexibility Provision and Flexibility Return

The flexibility provision of decentralised energy systems may cause energy surpluses
or deficits at later points in time. Therefore, the energy systems inside energy cells may
not be capable of following their initially scheduled operations and satisfying the needs of
the building occupants. In other words, the flexibility provision may bring about negative
impacts on energy cells and the power grid, e.g., a lack of thermal energy for space heating
in buildings or additional power consumption during times of power grid overload. In
order to prevent or minimise these negative impacts on both the local energy system
and the power grid, the energy provided as flexibility should theoretically be returned.
For instance, after providing negative flexibility by increased power consumption, this
additionally consumed energy should be fed back into the power grid and vice versa.
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To assess possible strategies for energy return, we propose the following method. The
flexibility provision changes the amount of energy stored in the flexibility providers in
comparison to the scheduled operation, e.g., a lower water temperature in HS in the case of
positive flexibility provision or a higher water temperature in HS in the case of negative
flexibility provision. Therefore, the new values of energy stored in the flexibility provider
Enew(t) at time point t can be estimated as follows:

Enew(t) = Esched(t)− Eflex(t) . (7)

The developed method for flexibility quantification ensures that the operation of the
energy systems, together with the flexibility provision, does not undermine the technical
and schedule-specific boundaries within the planning time period. For instance, the power
and state of charge of the BS must stay within the lower and upper boundaries during the
entire planning time period. However, after this time period, the energy amount Enew(t)
might undermine the technical boundaries (e.g., nominal capacity of the BS systems) if the
operation is not adjusted properly until a certain point in time. Therefore, we define the
following:

R−(t) = cummin{Enew(t)− Emin, 0} (8)

and

R+(t) = cummax{Enew(t)− Emax, 0} , (9)

where R−(t) denotes the cumulative amount of energy missing at time t in the case of a
positive flexibility provision and R+(t) the cumulative amount of energy exceeding in the
case of negative flexibility provision. We term this function the flexibility return curve, as
it describes the amount of energy that was previously provided as flexibility and should
theoretically be returned to or removed from the flexibility provider. Compensating for the
energy surpluses or deficits caused by flexibility provision ensures that flexibility providers
operate within their technical boundaries, energy cells retain their initially scheduled
operations, and additional overloading of the power grid is avoided.

As long as R−(t) and R+(t) are equal to zero, the energy deficit or surplus created
by the flexibility provision do not negatively impact the operation of flexibility providers.
Therefore, the flexibility return is still not mandatory, but possible. If the values of R−(t)
and R+(t) drop below or rise above zero, the prior flexibility provision starts to bring about
an energy deficit or surplus, respectively.

Figure 1 displays the schematic understanding of the flexibility return curve for the
example of R−(t). The top plot presents the amount of energy stored in a flexibility provider
during the initially scheduled operation (grey curve) and after the positive flexibility
provision (red dashed curve). The middle plot depicts the extent to which the amount
of energy in the storage falls below the lower energy boundary caused by the flexibility
provision. Moreover, the bottom plot shows the cumulative energy deficit, i.e., the flexibility
return curve. According to this figure, all of the energy provided as flexibility should
theoretically be returned to the flexibility provider by 18:45.

To clarify, flexibility return does not refer to the obligatory physical reversal or with-
drawal of the energy previously supplied as flexibility. This is an attempt to investigate
and quantify the impact of flexibility provision on the further operation of decentralised
energy systems, as well as to illuminate the necessary information for minimising negative
impacts on the energy cells and the power grid.
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Figure 1. Schematic presentation of the flexibility return curve for the example of R−(t).

3. Results and Discussion

The functional principle of all procedures within the flexibility provision, together
with additional necessary calculations, are demonstrated in the example of HP-HS and
PV-BS systems in residential buildings, as well as combinations of these technologies.

3.1. Data

This section describes the input data applied to quantify and aggregate the flexibility
potential, as well as to simulate the flexibility provision and flexibility return.

3.1.1. Battery Storage Systems

The open access dataset EMSIG [25] contains the power measurements of eleven
households in the DACH region (Germany, Austria, and Switzerland) recorded by home
energy management systems from 1 October 2017 to 31 December 2020 with a time resolu-
tion of 15 min. The following measured values are included in the dataset: active power
output of the PV system, load active power, fed in and drawn active power at the grid
meter, charged and discharged active power of the BS, and the state of charge (SOC) of
the BS.

All households have an identical BS system, Fenecon Pro 9–12, which features a nominal
power of 9 kW and usable capacity of 12 kWh to maximise the self-consumption rate of
local PV systems. As [25] does not provide the installed capacity of PV systems in the
households, we derived these values from the highest measured PV power in the dataset.
This value is well-suited for application in the modelling of PV system operation, as well
as for making PV predictions, as presented in [26].

For our investigation, we selected six households from the EMSIG dataset in the
period from 1 January 2019 to 31 December 2019. One of the main reasons for choosing
these households was their negligibly small number of missing values in 2019. The key
information about these households is summarised in Table 1. A more detailed description
of the dataset can be found in [25].
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Table 1. Main information regarding the investigated households with the PV-BS systems in 2019 [25].

EM
S-

1

EM
S-

2

EM
S-

3

EM
S-

4

EM
S-

5

EM
S-

9

HOUSEHOLD
Annual energy consumption, MWh 2.63 8.66 5.85 2.95 8.29 13.35
Monthly energy consumption
- averaged by month, kWh 219.0 721.4 487.6 245.5 691.1 1112.9
- standard deviation, kWh 38.7 154.0 98.7 30.7 273.9 133.3

PHOTOVOLTAIC SYSTEM
Max. measured power, kW 7.27 13.70 11.69 9.77 11.56 10.64
Annual energy production, MWh 6.92 16.33 13.47 12.11 13.02 12.26

3.1.2. Heat Pumps and Thermal Storage Systems

The historical electrical power consumption of the HPs installed in 38 single-family
houses (SFHs) in Northern Germany is collected in a publicly available dataset WPuQ [27].
For our investigations, we selected the measured data of six households with an available
time resolution of 15 min. The main reasons for this were that the selected households do
not have PV systems and their heat demands were mainly covered by the HP-HS systems,
i.e., the HPs provided the required amount of thermal energy either without heating rods
or the operation of the heating rods was negligibly low. Another relevant reason was that
the measured time series of the selected households only had small amounts of missing
values in 2019. Table 2 presents an overview of the annual energy consumption of the
households, along with the annual and monthly energy consumption of their heat pumps.
Further information about the dataset, as well as descriptions of data acquisition and its
validation can be found in [27].

Table 2. Main information regarding the investigated households with the HP-HS systems in
2019 [27].

SF
H

-3

SF
H

-8

SF
H

-9

SF
H

-1
2

SF
H

-1
8

SF
H

-1
9

HOUSEHOLD
Annual energy consumption, MWh 2.04 3.21 4.68 2.89 2.95 3.43

HEAT PUMP
Energy consumption
- Annual, MWh 2.46 5.46 7.07 2.77 1.97 2.13
- Monthly mean, kWh 204.7 455.1 588.8 231.1 164.5 177.4

3.1.3. Balancing Energy

We use the publicly available statistical data [28,29] and historical values of balancing
energy for the year 2019 [30] to estimate the time and power that a single household can
theoretically provide as flexibility to the power grid. The balancing energy is distinguished
into (+) and (−). The “Balancing energy volume (+)” displays the necessary amount of
energy (in MWh) to physically balance the energy deficit in the German transmission
system within every 15 min. For instance, in the case of overestimation of the energy feed-
in at a given time, the power grid requires more energy feed-in or less energy consumption.
The opposite case is the energy surplus in the German transmission system presented by
“Balancing energy volume (−)”. For example, in the case of underestimation at the given
time interval, the power grid needs less energy feed-in or higher energy consumption [31].

The Federal Statistical Office of Germany counted 40.9 million households in 2019 [28].
According to [29], in 2019 approximately 21% of the households in Germany had at least
one of the following flexibility technologies: PV, BS, HP, CHP, solar thermal systems, wood
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pellet heating systems, or electric vehicles. In accordance with this information, we assume
for our simulations that 21% of German households could theoretically have provided
energy flexibility to the power grid in 2019. Drawing on this assumption, together with
the historical values of balancing energy, we calculated the flexibility power Pflex,household
and energy Eflex,household requested from a single household, i.e., how much flexibility
one household could theoretically have provided to cover the needs of balancing energy
in 2019:

Eflex,household(t) =
Ebalancing(t)

Nhouseholds · %nflex.households
(10)

Pflex,household(t) =
Eflex,household(t)

∆t
(11)

where Ebalancing(t) presents the total balancing energy at the point in time t (from [30]),
Nhouseholds is the total amount of households, and %nflex.households is the share of the house-
holds utilising at least one flexibility technology. The total annual sum of the balancing
energy, as well as the mean energy per household with at least one flexibility technology
are presented in Table 3.

Table 3. Main information regarding the balancing energy in 2019.

Balancing Energy Volume (+) Balancing Energy Volume (-)

Total annual sum, MWh 2,077,714 −1,572,785
Mean per household with
flexibility technology per year,
kWh

241.9 −183.1

Figure 2 displays the calculated balancing power values per household in Germany
per 15 min. In Figure 2 we do not recognise any pattern, such as the daily or seasonal
dependency of the balancing power per household calculated using the historical measured
values. The calculated balancing power per household, both (+) and (−), is in the range
between −300 W and 300 W, apart from three outlier days in June 2019 when the values
reached almost 900 W. In order to avoid possible confusion in understanding of the figure,
we confirm that the balancing power (+) and balancing power (−) did not occur at the same
time. Each time point contained either a single value of balancing power ((+) or (−)) or no
value (no balancing energy was required). To demonstrate that, we inserted the bottom
sub-plot in Figure 2, which displays the balancing power per household on a single day, 15
March 2019.

The historical balancing energy was chosen for the calculation of the balancing power
per household because these values present the actual physical imbalance caused by the
overestimation or underestimation of energy generation and consumption in the German
power grid. As these amounts of energy were actually missed or exceeded, they had to be
balanced by the available flexibility sources.
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Figure 2. Balancing power (+) and (−) per single household with at least one flexibility technology
for the entire year of 2019 (top sub-plot), and for one day 15 March 2019 (bottom sub-plot). All values
were calculated using the historical balancing energy for the year 2019 [30].

3.2. Flexibility Quantification

In our previous work [10] we demonstrated the developed method for quantifying
flexibility in residential buildings with PV-BS systems. In this study, we applied the devel-
oped method to quantify the flexibility potential of HP-HS-systems in selected households
that could also have provided it additionally to their operations in 2019.

The first step in the proposed flexibility quantification method prescribes scheduling
the operation of the decentralised energy systems to cover the needs of building occupants.
The original time-series with electrical power consumption of the HPs from [27] were used
to derive the time-series with thermal power required for heat demand of the selected
households (see Table 2). As the historical power measurements reflect the operational
fluctuations of the heat pumps under real-world conditions, we assume that the derived
heat demand also includes the corresponding kind of variability. This generated heat
demand data were then applied to simulate the optimal operation of the HP-HS systems in
the selected households using a generic MTRESS model [32,33].

These newly generated data contain time-series of the household heat demand, op-
erating electrical power of the HPs, thermal power flow between HP and HS, as well as
the amount of thermal energy stored in the HS systems at each point in time. The thermal
energy stored in the HS was calculated using the difference between the flow and return
temperatures. In the simulations of the scheduled operation (without flexibility provision),
we defined that the nominal difference between the flow and return temperatures in the HS
must not exceed 10 K, i.e., during the operation without flexibility provision the maximal
nominal flow temperature was set to 40 ◦C and the return temperature to 30 ◦C.

In the second step of the method for quantifying flexibility, we defined and calculated
the power and energy boundaries of the HP-HS systems. The lower power boundary of
these systems is equal to zero and the upper power boundary to 4.5 kWel (set nominal power
of the HP compressor). These power boundaries remain stable during the quantification of
the flexibility potential of the HP-HS systems for the entire year of 2019. In comparison to
that, the lower and upper energy boundaries should be calculated anew at all points in time
for the planning period, the duration of which was set to six hours. However, this value is
a free variable and can be changed according to the users of the flexibility quantification
method.
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In order to enable the simulation of the flexibility provision, we assumed that the HS
was allowed to deviate by up to 5 K from its nominal temperature levels. In this case, the
flow temperature in the HS could reach a maximal value of 45 ◦C during the provision of
negative flexibility, and the return temperature was allowed to cool down to 25 ◦C during
the provision of positive flexibility. The additional energy corresponding to the allowed
temperature deviation in the HS was considered in the calculation of the energy boundaries,
as well as in that of the amount of energy stored in the HS during and after the flexibility
provision.

In the third step of the flexibility quantification method, we calculated the maximal
duration for providing the flexibility power values. In order to investigate the entire
flexibility potential of the HP-HS, we defined a range of positive and negative flexibility
power values. The following range was defined Pflex ∈ [−4500, 4500] with a step of 100 W,
where −4500 W was the maximal negative flexibility power and 4500 W the maximal
positive flexibility power. We estimated the maximal duration of the flexibility provision
for each flexibility power value in this range. Firstly, we calculated the new power values
of the HP and new value of energy stored in the HS in case of deviation from the operation
for the purpose of flexibility provision. Secondly, we determined that these new power
and energy values lay between the lower and upper boundaries at each point in time over
the subsequent six hours. Otherwise, the flexibility could not be provided. The flexibility
potential was calculated for every 15 min time interval independently of each other.

To highlight, the primary objective of power and energy boundaries is to ensure the
secure operation of energy systems, thereby meeting the needs of building occupants. As
long as the flexibility potential is calculated within these boundaries, occupants will not
experience any negative impact from flexibility provisions. In case of undermining the
boundaries, the flexibility potential at that point in time is considered to be zero.

As the decentralised energy systems have different primary applications and can
provide flexibility solely as an additional service, these systems feature a time-varying
flexibility potential. In Figure 3, the daily variations in flexibility potential are presented for
the example of the HP-HS system in “SFH-19” for two different times, 00:00 and 10:00, on
24 January 2019.

Figure 3. Duration of different positive and negative flexibility power values in “SFH-19”, i.e.,
flexibility potential curves, at 00:00 and 10:00 on 24 January 2019.

The green curves in Figure 3 represent the flexibility potential for the entire flexibility
power range at the given points in time. The vertical red lines correspond to the power
boundaries, and the horizontal red line depicts the planning time of 6 h. At midnight on
24 January 2019, the HP-HS system in “SFH-19” could have almost solely provided the
negative flexibility by additional increase of the HP electrical power. At 10:00 on the same
day, this HP-HS system could have provided approximately similar amounts of positive
and negative flexibility. The current operating mode of the HPs and energy amount stored
in the HS systems have a strong influence on the flexibility potential.

In addition to daily variations, the HP-HS systems in the observed households also
have seasonal variations in their flexibility potential. Figure 4 presents the maximal flexibil-



Energies 2024, 17, 6355 12 of 26

ity power that the HP-HS system in “SFH-19” could have provided as flexibility at each
time point in 2019 for the maximal duration of 15 min.

Figure 4. Maximal flexibility power values that the HP-HS in “SFH-19” could have provided for the
maximal duration of 15 min at each time point in 2019.

Each point in time in Figure 4 has two values indicated by two dots: the red dots
correspond to the maximum positive flexibility potential, whereas the blue ones represent
the maximum negative flexibility potential for the 15 min period. However, the flexibility
potential also includes the intermediate power values between zero and the calculated max-
imum. For example, the calculated maximal power of the positive flexibility at 1000 W can
be interpreted as the HP-HS system having theoretically reduced its power consumption
by a value between 0 W and 1000 W for the purpose of positive flexibility provision.

The annual mean of all maximal positive flexibility power values during the heating
period (from January to April and from October to December) was equal to 150 W for the
maximal duration of 15 min. Over the same period of time, the annual mean of all maximal
negative flexibility power values was much higher, at 1800 W. Thus, the HP-HS system in
the selected household had much higher negative flexibility potential than positive. In other
words, the flexibility potential could have been provided more frequently by switching on
the HP.

Based on the flexibility potential curves for each point in time of the year 2019, we
calculated the monthly mean flexibility potential curves for the selected points in time
(00:00, 06:00, 12:00, and 18:00) independently from each other. The area under these monthly
curves was then calculated using the trapezoidal rule (see Figure 5). The values of the
area under the monthly mean flexibility potential curves demonstrate both the daily and
seasonal variations in the flexibility potentials.

Figure 5. Area under the monthly mean flexibility potential curves of the HP & HS in “SFH-19”
calculated at the time points of 00:00, 06:00, 12:00, and 18:00 for 2019.
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Similarly to Figure 4, the calculated area values under the mean flexibility potential
curves demonstrate that the HP-HS system in “SFH-19” could have provided more negative
flexibility than positive in 2019. Furthermore, the calculated flexibility potential in the
colder months is higher than in warm ones, as the HP-HS systems were operated more
frequently and intensively in the months with lower outside air temperatures to generate a
sufficient amount of thermal energy for comfortable room temperature. As the investigated
household had almost no heat demand in the warmer months, the HP-HS system was
operated very rarely. In this regard, the flexibility potential during this time period was
much lower. The HP-HS systems with another operational mode, such as for the provision
of space and water heating as well as cooling, could have been operated during the entire
year. Therefore, these systems could have had higher flexibility potential during the warm
season.

3.3. Flexibility Aggregation

In this section, we demonstrate the flexibility aggregation method and describe the re-
sults of aggregating the flexibility potential values from two different technologies: BS and
HP-HS. For this purpose, we selected a household “EMS-1” with a PV-BS system from [25]
and a household “SFH-19” with an HP-HS system from [27]. These two households were se-
lected for the flexibility aggregation case study, because based on data analysis we assumed
that “EMS-1” did not have an electricity-based heating system, and that HP-HS system in
“SFH-19” was operated primarily during the cold season. These two decentralised energy
systems were therefore taken to belong to different technology categories, and to have
different primary applications, technical characteristics, and operational schedules.

For the annual evaluation of the aggregated flexibility potential, we calculated the
maximal aggregated flexibility power that the BS in “EMS-1” and HP-HS system in “SFH-19”
could have provided together at each point in time for the maximal duration of 15 min in
2019. Figure 6 presents the mean weekly percentage contributions of the BS and the HP-HS
system (top and bottom sub-plots) to the aggregated flexibility, as well as the maximal
aggregated flexibility power that this combination could have provided at each point in
time in 2019 for the maximal duration of 15 min (middle sub-plot).

Figure 6 shows that the BS system in “EMS-1” could have made much higher con-
tributions to the aggregated flexibility potential, both positive and negative. The HP-HS
system in “SFH-19” could have mostly influenced the aggregated negative flexibility in
the cold season, when the heating system was operated much more intensively. Therefore,
the aggregated negative flexibility potential during the cold season was higher than in
the warm season. Almost all missing values of “EMS-1” occurred in the first, second,
and fourth weeks of January, as well as the second week of February 2019. Therefore, the
aggregated flexibility potential in these weeks was lower than in other cold months, and the
HP-HS system has exhibited a higher contribution to the aggregated flexibility potential in
these weeks. The mean annual contribution of the BS to the aggregated positive flexibility
potential was 96.4% and to the aggregated negative flexibility potential it was 85.1%. The
mean annual contribution of the HP-HS to the aggregated positive flexibility potential
was 3.6% and to the aggregated negative flexibility potential it was 14.9%. The presented
case study shows that the proposed method of flexibility aggregation can be applied to
orchestrate different technologies for the joint flexibility provision.

One of the main goals of the flexibility aggregation is to increase flexibility power.
The aggregated flexibility power from the combination of n flexibility providers should be
higher than the flexibility power of each component participating in the flexibility provision.
In addition, the flexibility aggregation method used in this study aims to identify the most
optimal combination of available flexibility providers belonging to different technology
types. Only the flexibility providers with available flexibility potential are included in the
combination, and the participating flexibility providers are not obliged to contribute with
equal power values to the aggregated flexibility. Therefore, each flexibility provider offers
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the flexibility potential that coincides with its schedule, as well as with the needs of the
building occupants.

Figure 6. Maximal aggregated flexibility power values that the HP and HS in “SFH-19” and BS
systems in “EMS-1”could have provided together for the maximal duration of 15 min at each point in
time in 2019.

The flexibility aggregation case study revealed that the contribution of the selected
HP-HS system to aggregated flexibility was relatively low. However, investigating and
quantifying the flexibility potential of this technology remains highly relevant, as the
number of installations is substantial and is expected to grow in the future. For example,
in 2019, HPs were installed in 7% of German households, while BS systems were present
in 2% [29]. By 2023, the share of households with HPs and BS systems had increased to
10.3% and 3.6%, respectively [34]. Furthermore, HP-HS systems can be incorporated to
provide flexibility in cases when only this decentralised energy technology is available in
the energy cells.

Nowadays, the majority of decentralised energy systems are operated to optimise
the consumption of the buildings where these units are installed, e.g., the charging and
discharging of the BS systems is scheduled to maximise the self-consumption of local PV
systems. However, this kind of operation does not coincide with the requirements of the
power grid and system balance, and it can even have negative impacts on them, such as
overloading and increasing power grid and system costs [35,36]. Therefore, operation of
decentralised systems in the future should consider both the local requirements as well
as those of the power grid and system balance. Combining the high number of flexibility
providers belonging to different technologies for joint flexibility provision can make a
positive contribution to this goal.
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3.4. Integration of PV Variability and Uncertainty into Flexibility Quantification

The next step in this investigation was to incorporate uncertainty into the flexibility
quantification process. As we assume that local uncertainties should first be managed
by available local flexibility providers, these uncertainties can also be interpreted as local
needs for flexibility (see Section 2). In this case study, we demonstrated how to integrate
these local flexibility needs into our developed flexibility quantification method using
PV systems as an example. The local flexibility needs of PV systems are represented by
unexpected power and energy fluctuations due to the variability and uncertainty inherent
in their weather-dependent energy generation. In our previous study [24], we developed a
framework for quantifying the power and energy fluctuations of any PV system using its
historical power values. In this study, we integrated this framework into the method for
quantifying the flexibility of energy cells.

First, we drew on the historical measured power values of PV systems from [25] to
calculate the PV power ramps and build the cumulative empirical distributions of these.
We assumed that 90% of these power fluctuations should first be balanced locally. By σ5
and σ95, we denoted the 5% quantile and the 95% quantile, respectively. Thus, at each
point in time the system should be able to balance the power fluctuation within the interval
[σ5, σ95].

The results of this calculation are presented in Table 4, and can be interpreted as the
power values of the local flexibility needs caused by the variability of the PV systems.
Afterwards, Pflex.needs were integrated into the calculation of lower and upper power
boundaries of any flexibility provider using Equation (5). For example, 90% of the power
ramps of the PV system in the household “EMS-5” lay in the range between −1.2 kW and
1.2 kW. Therefore, we assigned the value of 1.2 kW as the power value of the local flexibility
needs caused by the PV system installed in this household.

Table 4. Calculated power values of the local flexibility needs caused by PV variability.
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Max. PV power, kW 7.3 13.7 11.7 9.8 11.6 10.6
P of local flex. needs |Pflex.needs|, kW 0.8 1.9 1.4 1.3 1.2 1.2
Net power boundary |P̃max|, kW 8.2 7.1 7.6 7.7 7.8 7.8

We utilised global horizontal irradiance (GHI) data from Solcast [37] to predict the
energy output of the PV systems using linear regression. This prediction contained a time
series with the expected energy generation of these PV systems throughout 2019. Next, we
calculated the absolute difference between the predicted and actually measured energy
values at each time point during the year. We then averaged these absolute differences over
the same points in time for the previous N days. In this study, we suggest that these average
values represent the energy of local flexibility needs Eflex.needs due to the uncertainty in PV
systems. The relevant equation is presented below:

Eflex.needs(t) =
1
N

N

∑
n=1

|Epred(t − n · 24 h)− Emeas(t − n · 24 h)| (12)

where Emeas(t) and Epred(t) are the measured and predicted energy of the PV system at
time t. To calculate Eflex.needs for each point in time during the year, we used the absolute
difference values between Epred and Emeas at the same time as the previous five days, i.e.,
N = 5. For example, the energy value for local flexibility needs at 10:00 AM on 6 February
2019 was calculated by averaging the absolute difference values from the same time over
the previous five days, specifically from 1 February 2019 to 5 February 2019. In this case,
we considered the short-term weather trends and local site characteristics, but avoided
consideration of long-term weather impacts over different seasons.
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For demonstration purposes, Figure 7 displays the energy values of the local flexibility
needs caused by the prediction uncertainty of the PV system in “EMS-1” in 2019. Each
orange dot displays the corresponding energy of the local flexibility needs at the given
point in time, which was calculated by averaging the absolute difference values between
prediction and measurement at the same time for the previous five days. These Eflex.needs
values were integrated into the flexibility quantification method by subtracting them from
the upper energy boundary and adding them to the lower one at each point in time, as
described in Section 2.3. As is shown in Figure 7, the energy values exhibit a strong seasonal
dependency. For example, during winter, when PV power generation is lower, the energy
values for flexibility needs were expected to be much lower compared to those in summer.

The inclusion of the power and energy fluctuations of PV systems in calculating the
flexibility boundaries can be seen as the local flexibility provider setting aside a specific
amount of power and energy to handle unexpected changes in local energy generation
and consumption. On the one hand, considering local flexibility needs reduce the interval
between the lower and upper boundaries, this in turn decreases the amount of theoretical
flexibility potential available to meet external flexibility requests. On the other, it can
keep the energy cell (e.g., city district) within its planned residual load, thereby avoiding
additional costs and preventing potential overload of the local power grid. This operation
of energy cells can be viewed as the system- and grid-oriented operation, which is essential
for the future energy infrastructure.

Figure 7. Energy values of the local flexibility needs caused by the prediction uncertainty of the local
PV system in “EMS-1”.

3.5. Flexibility Provision

In the next phase of our research, we simulated how the investigated energy systems
could respond to flexibility requests from external entities, such as public utility companies
or distribution grid operators. We derived these requests from the balancing power per
household outlined in Section 3.1.3. Specifically, we treated this balancing power as a
flexibility requested from an individual household, where it deviates slightly from regular
operation. At each point in time, we simulated whether the investigated BS and HP-HS
systems could have met the corresponding flexibility request, i.e., balancing power per
household at this point in time, without exceeding their power and energy boundaries
during the planning period. For each simulation, the ability to provide balancing power
was evaluated independently of other time points. This means that we assumed that the
energy systems were operated according to their schedules before the flexibility requests
were made.

We evaluated the simulation results using a metric called theoretical coverage. This
metric quantifies the percentage of time points during which the analysed energy system
could reliably provide balancing power as a flexibility for a maximum duration of 15 min,
without exceeding its power and energy boundaries. Table 5 presents the annual theoret-
ical coverage values of the BS systems with and without considering PV variability and
uncertainty. The columns with household labels contain the theoretical coverage values
of the single BS unit belonging to that household. The column “all” contains the theoreti-
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cal coverage in the case of combining six BS systems to provide sixfold balancing power
per household.

As can be seen in Table 5, the individual BS systems (without consideration of local
flexibility needs) could theoretically have covered approximately 60% of the balancing
power values. The portions of positive and negative flexibility needs that can be covered
by the BS systems are also approximately equal to each other.

As anticipated, considering the uncertainties in flexibility quantification reduced the
overall external flexibility potential. Table 5 shows that setting aside a portion of power and
energy to address potential local fluctuations in PV output led to a decrease in the average
theoretical coverage values. The BS systems with consideration of the PV variability and
uncertainty could have met about 15 percentage points less potential external flexibility
requests in comparison to the BS systems without that consideration.

Table 5. Theoretical coverage of the balancing energy by private households with PV-BS systems
with and without consideration of the variability of PV systems.
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Theoretical coverage without considering PV variability and uncertainty
Total, % 63.9 57.4 53.7 66.6 59.2 44.7 72.3
Pos. balancing power, % 69.8 54.4 59.5 81.0 57.8 25.5 75.9
Neg. balancing power, % 57.1 60.8 47.1 50.0 60.8 66.8 68.2

Theoretical coverage with considering PV variability and uncertainty
Total, % 39.4 26.4 27.1 39.7 31.6 12.1 41.2
Pos. balancing power, % 36.0 21.7 24.4 38.0 25.8 3.5 37.3
Neg. balancing power, % 43.4 31.9 30.3 41.6 38.4 22.0 45.8

Aggregating six BS systems to provide the sixfold flexibility indeed enhanced their
theoretical coverage. Specifically, this combination could have met almost 62% of the
balancing power values when local flexibility needs were considered, and 83% when
they were not. However, this aggregation could still not have covered the full range of
requested balancing power values, despite the combined power of the six BS systems being
significantly greater than the total balancing power required. The primary reason for this
was the timing mismatch between the available flexibility potential of the BS systems and
the requested balancing power. The timing mismatch means that the energy systems cannot
provide flexibility at the times of the flexibility requests without undermining their primary
applications. We assumed that the investigated BS systems were optimised to maximise
the self-consumption of PV power, which did not always align with the external flexibility
needs based on historical balancing energy.

The same simulation and evaluation were repeated for the HP-HS systems. The
theoretical coverage of these was investigated for three levels of temperature deviations in
the HS systems, and the results are presented in Table 6. The theoretical coverage values of
the individual HP-HS units are presented in the columns with household labels, and the
theoretical coverage of six HP-HS systems in the column “all”. The common operation of
the HP-HS systems (without flexibility provision) was simulated under the condition that
the flow temperatures could not exceed 40 ◦C and the return temperatures could not fall
under 30 ◦C. For the simulation of the flexibility provision (especially in the calculations of
thermal energy stored in HS as well as in that of the energy boundaries), we assumed that
the flow and return temperatures were allowed to deviate from their nominal values by up
to 5 K. For example, in the case of 2 K deviation, the HS systems were allowed to increase
their flow temperatures to 42 ◦C—while increasing the losses of the HS—and decrease their
return temperatures until 28 ◦C—while reducing the efficiency of the HP—for the purpose
of flexibility provision.
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Allowing the HS systems to deviate from the nominal flow and return temperatures
by up to 2 K led to a notable increase in the average theoretical coverage, improving it by
approximately 16 percentage points compared to operations that did not allow deviation.
Nevertheless, additional increases in the allowed deviation did not result in further im-
provements in the theoretical coverage values. The results from all three HP-HS simulations
(with deviations by 0 K, 2 K, and 5 K) show that the investigated HP-HS systems were
more effective at covering negative balancing power compared to positive balancing power.
However, increasing the allowed temperature deviation had a stronger effect on improving
the theoretical coverage for positive balancing power.

A central finding of the flexibility provision simulations was a significant increase in
the flexibility that could have been provided by the combination of six BS systems or six
HP-HS ones in comparison to single units. In other words, six investigated BS and HP-HS
systems could have theoretically met more external flexibility requests derived from the
balancing energy in comparison to the single units. Moreover, the results of the flexibility
simulations confirmed that the operation of decentralised energy systems has a relevant
influence on flexibility potential.

Table 6. Theoretical coverage of balancing energy by the private households with heat pumps
together with thermal storage systems.
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Theoretical coverage at no deviation from nominal temperature difference
Total, % 33.7 42.0 39.4 30.5 35.6 28.2 42.5
Pos. balancing power, % 6.5 8.5 7.4 4.3 7.5 5.3 9.8
Neg. balancing power, % 65.2 80.7 76.3 60.7 68.0 54.6 80.2

Theoretical coverage at deviation of 2 K from nominal temperature difference
Total, % 43.0 69,0 70.4 42.6 44.9 39.1 65.8
Pos. balancing power, % 23.1 48.6 55.6 25.9 24.7 25.4 47.0
Neg. balancing power, % 66.0 92.6 87.6 61.9 68.3 54.8 87.5

Theoretical coverage at deviation of 5 K from nominal temperature difference
Total, % 43.2 72.2 72.1 42.6 45.0 39.1 67.5
Pos. balancing power, % 23.2 50.5 56.9 25.9 24.7 25.4 48.1
Neg. balancing power, % 66.2 97.2 89.7 61.9 68.4 54.8 90.0

The aim of using the historical balancing energy values was to integrate the external
requirements into the flexibility provision simulations. The results of the simulations con-
firmed once again that decentralised energy systems should be operated with consideration
of both the local requirements and those of the power grid and system balance. Aggregating
the flexibility of a large number of different energy systems can support this intention.

3.6. Flexibility Return

We investigated the influence of flexibility provision on the following operation of
energy cells and the power grid with the help of the term flexibility return (see Section 2.4).
For this purpose, we defined the external flexibility requests with longer durations and
simulated the flexibility provision for these. For the definition of a flexibility request, we
first selected the highest absolute value of balancing power per day and time t0 of its
occurrence. Then, we determined the time frame for flexibility provision [t0 − ∆−, t0 + ∆+]
such that all balancing power values in this interval had the same sign as the balancing
power value at t0. This time frame was limited to two hours and ∆− and ∆+ was at most
one hour. We repeated this procedure for all days of the observed year of 2019.

First, we applied the flexibility quantification method to confirm that the investigated
decentralised energy systems could have provided the required flexibility without under-
mining their power and energy boundaries over the next 6 h. If this condition was met,
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we then simulated the flexibility provision and corresponding deviation of these energy
systems from the initial operation. Finally, we calculated the flexibility energy return curves
as described in Section 2.4.

The operation of the energy systems in the following 24 h after flexibility provision
was taken into account in the calculation of flexibility energy return curve. In this way,
we intended to quantify the potential impacts on energy systems and households caused
by deviation from their scheduled operation for the purpose of flexibility provision. For
instance, because of the positive flexibility provision and resulting energy deficit in the BS
system, the household load could not have been covered by the BS as initially planned. In
addition, we also integrated the requirements of the surrounding energy system or power
grid into the flexibility return quantification. In the worst case, the flexibility provision at a
current point in time could lead to an additional system requirement in the future, such that
the flexibility provider would not actually cover the need for flexibility but rather postpone
it until later. For example, providing positive flexibility at a given point in time could cause
higher energy consumption from the power grid later. In order to quantify the potential
influence of flexibility provision on the power grid, we extended quantification of the
flexibility return by inserting the balancing power per household into the calculations. For
the flexibility return, we considered the balancing power values with a sign opposite that of
the flexibility power provided. In this way, we attempted to quantify the possible negative
effects on the power grid, as well as to make the entire process of flexibility provision more
grid- and system-oriented. To summarise, the resulting flexibility return time series was
created using both the time series with the operation of the decentralised energy systems
and that with the balancing power per household in the following 24 h after the flexibility
provision.

For the purpose of better understanding, we demonstrate the simulation results of the
flexibility provision and return on the example of the BS system in “EMS-1” on 31 January
2019–1 February 2019. The historical operation of this BS system in the observed period of
time can be derived from the scheduled SOC curve represented by the solid grey curve in
Figure 8. The green dashed line indicates the minimum SOC value below which the BS
cannot be discharged. According to the simulation, the BS received a request to provide
306.7 Wh of positive flexibility from 15:15 until 17:15. As the BS could have provided this
required flexibility and kept its scheduled operation in the subsequent 6 h (according to
the flexibility quantification method), we simulated the flexibility provision. However, the
latter could have caused the energy deficit in the BS system in the following 24 h after the
flexibility request, i.e., the SOC fell below its minimal value at 06:00 on 1 February 2019
(see the red dashed curve in Figure 8). Therefore, the energy deficit should theoretically be
balanced until this point in time. Otherwise, the BS would not have sufficient energy to
cover the household load, which would in turn consume more energy from the power grid.

Figure 8. SOC values of BS in “EMS-1” in the case of scheduled operation (grey curve) and flexibility
provision (dashed red curve) on 31 January 2019–1 February 2019.

We calculated two energy curves, one being a cumulative energy deficit in the BS
system in the 24 h following positive flexibility provision, and another being a cumulative
available negative balancing energy per household in the following 24 h. Both curves are
displayed in Figure 9.
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Figure 9 shows that within the observed time period, the available negative balancing
energy per household occurred before the critical time point at 06:00. Therefore, the energy
deficit could theoretically have been balanced by providing this negative balancing power.
Based on these two energy curves, we calculated the power values of the possible flexibility
return considering both the operation of BS and the need for balancing power in the
following 24 h. The power curve of the flexibility provision by the BS system in “EMS-1”,
as well as the power curve of the flexibility return, are presented in the top subplot in
Figure 10. The power curve of the flexibility provision (red solid curve) corresponds to the
positive flexibility request that was defined as described at the beginning of this Section.
The power curve of the flexibility return (blue dashed curve) was calculated considering
the operating power of the BS and the available negative balancing power per household.
As can be seen, the flexibility return curve includes power values with a sign opposite the
power values of the flexibility provision.

Figure 9. Cumulative energy deficit of the BS in “EMS-1” caused by the positive flexibility provision
(solid grey curve) and cumulative available negative balancing energy per household (dashed black
curve) on 31 January 2019–1 February 2019.

In order to assess the simulation results, we calculated the flexibility balance, which is
the percentage of energy provided as flexibility that can be returned within the next 24 h by
providing the balancing power with a sign opposite the provided flexibility power values.
The flexibility balance is a metric for evaluating the extent to which the flexibility provision
can be managed in as a much system- and grid-oriented manner as possible. Within the
demonstrated time period, 81.3% of the energy provided as positive flexibility by the BS in
“EMS-1” could have been balanced by providing the negative balancing power, as is shown
in the bottom subplot in Figure 10.

Figure 10. Top subplot: power values of the positive flexibility (red curve) provided by the BS in
“EMS-1” and those of the flexibility return (blue curve). Bottom subplot: flexibility balance (green
curve) of the BS in “EMS-1” on 31 January 2019–1 February 2019.
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As is shown in Figure 10, the energy deficit caused by the positive flexibility provision
on 31 January 2019 could not have been fully balanced by providing the negative balancing
energy. However, as the flexibility return was managed by providing the negative balancing
energy per household, this flexibility return means that this BS system provided flexibility
to the power grid again.

We repeated these simulations for the entire year of 2019 and all the investigated
energy systems. Then, we calculated the annual flexibility balance values of all investigated
energy systems (see Table 7).

Table 7. Calculated mean annual flexibility balance values for all households in 2019.
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Flex. balance, % 55.0 35.8 46.8 51.9 47.7 28.7 19.9 51.1 53.0 23.2 23.9 23.0

During the observed year, 55% of the flexibility provided by the BS in “EMS-1” could
have been returned by supplying the balancing power with a sign opposite the power
values of the flexibility provision. The HP-HS systems in “SFH-8” and “SFH-9”, which
are supposed to be operated year-round, have higher flexibility balance values compared
to other HP-HS systems that are only supposed to be operated during the cold season
(October to April). The flexibility balance values indicate that in 44% of the BS cases and
32% of the HP-HS ones (mean values averaged over all investigated energy systems) the
operation of the decentralised energy systems and power grid was not adversely affected
by the flexibility provision. This was achieved by balancing the resulting energy surplus or
deficit via the flexibility return approach.

The flexibility balance of 100% signifies situations in which the energy deficits or
surpluses caused by flexibility provision were fully balanced in a system- and grid-oriented
manner, meaning that the flexibility provision at that point in time did not create new
flexibility requests in the power grid. However, operation of the decentralised energy
systems and power grid in 2019 did not always feature optimal conditions for balancing
the energy deficits or surpluses within the 24 h following flexibility provision. Despite this,
any remaining portion of the energy surpluses or deficits could theoretically be balanced at
a later time through coordinated efforts between the power grid and decentralised energy
systems if necessary or required.

4. Conclusions and Outlook
4.1. Conclusions

In this study, we investigated the fundamentals of the flexibility provision process:
the quantification of potential, aggregation, consideration of uncertainty, the simulation
of provision and evaluation of impacts using the example of the multiple PV-BS and HP-
HS systems in residential buildings in 2019. The results of the study demonstrate that
the developed flexibility quantification method can be applied for calculating the time-
varying flexibility potential of diverse decentralised energy systems that belong to different
technologies, and have various primary applications, and therefore different operational
schedules. The output of our flexibility quantification method consists of universal values,
such as flexibility power and the duration of providing the given power. Thus, numerous
evaluation metrics can be applied to assess and compare the flexibility of decentralised
energy systems without technological restrictions.

The time-varying flexibility potential of energy systems is significantly influenced by
their modes of operation, the amount of energy stored in the BS and HS systems at a given
time and their planned operation following flexibility provision. For instance, the impact
of the operational mode on the flexibility potential was clearly evident in the investigated
HP-HS systems. If the operational temperature of the HS systems was allowed to deviate by
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up to 2 K from the set levels to provide flexibility, the HP-HS systems under investigation
could have met approximately 16 percentage points more flexibility requests.

The flexibility aggregation method was demonstrated on the basis of the example
of one BS and one HP-HS system. The selected HP-HS system could have contributed
much less to the aggregated flexibility by comparison to the BS system. Nevertheless, the
combination of the high number of energy systems belonging to different technologies for
the purpose of joint flexibility provision can offer the following benefits: first, aggregation
increases the flexibility power values, and second, it contributes to the system- and grid-
oriented operation of decentralised energy systems.

The operating power of the investigated BS systems often remained below their nomi-
nal capacity, indicating a potential for greater flexibility, both in increasing and decreasing
power output. In contrast, the investigated HPs typically operated either near their nominal
power or were switched off entirely. This inflexible operating mode reduced the flexibil-
ity potential of the HP-HS systems. Incorporating the building envelope into flexibility
quantification could theoretically enhance the flexibility potential of HP-HS systems by
increasing overall storage capacity. However, this approach requires additional input data
and more complex calculations, making it more challenging to quantify the flexibility of
HP-HS systems compared to BS ones. Despite these challenges, HP-HS systems can still
offer valuable flexibility in energy cells where other flexibility providers are unavailable,
making their inclusion in future flexibility portfolios essential. Each unit in such a port-
folio can contribute to maintaining system balance and ensuring stable operation of the
power grid.

The next step was the integration of variability and uncertainty into the flexibility
quantification. For this purpose, the power and energy fluctuations caused by variability
and uncertainty were proposed to be considered in the second calculation step when quanti-
fying the power and energy boundary values of the flexibility providers. A definite amount
of power and energy could therefore be reserved for cases where local flexibility providers
would have to mitigate these unexpected fluctuations. The integration of variability and
uncertainty was demonstrated with the example of PV-BS systems. On the one hand, the BS
systems could have power and energy reserved to mitigate the internal power and energy
fluctuations of own PV systems at each point in time. On the other, BS systems taking
into account the variability and uncertainty could have covered 15 percentage-points less
potential external flexibility requests than those without this consideration.

For the simulation of flexibility provision, the external flexibility requests per house-
hold were derived from historical balancing energy data in Germany for 2019. Each
investigated BS (excluding PV fluctuations) could theoretically have met approximately
60% of the external flexibility requests, whereas each HP-HS (with a 2 K temperature devia-
tion) could have met approximately 50% of these requests. Although the nominal power
and capacity of the investigated BS and HP-HS systems exceeded the balancing power per
household, a single unit was still insufficient to fully satisfy these requests on its own. The
primary reason for this was that the locally optimised operation of these energy systems did
not temporally align with the flexibility requests derived from balancing energy. However,
the aggregation of energy systems led to an increase in the theoretical coverage of flexibility
requests. A combination of six BS systems could theoretically cover up to 20 percentage
points more flexibility requests, and a combination of six HP-HS units could cover up to 14
percentage points more flexibility requests, compared to individual ones.

Decentralised energy systems can undergo energy deficits or surpluses after providing
positive or negative flexibility, respectively. To address this, we quantified the amount of
energy that is either exceeding or missing in these energy systems at each point in time over
the subsequent 24 h period following the flexibility provision. In addition, we analysed
historical balancing energy data to identify appropriate time periods within the next 24 h
when the energy provided as flexibility could be theoretically fed into or consumed from
the power grid without causing additional overload. By combining this information, we
developed a flexibility return energy curve. The simulation results indicated that nearly half



Energies 2024, 17, 6355 23 of 26

of the flexibility provided by the BS systems and one-third of that provided by the HP-HS
systems could theoretically be returned without adversely affecting the power grid. In these
cases, the external flexibility needs were sustainably met, rather than merely postponed.

Decentralised power generators, storage systems, and controllable loads have the
potential to provide flexibility in addition to their primary applications, both within the
energy cells in which they are installed as well as outside to support system balance and
power grid requirements. We assume that providing flexibility within the energy cells
reduces their external flexibility needs, and may therefore contribute to the more system-
and grid-oriented operation of the energy cells. However, even with a large number of
these decentralised energy systems in operation, they will not be sufficient to meet all
future flexibility needs. We strongly assume that they will constitute just one potential
source of flexibility in the future energy infrastructure. The future portfolio of flexibility
sources will also include energy systems in industrial and commercial properties, hydrogen
storage systems, fuel cells-based power generators, district heating networks, and other
technologies. In principle, flexibility should be developed and provided from all available
sources across all voltage levels of the power grid.

4.2. Outlook

Future research can adapt the developed method to quantify and aggregate the flexibil-
ity potential of other technologies, including electric vehicles, CHP systems, district heating
networks, and various controllable loads. Furthermore, the proposed methodology could
be applied to data of decentralised energy systems in other countries with varying climate
conditions and energy consumption profiles. In such cases, the flexibility potential would
likely exhibit different values and distinct daily and seasonal patterns. Additionally, future
studies could explore the influence of other variability and uncertainty sources on the
flexibility potential, such as load prediction uncertainty, the risk of energy system failures,
and variations in occupant behaviour. Moreover, this study can serve as a fundamental
basis for future studies regarding the economic feasibility, business models and flexibility
markets for providing flexibility as an additional service of decentralised energy systems.

Developing, integrating, and supporting the flexibility provision of decentralised
energy systems require a combination of technical solutions, business models, regulatory
frameworks, and social acceptance. Technical recommendations include, among other
things, the widespread roll-out of smart meters and smart energy management systems,
as well as the standardisation of communication interfaces across all stakeholders. The
smart energy management systems have to ensure optimal operation of energy systems
and avoid possible negative impacts of flexibility provision on efficiency, service life, and
other key performance characteristics. Therefore, these systems are responsible for overall
system efficiency while maintaining optimal performance.

It is further recommended that end users, including private households and residential
districts, be encouraged to optimise the operation of local energy systems according to their
specific needs while also providing flexibility to support system balance and meet power
grid requirements. To promote such system- and grid-oriented operation, the integration of
dynamic electricity tariffs and/or variable network charges should be considered. Accord-
ingly, energy supply companies are encouraged to offer dynamic electricity tariffs to all
categories of end users. Another key recommendation concerns distribution grid operators
that have to develop and integrate a low-voltage control centre enabling grid transparency,
real-time monitoring, load management, automated control, as well as compliance with
regulatory frameworks.

Neighbouring buildings equipped with decentralised energy systems might be recom-
mended to establish an energy-sharing community to aggregate their flexibility potential
values. This approach enables internal energy and flexibility management as well as sup-
port of system balance and provision of aggregated flexibility to the power grid. The
necessary regulatory framework should ensure that the provision of flexibility for system
and grid purposes aligns, or at least does not hinder or conflict with, the self-optimisation of
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decentralised energy systems for end user needs. To enable the effective flexibility provision
of decentralised energy systems, collaboration among all stakeholders is essential, includ-
ing manufacturers and operators of energy technologies, smart meters, energy management
systems, energy supply companies, power grid operators, communities, legislators, and
relevant governmental organisations.
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