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Abstract. The increasing trend of renewable energy sources integration, particularly photovoltaic systems,
presents both opportunities and challenges for modern power grids. While these sources contribute
significantly to sustainable and low-carbon energy generation, their intermittent nature can lead to adverse
grid effects — frequency fluctuations, voltage instability, and energy surpluses during peak generation
periods. These can occur especially when demand does not align with supply. To address these challenges
and enhance grid resilience, this paper investigates the concept of demand-side flexibility among industrial
consumers as a viable solution. The primary objective is to determine the extent to which the consumers can
offer flexibility based on measurement of total electricity consumption of a facility. Real-world data
obtained from a smart meter, measured in 1-minute resolution, are used to assess flexibility potential.
Statistical analysis of time-series data is employed to identify consumption patterns, trends and cycles. Fast
Fourier Transform is used to uncover short- and long-term cycles in the data. The presented methods provide
foundational insights into consumer behaviour. This can be leveraged for further thorough analysis of
industrial consumers’ flexibility potential. The findings contribute to a deeper understanding of how
demand-side management can support the integration of renewable energy and improve overall grid

performance.

1 Introduction

Nowadays we are witnessing a global trend of shifting
towards green and fossil-free energy systems. This
transition is necessary to secure a sufficient amount of
energy for our daily needs and for a safe, reliable and
sustainable future for next generations. One of the
driving forces behind this shift is the growing popularity
of electromobility. Electric vehicles are increasingly
seen as an environmentally friendly form of transport.
However, this trend also brings certain issues, such as
the impact of charging stations on power systems [1] or
the need to secure adequate amount of energy for
charging electric vehicles [2].

The aforementioned facts imply an increasing trend
of large-scale renewable energy sources integration,
namely photovoltaic (PV), wind, hydropower,
geothermal and biomass. On one hand, these
technologies play a crucial role in green energy
generation. However, energy generated using renewable
energy sources exhibits intermittent behaviour, thus
introducing new challenges in terms of grid stability,
energy surpluses, frequency fluctuations, energy storage
and transmission. A significant issue arises, as these
sources, mainly PV systems, generate electrical energy
almost simultaneously. This may lead to high power
peaks, especially when there is insufficient demand to
absorb the energy generated.
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Another adverse effect associated with simultaneous
power generation is the negative impact on electricity
prices. Figure 1 depicts a graph showing a typical PV
power generation during the day. As can be seen, the
highest amount of energy is produced around noon.
Figure 2 presents electricity prices on a daily market of
Slovak Republic. We can see that the prices on daily
market tend to fall at the exact same time as the PV
systems produce maximum energy. Another downside
is that we are more often witnessing prices falling to
negative values. This can have an unfavourable impact
on all participants in the electricity market.

To maintain grid resilience and sustainability, an
effective solution to mitigate the adverse effects of
renewables generation needs to be found. There are
several opportunities to address these emerging issues.
One of which is the concept of demand-side flexibility
of industrial consumers to the power system. As
countries transition to low-carbon economies and
renewable  energy-based systems, demand-side
flexibility becomes essential to support power grids with
intermittent generation sources [4]. In particular,
industrial demand-side flexibility holds unique potential
for enhancing system stability and can become an
engine for sustainable and inclusive industrial
development [5].
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Fig. 1 Typical solar power output during the day
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Fig. 2 Electricity prices on daily market of the Slovak
Republic [3]

The term flexibility is defined as the ability of a
system to adjust power generation or consumption in
response to price signals or grid requests [6], [7], [8]. In
other words, active consumers (prosumers) either
increase or reduce the amount of energy consumed. The
resulting excess energy can be provided as a flexibility
to the power system. This arrangement is mutually
beneficial for both the power system and the flexibility
providers themselves. On one hand, the concept of
demand-side flexibility helps to prevent grid overloads,
because it acts as a shock absorption mitigating the
adverse effects of fluctuating energy sources such as
wind and solar. On the other hand, prosumers can be
financially compensated for the flexibility provided.

Despite the industrial consumers flexibility being a
potentially valuable solution to alleviate the impacts of
renewable energy, researchers state several technical
and operational barriers. The most frequently mentioned
barriers encompass concerns about diminished product
quality, disruptions to production processes, human
resource management, and revenue uncertainty [9]. The
implementation of demand-response in industrial plants
may be far more complex and challenging compared to
commercial or residential types of consumers. The main
cause for this is the potential interruption of power
supply can lead to production termination or violation of
operational constraints [10]. Many barriers to demand

response persist, including difficulties to access
markets, lack of national rules, and retail electricity
prices that do not send proper price signals [11].

The demand flexibility potential of a load can be
derived by using the reference profile method. In this
method, the flexibility magnitude is determined by
comparing the load profile during normal operations
with power consumed during demand response event
[4]. Promising example processes for industrial
demand-side management have been identified with
high electricity demands and technical possibilities for
load shifting. These include, for example, aluminium
electrolysis, cement and raw mills, air separation,
electric arc furnaces, pulp and paper production [12].

To estimate the potential of a consumer for the
flexibility provision, a data analysis is required.
Therefore, this paper introduces the Fast Fourier
Transform (FFT) as a method to obtain the basic idea of
the given consumers behaviour. FFT enables the
identification of short- and long-term cycles in the
electricity consumption data. Based on the knowledge
of these, it is possible to determine when and to what
extent the consumer is potentially able to provide
flexibility. In addition, it reveals the predictability of
electric consumption, which is crucial for correct
assessment of the possibility of providing and selling
flexibility on electricity markets.

2 Flexibility potential estimation

Data used for flexibility potential analysis were
measured using a Shelly Pro3EM smart meter. This
device measures data in 1-minute resolution. As a result,
it is possible to monitor electricity consumption in detail
and accurately capture the dynamics of the monitored
consumer. All computations and analysis presented in
this paper were performed using MATLAB software
environment.

For the following analysis, electricity consumption
data from a monitored public facility were used. The
inspected facility serves as a gymnastics hall that
includes a climbing wall, a children’s swimming pool,
and a sauna. Lightning, ventilation and the sauna
represent the largest energy consumers. Although the
monitored facility does not represent a typical industrial
building in terms of function, its energy consumption
profile shares several characteristics with other high-
demand buildings. This makes it a suitable case for
testing methods that can be further applied to various
building types. Therefore, the proposed mechanisms can
be generalized to assess the flexibility potential of a
wide range of facilities and consumer types.

Monitoring has been conducted over the course of
one year so far, starting from August 2, 2024, to
September 30, 2025. The obtained dataset contained
several missing time samples. These inconsistencies
were caused by either a loss of internet connection,
power outages, or the change to Daylight-saving Time
in Slovakia. Therefore, it was necessary to firstly clean
the data of missing values before performing any
analysis. To substitute shorter period outages (e.g. few
minutes) a linear interpolation method was used. Data
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outages with longer duration (e.g. few hours) were
replaced using temporal substitution, selecting days
with similar behavioural profiles and contextual
conditions to maintain temporal coherence in the
dataset. This approach is acceptable due to the nature of
the energy consumption of the investigated building,
which exhibits regular recurring patterns, as can be seen
from the electricity consumption graph (Figure 3). The
regularity of recurring patterns was further supported by
the results of performed FFT analysis. Cleaning the data
resulted in adding approximately 2,000-time samples
and their corresponding values.
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Fig. 3 Average power consumption graph

After preprocessing the data, additional necessary
quantities were calculated. Using the Shelly smart
meter, we could measure voltage and current (max, min
and average values), total active energy, fundamental
active energy, lag and lead reactive energy, separately in
each phase. To analyse the electricity consumption in
terms of flexibility, total active energy was computed as
follows:

Etot = ot + brot + Crot (D

where E\ is the total active energy consumed during the
measured 1-minute interval, a. is the total active energy
of the phase 4, by is the total active energy of the phase
B, ¢ 1s the total active energy of the phase C.

Using the total energy consumption computed
according to (1), total power consumption was
calculated as follows:

Piot = Eror / t 2)

where Py is the total power consumption during the
measured interval, Ei is the total active energy
computed according to (1), ¢ is the sampling frequency,
which in our case is 1 minute.

To obtain a basic picture of consumer’s electricity
usage behavior, a daily load profile was created (Figure
4). To establish this graph, a matrix was constructed,
where rows represent each day of the measured interval
and columns represent each minute of day (i.e. 1,440
columns). The daily load profile was then computed as
the mean value for each column. Although the computed
daily load profile data are mean values of the whole

measured interval, it still gives us a basic insight into
potential flexibility provision.
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Fig. 4 Daily load profile of the inspected consumer

As can be seen in Fig. 4, the load profile of the
inspected consumer exhibits distinct characteristic
features. Power peaks occur typically around 8:00 in the
morning and 18:00 in the evening. These power peaks
could theoretically be covered by a renewable energy
source, allowing the unused energy from power grid to
be provided as a flexibility to the power system. Another
possibility to utilize these power peaks is to shift the
load to times with lower consumption. This would allow
for constant power consumption throughout the day.
Load shifting to off-peak hours might also lead to
significant savings in electricity expenses. At noon,
power consumption is approximately at the average
level, whereas nighttime consumption is close to the
minimum.

Another potentially valuable indicators for
flexibility estimation are the short- and long-term cycles
that occur in the data. To identify these cycles, a Matlab
function to compute the Fast Fourier Transform was
applied, expressed as follows [13]:

Y(k) = }1:1 X(j)(e(—zni)/n)(f-l)(k—l) )

where Y(k) is the complex frequency-domain value
at index k=0, 1, 2,..., N-1, n is the total number of
points in the transform, X{y) is the input signal (in time
domain), and i = +v/—1. Using this, we identified the
main short- and long-term cycles in the measured data.

The analyzed signal does not exhibit an ideal
technical waveform as it is not a sinusoidal waveform
with a frequency equal to n-times the fundamental
frequency. As a result, the obtained frequency spectrum
is also significantly noisy. However, despite this, it is
still possible to identify the most significant cycles in the
examined data from the resulting waveforms obtained
using the Fast Fourier Transform.

For the long-term cycles (Figure 5) the most
significant are the 24-hour cycle, followed by the 12-
hour cycle and 8-hour cycle. The x-axis of the presented
graph shows frequency in cycles per second, whereas
the y-axis represents the magnitude of the corresponding
frequency components. Peaks in the spectrum indicate
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dominant periodicities (cycles) present in the original
time series. These findings were supported by a detailed
inspection of the measured data. As shown in Figure 6,
the uncovered long-term cycles can be found in the data.

Similarly, the most significant short-term cycles
were identified (Figure 7). The most dominant of these

are the 5-minute cycle, followed by the 3-minute and 2-
minute cycle. The y-axis of the presented graph is
logarithmic, for improved readability. All identified
cycles were confirmed in the measured data, as shown
in Figure 8 Fig. 8.
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Fig. 5 Long-term cycles frequency spectrum of the input signal obtained using the FFT
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Fig. 7 Short-term cycles frequency spectrum of the input signal obtained using the FFT
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3 Conclusion

The global initiatives in transition towards green and
sustainable energy generation, while essential for
environmental and economic resilience, introduce
significant operational challenges for modern power
systems. This mainly concerns frequency fluctuations,
voltage instability, and energy surpluses during peak
generation periods. These challenges stem from the
inherently intermittent nature of renewable, low-carbon
energy sources, such as photovoltaic systems. To
mitigate these adverse effects and maintain grid
resilience, this paper investigated the concept of
demand-side flexibility of an industrial consumer as a
viable solution. To assess flexibility potential, a
frequency-domain analysis using Fast Fourier transform
(FFT) was employed.

Using high-resolution (1-minute) smart meter data
collected over more than a year from a small public
facility, a comprehensive analysis of electricity
consumption patterns was conducted. The FFT-based
spectral analysis revealed dominant short- and long-
term periodicities in the data, providing key insights for
flexibility assessment. This method enables the
identification of frequencies at which demand varies
most strongly, with these dominant frequencies
corresponding to predictable demand patterns. The
regularity of these cycles indicates baseline flexibility
potential, as they represent habitual or structural
consumption that can be reliably forecasted and thus
deviated from during flexibility activation.

The inspected consumer exhibits regular cycles,
making it a suitable candidate for flexibility programs as
their baseline consumption and thus their deviation
capacity can be estimated more reliably. The FFT
analysis uncovered multiple distinct short-term cycles
(5-min, 3-min, 2-min), revealing the presence of specific
appliances and their operational signatures in the
monitored facility. These cycles indicate high dynamics
in the facility, enabling potentially fast responses for
grid services such as quick compensation of short power
peaks. While appliance-level monitoring would enable
precise device identification, the FFT approach
successfully characterizes flexibility potential using
only aggregated smart meter data. The long-term cycles
(24-hour, 12-hour, 8-hour) reveal the daily routine and
occupancy pattern of the inspected facility, with the 12-
hour cycle particularly indicating morning and evening
activity peaks (as shown in Fig. 4). These temporal
patterns directly influence how and when load shifting
or curtailment can be mobilized without disrupting
facility operations.

Based on the results obtained from the Fast Fourier
analysis, the inspected consumer demonstrates
significant potential for demand-side flexibility
participation. In particular, the ability to shift morning
and evening consumption peaks to midday — when
renewable generation is typically highest — could lead to
more balanced grid operation and reduced reliance on
fossil-based systems. Additionally, such load shifting
could result in cost savings for the consumer and open
opportunities for participation in flexibility markets.

The presented findings emphasize the importance of
high-resolution consumption data and frequency-
domain analysis in characterizing consumer behavior
and quantifying flexibility potential. The FFT approach
provides a systematic method to extract actionable
insights from smart meter data without requiring prior
knowledge of facility operations or intrusive appliance-
level monitoring. These analytical tools not only enable
more accurate flexibility assessment but also lay the
groundwork for predictive modeling and real-time
demand response strategies. This will be essential for
integrating distributed energy resources and achieving a
more resilient and adaptive power system, enabling
industrial consumers to actively support renewable
energy integration.

Future work will focus on quantifying the exact
amount of energy the consumer can provide, including
optimal time windows for flexibility provision.
Additionally,  correlation  between  electricity
consumption and meteorological conditions will be
analyzed. Expanding the methodology to a broader set
of industrial consumers will help validate and generalize
the presented approach, contributing to the development
of scalable demand-side flexibility management.

Disclaimer: The content of this paper was prepared without the
use of generative Al tools. However, an Al-based tool was
used to assist with grammar and language refinement (M365
Copilot, version 2.20260218.48.0). All content was reviewed
and approved by all authors.
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