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Abstract

The aggregation of flexible resources contributes to sustainability because it impacts on
CO, emissions, enables renewable energy integration, improves network efficiency and
makes the electric power system more resilient. The research project DEMAND has tested
the potential of bottom-up aggregation of smart prosumers with no intermediation by
a third-party balancing service provider. The present work analyzes the electrical and
environmental effects of this new type of aggregation in different scenarios, taking into
account both simulated data and data obtained from four pilot sites where the DEMAND
system has been implemented. The effectiveness of the proposed aggregation method is
evaluated through the calculation of some KPIs: power peaks, grid losses, voltage drops
and CO, emissions.

Keywords: demand response; aggregation; flexible energy system; sustainability impact

1. Introduction
1.1. Literature Review

It is now well-established that to achieve a transition towards renewables, a major
role must be played by final end-users [1,2]. Consumers’ flexibility is required to solve
problems such as those posed by unpredictable and variable generation from solar and
wind systems [3] and peak loads [4], contributing to the sustainability of the electric power
system. Flexibility is referred to as the ability to modify the power profile in response to a
signal coming from outside, which may be a change in the price of electricity or a request
from a network operator or an “aggregator” [2,5,6]. In this context, many companies are
playing a major role in this transformation. Among these, it is worth citing the experience
of EnerNOC, Boston, US (now integrated into Enel X, Rome, Italy), a market leader in
behind-the-meter storage, with more than 1000 MW of aggregated power from commercial
and industrial end-users which started operating in 2001 [7]. Comverge, Rome, Italy
(now integrated into Itron, Cinisello Balsamo, Italy) handles 4.5 million devices in the
US installed at residential, commercial and industrial end-users, implementing “pay-for-
performance” programs for reducing grid losses, CO, emissions and improving system’s
reliability [8,9]. Cpower, Baltimore, US manages end-users’ flexibility for reducing the
load with a cost reduction for the participant and, at the same time, improvements in the
network operation [10].
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The European Commission pushed the Member States to roll-out smart metering
systems in order to promote energy efficiency and enable DR schemes for final cus-
tomers [11,12]. In Italy, the interest in prosumers’ aggregation is bound to the addition of
new resources to the ancillary services market [13]. Since the issue of the first deliberation
of the Italian Regulatory Authority for Energy, Networks and Environment (ARERA) in
2017 [14], over 220 Virtually Aggregated Mixed Units with a power of approximately
1280 MW and 17 different aggregators responsible for the ancillary services have already
been assigned a capacity contract and are responsible for providing flexibility traded on
the ancillary services market [15,16].

1.2. Research Gap and Contribution of the Paper

In this scenario, the Italian Research Project DEMAND (DistributEd MANagement
logics and Devices for electricity savings in active users installations), proposed a new way
to exploit the distributed flexibility envisaging the replacement of the aggregator with a
Virtual Aggregation Environment (VAE), where end-users receive requests from the Distri-
bution System Operator (DSO) and offer their flexibility by exploiting the installed flexible
devices (loads, generators, storage systems), according to collaborative or competitive
logics [17]. The proposed one is a bottom-up-type aggregation process, that takes place
without the coordination of a third-party agent that could belong to a larger corporate
group that includes a DSO or an energy retailer. The main advantages of this aggregation
process are greater impartiality and transparency, because of the elimination of potential
conflicts of interest. According to the business model developed for the project, aggregators
are private companies that can decide to provide their services to certain agents, excluding
others, and their value grows higher the more flexible power they manage because, in
that case, they can exhibit certain network effects [17]. In this decision, prosumers, who
are the real flexibility owners, have no right to participate and can only modulate their
power according to commands or price signals coming from the aggregator [18]. Finally,
the absence of an aggregator increases the revenue for the end-users, considering that,
usually, the revenue for the aggregator is between 10% and 40% of the offered flexibility
price [19].

A preliminary concept of DEMAND was proposed in ref. [20], while in ref. [17] and [21]
the main steps of the bottom-up aggregation process and of the algorithm carried out for
implementing the prosumers’ flexibility have been proposed. During the project, four pilot
sites, where the energy gateway developed for the bottom-up aggregation process has been
installed, have been monitored in Italy: a house, a data center, an assisted nursing home
and a factory. Starting from the data collected from these sites and from others obtained by
simulations, this article investigates the impacts of the bottom-up aggregation on the utility
grid and, in general, on the power system.

In particular, the following two representative models of Low Voltage (LV) and
Medium Voltage (MV) networks are defined to assess the potential effects that can be
obtained with the DEMAND system in different scenarios, in terms of reduction in power
peak, grid losses and voltage drops. To assess the sustainability impact of the project, the
reductions in CO, emissions are ultimately calculated in various scenarios.

Other studies in the literature have faced the problem of assessing the impact of DR
and aggregation on the electrical power system. A few examples are reported below. In
ref. [22], the authors analyze various demand end-uses and grid flexibility options and
their impact for different levels of photovoltaic (PV) systems penetration in Florida. The
simulations show how DR can reduce production costs, the number of low-load hours
for traditional generators, and curtailment. In ref. [23], the influence of DR programs
in emergency situations on improve reliability in the case of generation unit failure was
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investigated with the aim of assisting DSOs in scheduling day-ahead generating units in
a more reliable manner. In ref. [24], the impact of DR with direct load control on system
stability is examined. In ref. [25], the authors show the impact on the power grid of the
SIRRCE system for managing the flexibility of air-conditioning units at the end-users’
facility, in the presence and in the absence of PV systems and for various DR logics. In
ref. [26] the authors propose a phased multi-contract collaborative scheduling that, through
intelligent algorithms, dynamically optimizes decisions across the day-ahead and intraday
phases of the electricity market.

Finally, several articles present assessments of the effects of DR actions operated
by battery storage systems [27-30] and electric vehicles [31-34] in buildings, in terms of
improved power quality and reliability, reduction in the number of interruptions, and
enhancement in the generators’ utilization.

In this framework, the novelty of the paper lies in the presentation of results based
on an innovative and unique system for aggregating distributed resources, looking to the
impacts on the power grid and the environment. The main novelty of the DEMAND system
is that it allows the synchronous management of distributed resources and a bottom-up
aggregation without the inclusion of a third-party agent and without necessarily relying
to a blockchain-based platform, as many other studies did in the last few years [35-37].
The main advantage with respect to blockchain-based aggregation algorithms is that the
technological content, and thus the final cost of the energy management system, is lower.
Furthermore, prosumers might somehow be scared by the adoption of a system based on
advanced IT technologies without knowing exactly where their data are shared, although
blockchain is well-known for its data security insurance. Finally, blockchain technology
does not always prove to be the best solution for some typical applications in electrical
power systems, and its use must be carefully evaluated in relation to various factors such as:

e  Scalability and performance, since blockchain may struggle with high transaction
volumes in large P2P networks;

e Transaction costs that can make frequent micro-transactions from small end-users
economically inefficient;

e  Technical complexity due to the need of advanced expertise in smart contracts, cyber-
security, and node management;

e Latency due to the need for transaction validation, that can introduce delays, which is
problematic for real-time energy balancing;

e High energy consumption of the system (as an example, proof-of-work blockchains
are highly energy-intensive).

In summary, the main contributions of the proposed architecture are as follows:

e Distributed bottom-up multi-user aggregation framework enabling coordinated flex-
ibility among multiple entities, overcoming the single-user/microgrid paradigm of
existing solutions and avoiding the limitation of the blockchain-based programs;

e  Unlocking small-scale flexibility by integrating residential and low-capacity users,
thus extending market participation beyond traditionally relevant industrial and
tertiary actors;

e  Decentralized coordination architecture eliminating the need for an aggregator operat-
ing a centralized control, ensuring enhanced scalability, resilience, and adaptability.

1.3. Structure of the Paper

The rest of the paper is organized as follows: Section 2 briefly presents the architecture
and operation of the DEMAND System; Section 3 describes the methodology applied for
the study and the data for the simulations; Section 4 presents the case study with the
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text networks and the prosumers’ power profile; Section 5 illustrates the results of the
simulations; and Section 6 ultimately reports the conclusions of the paper.

2. Architecture and Operation of the DEMAND System
2.1. System Architecture

The DEMAND project proposes a new framework for enabling a bottom-up aggre-
gation of smart prosumers in a cooperative, collaborative, but also competitive way. The
competition is based on the fact that each prosumer can bid an amount of energy, but the
final aggregate, indicated as “winning aggregate”, is made up only from the best combi-
nation of bids. The main aim of the aggregation process is to assist the utility (DSO) in
regulating the power profile at one or more defined buses of the distribution grid. Therefore,
the DSO sends to the VAE a request of variation of the power profile in a defined time
interval of the following day (with a tolerance) together with a list of point of delivery
(POD) codes of the end-users that are in the area where the congestion could occur.

Figure 1 represents the conceptual map of the DEMAND system. The main device of
the system, developed by the industrial partners of the project consortium (Engineering
S.p.a., Algorab S.rl. and Cupersafety S.r.1.), is the energy gateway, connecting the end-users
to remote computing resources in the VAE that run the energy management system (EMS)
of the prosumer. The energy gateway has a local EMS implementing basic functions such
as collecting data from end-users, providing a communication interface with the VAE with
a display for the exchanged messages, and excluding an end-user from the community if it
does not want to take part in a specific load shifting action.
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Figure 1. Conceptual Map of the DEMAND system.

In addition, to record the power profile of the prosumer and to manage the controllable
loads and the other flexible devices (generators and batteries), the following devices must
be installed at every node of the aggregated community: a smart meter to measure the
electricity exchanged with the main grid, a smart meter for each flexible device, an actuator
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for each controlled flexible device, and other components for ensuring the information
exchange between the gateway and all the smart meters and actuators.

2.2. Bottom-Up Aggregation Algorithm

The algorithm for the management of prosumers’ flexibility has been described in
detail in ref. [21] and is based on a process consisting of two different phases.

In Phase 1, the optimal cost of the flexibility bid is calculated. The cost corresponds
to the minimum economic compensation that the user is willing to accept to modify their
consumption and is mainly related to the cost of dissatisfaction, i.e., the cost that the user
attributes to their discomfort, as well as the cost of the energy associated with the flexibility
bid. With reference to the cost of discomfort, it should be noted that no standardized value
can be found in the literature. This parameter is inherently user-dependent and may also
vary over time for the same user. Indeed, some users may be more willing than others to
respond to DSO requests and therefore assign a lower cost to their perceived discomfort.
Furthermore, the same user may attribute different discomfort costs on different days
depending on factors such as work commitments, health conditions, or personal obligations.
In some cases, the discomfort cost may be set to relatively high values to signal a limited
willingness to modify consumption patterns.

Users can offer different flexibility values in each moment, resulting from different
combinations of the available controllable devices; therefore, it is necessary to calculate
the combinations of the flexibility values achievable in each time interval, the cost as a
combination of the flexibility bids, and the combinations of the devices involved, each of
which is identified by a numerical code. The output of this optimization process is a matrix
containing, in each line, the value of a possible flexibility offer, the cost of the flexibility offer,
and the identification numbers of the devices involved in the offer, respectively. Finally,
these results are sent to the VAE.

Regarding the performance of this process, in ref. [21] several simulations were carried
out to assess the performance of the proposed aggregation algorithm. The results show
computation times lower than 30 min and are dependent on the requested power variation.
These times are compatible with power system operational requirements, as the aggregation
process is carried out the day before the flexibility is needed.

Phase 2 occurs only if the user becomes part of a winning aggregate and the VAE
sends a signal to the EMS of the prosumer, after which the power profile and the flexibility
values that the user can offer in the following hours of the day are updated. When the user
is asked to change their power in a given time interval, they experience some discomfort,
which they are willing to accept only if they receive adequate remuneration. In order to
keep the discomfort hours within a limited time interval, keeping the energy consumption
for the whole day unchanged, the use of a certain device has been moved to a different time
interval than the one desired (load shifting). The load shifting instant can be communicated
by the user during the configuration phase, while, in lack of sufficient information, it is
assumed that the load shifting takes place at a random time of the day under consideration,
or based on statistical data. Regarding the updating of flexibility values, the aim is to
return to a power profile as close as possible to the desired profile in the shortest possible
time, minimizing deviations from the expected profile from the moment when the user
has provided flexibility. To achieve this target, an algorithm has been specifically designed
primarily for application with a prevalence of residential prosumers, having the advantage
of being less computationally expensive. The criterion on which this algorithm is based
is to consider that each device can provide flexibility only once during the day, limiting
the discomfort caused to the user, since providing flexibility always with the same device
would prevent the user from using it for a long time. The update of the load diagram
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and of the flexibility values offered is followed by the second phase, which consists of the
elaboration of a text message to be sent to the user warning if they will be part of a winning
aggregate. The flowchart in Figure 2 illustrates the operations occurring during Phases 1
and 2 of the process described above, under the hypothesis of dividing a day into 96 time
intervals, each lasting 15 min.

\4

NO

t=t+1

~"Demand for

YES

\\\flexibility/

Creation of a matrix in

b4 which each feasible
YES t _9;\ NO flexibility value is associated
I~ v with the corresponding cost
- g ]Enti ) and the involved devices

v

Communication of the
results to the VAE

v

Start the aggregation
process in the VAE

NO _—

<

Y

“Is the user partofa

T~ YES

—

=
— - 5 -
~—winning aggregate? i

— _—
—~

Input: Load Diagram;

Device flexibility values;
Matrix flexibility, costs,
devices (output of the first
part of the algorithm);
Winning offer ID code;
Load shifting time

v

Updating load diagram

v

Updating flexibility values

v

Text message for the user

t=t+1

Figure 2. DEMAND algorithm flowchart.

The algorithm for the bottom-up aggregation implements a mechanism based on
the collaboration—competition between electricity prosumers which, interacting with each
other, form aggregates able to formulate bids for meeting the request of power variation
from the DSO. Each prosumer is associated with a reliability coefficient, i.e., a score taking
into account all the times the prosumer has failed to meet their duty of flexibility provision
and the times they have actually fulfilled their commitments.

The aggregation process relies on calculating several indicators to aid prosumers in
the decision-making process.
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1. The first indicator, the power reduction coefficient txg), is the ratio between the power
variation bid from a prosumer acting as the leader of an aggregate and the maximum
technically feasible power variation of the aggregate.

2. The second indicator, the minimum power contribution threshold ,Bg), determines
the minimum power variation a prosumer is willing to contribute. This indicator
influences the minimum value of ag) according to the following relation:

(i) g)
min ap’ = 100- —
P AP

3.  The last indicator, the maximum waiting time (), is the time a prosumer leader is will-

ing to wait before considering another prosumer if a merging request is not accepted.

Bids are ordered based on their score, which considers factors like price and reliability.
Reliability is determined by the reliability coefficients of all prosumers in an aggregate.

3. Methodology and Data
The methodology applied in this study is based on the following steps:

1. The 24 h typical power profile and flexibility of prosumers is assessed;
The DSO requests a modification of the power profile for the following day;

3. Phase 1 starts and the optimization algorithm for evaluating the optimal bid of each
prosumer is run;

4. A given percentage of prosumers is assumed to be part of the winning aggregate;

A load flow analysis is performed in NEPLAN 360 environment (V.10.9.8.4);

6. Power losses, voltage drops, power peak and CO, emissions are evaluated in the

o1

presence of aggregation and compared to their homologs before the aggregation in
order to obtain numerical indicators of the DR action.

The adopted approach, based on power flow simulations with daily load steps, is
commonly used in distribution network studies carried out by DSOs to assess the impact of
emerging technologies, such as distributed generation and demand-side management, on
their networks. Typically, DSOs evaluate network performance under worst-case scenarios
or under the most probable operating conditions, calculating key performance indicators
(KPIs) such as peak power, maximum voltage drop, and power losses.

This type of approach presents obvious limitations, such as the difficulty in quantifying
how the uncertainty (variability) of electrical loads affects the calculation of the above-
mentioned KPIs.

Nevertheless, for the purposes of this study—aimed at providing qualitative and quan-
titative insights into the network impacts resulting from the deployment of the DEMAND
project technology—this approach offers DSOs information that is clear and straightforward
to interpret.

3.1. Test Networks

For the present study, an LV and an MV test network were modeled and simulated
in NEPLAN as a benchmark in order to perform simulations to assess the impact of the
DEMAND project on the grid.

The LV test network (Figure 3) supplies 21 houses and originates from a 10/0.4 kV/kV
substation.

The MV network, shown in Figure 4, consists of a 150/10 kV /kV primary station that
supplies four 10 kV lines. In the test network, there are 209 nodes: line 1 (L1) is a mixed
aerial/cable line serving 66 MV /LV substations, lines 2 and 3 (L2 and L3) are cable lines
serving 71 and 15 MV /LV substations respectively. Each substation can supply residential,
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industrial or tertiary-sector end-users. Line 4 (L4) is a cable line supplying two data centers.
The network also includes two generators at nodes 129 and 169 with equal rated power,
respectively, of 0.4 MVA and 2.78 MVA.

The main features of the MV test network are reported in Table 1.

10 kV
LV cable parameters Transformer
=1.12.Q Jkm 10/0.4 kV/KV
X=0.08 Q/km 100 kVA
400V
> — >
> — >
N. 3 single-phase
end-users
> > >
> > >
— — >
> — >

Feeder1 Feeder 2 Feeder 3

Figure 3. LV test network.

Table 1. Data of the MV test network.

MYV Aerial Line

Cross-section Variable: 50-95 mm?

Variable according to the branch section:

Distributed series resistance 0.183-0.366 /km

Distributed series reactance Average value: 0.353 (2/km
MV cable
Cross-section Variable: 25-95 mm?

Variable according to the branch section:

Distributed series resistance 0.236-0.719 (0 /km

Distributed series reactance Average value: 0.2 (3/km
HV/MV transformer

Nominal transformation ratio 150/10 kV/kV

Rated power 25 MVA

Il;ciig I};gi\s,ec;n the main tapping at 116 kKW

No-load loss at rated voltage 15 kW

Short-circuit impedance on the rated tap ~ 10%

https://doi.org/10.3390/su18084109


https://doi.org/10.3390/su18084109

Sustainability 2026, 18, 4109 9 of 26

’-

i.

I I o o]

I\

t:

—
1
-~
—3
T
—
B4 T
e
-
4o $o

il
=t

LINE 4 Er** }1
.E !

LINE 1
LINE2 -
LINE 3

HV/MV

Figure 4. MV test network.

https://doi.org/10.3390/su18084109


https://doi.org/10.3390/su18084109

Sustainability 2026, 18, 4109

10 of 26

The adoption in simulation of two different network models is motivated by the need
to represent operating conditions that, while both realistic, differ significantly in terms of
network characteristics and operating behavior.

For this reason, the scenarios considered for the following two networks will be
identical. They differ with respect to the type and magnitude of the loads, the load shifting
strategies applied, and the assumed penetration levels of the DEMAND technology.

This distinction makes it possible to analyze the effects under conditions that are
consistent with the typical operational features of LV and MV systems.

3.2. Power Profiles

The end-users’ power profiles have been obtained as a combination of both simulated
and measured data from the four pilot sites where the energy gateway has been installed: a
private house in Lavis, an assisted nursing home in Trento, the data center of Engineering
S.p.a. in Pont-Saint-Martin, the production site of Cupersafety S.r.l. in Conversano.

3.2.1. Private House in Lavis

The energy gateway installed in the house can control, by choice of the dwellers, only
the washing machine (WM), which, as a consequence, is the only flexible load of the pilot
site. After a preliminary observation period, it has been concluded that the probability that
the dwellers use the WM in a day is 56% (because it is used on 56% of the days in a month)
and that it is usually activated at 5:00 a.m. in order to obtain a working cycle that starts and
ends in the period of the day when the time-of-use price is lower and before the dwellers
go working. Figure 5a shows the average daily load profile of the house and of the WM.
The power profile in Figure 5b can be shifted during the day or to the day after to provide
flexibility to the grid.

700

600

500

Power [W]
w s
o o
o o

N
o
o

100

0

(a) (b)
l 700
1 600
| 500
1 2 400
'
2 300
a
A
\/ V A 100
L LN LN L LR R R R 0
O NN NONVDODOETANNTETNONANOAHANM o o o
D B B B B B B B B I o A o VI oV I o o (=} o
. IS) Time [hhimm] S ~
Time [hh]

Figure 5. (a) Daily average power profile of the test house; (b) average power profile the WM
(working cycle 2 h).

3.2.2. Assisted Nursing Home in Trento

The second residential test pilot is an assisted nursing home in Trento able to satisfy
the needs of about 70 users and equipped with a 5 kW photovoltaic system. The flexible
load of the building is provided by the WMs and dryers installed in the laundry whose
working cycle starts at 4:00 a.m. and ends at 12:00 p.m. All the devices can be stopped at
any time and their operation can be shifted to the afternoon, considering the presence of
the workers assigned to the laundry service. Figure 6a shows the daily power profile of
the whole building and Figure 6b that of the laundry obtained as an average of the power
profile measured for one month during an intermediate season.
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Figure 6. (a) Daily average power profile of the assisted nursing home; (b) average power profile of
the laundry.

3.2.3. Tertiary-Sector End-User

The data center is located in Pont-Saint Martin (Val D’Aosta, Italy). The pilot site is
equipped with the latest generation geothermal cooling technology exploiting the water at
13 °C available in the underlying waterbed for the cooling system. In this way, electricity
savings of 20% and an increase in the refrigerating capacity are obtained [38]. In this paper,
we considered the power profiles experimentally measured during three test sessions.
The data center comprises a cooling system consisting of three water-cooled refrigeration
units, which allow the cooling of bunkers and, in the summer period, also of the office
building. The cooling system has been identified as the flexible load of the pilot site. During
a field test, two refrigeration groups were switched off at 10:15 a.m. and then switched
on again at 10:30 a.m. when the bunker temperature rose above the maximum allowed
working temperature of 21 °C. The same test was repeated the following July. In that case,
refrigeration units 1 and 2 were switched off at 11:31 a.m. and then switched on again at
11:48 a.m. when the bunker temperature rose above 21 °C. Figure 7 shows the different
behavior of the system in May (intermediate season) and July (Summer). The diagram
demonstrates how switching off the refrigeration unit leads to almost the same power
reduction in the two months. A last test was conducted at the Pont-Saint Martin data center
on the night between the 14th and the 15th of June 2019. At midnight, the data center
was disconnected for 25 min from the utility grid and supplied by its diesel emergency
generators. The power consumption of the data center from 11:50 p.m. to 1:10 a.m. is
shown in Figure 8. The figure shows that, using the diesel generators, the data center can
provide a power reduction of 1150 kW to the grid to participate in the aggregation process.

200 (a) 200 (b)
180 180
160 160 |
140 1 _ 140 A
=120 [ 2 120 |
£ 100 ] < 100
& 80 %80
60 )
0 0
SIIAIRIIAINTAS IR R EEEFEEFEEEEE
S 3S8S8S8S88ddddgdgogogogogodg SHdd 0N AANAAN DR @n oo
Time [hh:mm] Time [hh:mm]

Figure 7. Power consumption of refrigeration unit 1 during the test carried out in May (a) and in July
(b) 2019.
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Figure 8. Power profile of the data center during the test carried out in June 2019.

3.2.4. Industrial End-User

The industrial end-users have been characterized by using the electric power mea-
surements from the Cupersafety production site in Conversano (Italy) where electronic
boards and equipment are designed, produced and tested. Both the line producing pin-
through-hole (PTH) and the two lines for surface mount technology (SMT) can be managed
as flexible loads. Figure 9 represents the average daily load profile of the industrial site and
of the PTH and SMT production lines acquired by field measurements.

(a) (b)
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120 120 || —PTH
—SMT
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o °
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0 0
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Figure 9. Average daily power profile of the industrial pilot site (a) and of the PTH and SMT
production lines (b).

3.2.5. Simulated Small Residential End-User

In order to enrich the population of end-users supplied by the two test networks, the
aggregated load curve of an apartment with a three-member family has been obtained by
simulating the behavior of the latter using the Monte Carlo method described in [39,40], af-
ter having hypothesized all the installed loads considering the typical appliance equipment
of an Italian flat.

The flexible loads in the apartment are: electric storage water heater (ESWH), dish-
washer (DW), washing machine (WM) and refrigerator, although other loads can be used for
providing flexibility to the grid in a domestic application [41]. As an example, the electric
oven, the microwave oven and the induction hob were not considered as controllable loads,
as in the context of the project DEMAND it has been chosen not to include the loads used
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for food preparation among the flexible loads, for reasons related to excessive discomfort
for the end-user. The ESWH and the refrigerator are modular loads, since it is possible to
act on the set-point temperature to reduce their instantaneous power demand and daily
consumption. DW and WM are instead interruptible and shiftable loads. It should be
noted that interruptible loads, once stopped during normal operation, can be restarted
by resuming the work cycle from the point where it was interrupted, but with additional
energy consumption. For example, a DW that is interrupted during the rinsing phase, will
resume operation by restarting this phase from the beginning. For the purposes of this
study, it is assumed that interruptible loads can be interrupted and restarted according to
an optimal management strategy that minimizes discomfort for the user and maximizes
profit at the same time. The usage probabilities for the application of the Monte Carlo
approach are those provided by CECED for Italian domestic appliances [42]. To simulate
the behavior of the ESWH and of the refrigerator, the Monte Carlo approach is formulated
as reported in ref. [43]. Figure 10 shows the daily power profiles of an apartment and of the
flexible loads only, obtained using the Monte Carlo simulation.
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Figure 10. Daily load profiles of the apartment and of its flexible loads.

The Monte Carlo approach applied to the specific case for creating a dataset of
2000 daily load profiles shows that the apartments exhibit peak power values ranging
from 2000 W to 5920 W, with a mean peak of approximately 2687.5 W and a standard
deviation of 703.8 W, indicating a moderate level of variability among individual profiles.

The total daily energy consumption derived from the 2000 simulated profiles shows
an average of approximately 7699.5 Wh, ranging from 3144.2 Wh to 13,277.5 Wh. The high
standard deviation (2619.2 Wh) and the large distance between minimum and maximum
values indicate a considerable heterogeneity in energy use among profiles. Although the
95% confidence interval for the mean (7584.7-7814.4 Wh) is relatively narrow, it reflects the
precision of the mean estimate rather than a low variability in the data distribution.

4. Simulations

In order to determine the impacts of DR actions on the distribution grid in different
scenarios, the following Key Performance Indicators (KPIs) have been evaluated: variation
in power peaks, energy losses and voltage drop.
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4.1. Case Study 1

The evaluation of the KPIs was first of all carried out in Scenario 0.1, assuming that
there was no aggregation and that DR logics were not adopted and considering the LV
network in Figure 3 with 63 residential end-users distributed equally across the three
LV lines. All the end-users have been assumed with the characteristics described in
Section 3.2.5.

In this scenario, the MV /LV transformer is charged to almost 70% of its rated power
during the peak of the load demand, as shown in Figure 11; therefore, it is assumed that
the DSO asks the VAE for a reduction in the peak during the night. Table 2 reports the
technical parameters of the system in scenario 0.1.
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Figure 11. Daily load profiles of the MV /LV transformer in scenario 0.1.

Table 2. Technical parameters of the system in scenario 0.1.

Power peak 67.68 kW
Daily energy losses in the lines 2.33 kWh
Daily energy losses in the transformer 11.88 kWh
Daily overall energy losses in the grid 14.21 kWh
Maximum voltage drop 2.06%
Maximum load utilization factor 0.22

Four different scenarios were then examined:

Scenario 1.1: all 63 end-users of the test network participate in the aggregation process
in two different time intervals of the day, at 03:50 a.m. and 2:30 p.m. on the basis of the
DSO request, respectively through the use of the WM and DW. The use of the WM has been
shifted to the valley period between 11:10 a.m. and 11:50 a.m., while the use of the DW has
been shifted to the time interval between 8:30 p.m. and 8:50 p.m.

Scenario 2.1: only 33 end-users participate in the aggregation process at two different
time intervals of the day, at 03:50 a.m. and 2:30 p.m., according to the DSO’s request, again
through the use of the DW and WM as for Scenario 1.1.

Scenario 3.1: all the 63 end-users participate in the aggregation process and the DSO
requests a reduction in the power peak at 03:50 a.m. The end-user can participate in the
aggregation process by shifting in time the use of the WM between 11:10 a.m. and 11:50 a.m.

Scenario 4.1: 33 end-users participate in the aggregation process to provide the re-
quested reduction in power at 03:50 a.m. using their WMs as for scenario 3.1.

The results of the simulations are presented in Figure 12 showing a significant reduc-
tion in the maximum power peak at the transformer, which corresponds to a significant
reduction in the voltage drop in the supplied cable lines. What is less significant, however,
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is the reduction in energy losses in the distribution network. Table 3 summarizes the
percentage reductions compared to scenario 0.1.

Scenario 1.1 Scenario 2.1
80 80
70 70
60 60
2 50 T 50
= =
g 40 , g 40
o
a 30 S 30 .
20 20
10 10
0 0
8888853838553833838333333838 8888888888888883888888888
88583885883 HNANASSRARARNSA 8583388583 200UINENNARRAR
Time [hh:mm] Time [hh:mm]
Scenario 3.1 Scenario 4.1
80 80
70 70
60 60
250 3 50
= =
g 40 g 40
g 30 830
20 20
10 10
0 0
883888353888333888353388888 88338888833332888885333888
SS83838E5833CITI2ETRIRIRR 8558388583830 33IL3533RRRR
Time [hh:mm] Time [hh:mm]
Figure 12. Daily load profiles of the MV /LV transformer in scenarios 1.1-4.1.
Table 3. Percentage reductions in the technical parameters compared to Scenario 0.1 in the LV
test network.
Reduction in the Maximum Reduction in Overall Reduction in Maximum
Scenarios Peak Power of the Loads with  Energy Losses in the Grid = Voltage Drop Compared

Respect to Scenario 0.1

Compared to Scenario 0.1

to Scenario 0.1

Scenario 1.1
Scenario 2.1
Scenario 3.1
Scenario 4.1

42.06%
25.92%
22.27%
22.27%

10.63%
12.35%
7.28%
8.04%

42.82%
28.68%
23.08%
23.08%

4.2. Case Study 2

Considering the test LV network again, the second case study presents two lines
supplying the end-users described in Section 3.2.5 (21 end-users per line) and one line
supplying 18 end-users with the characteristics described in Section 3.2.1 (private house in
Larvis) and one assisted nursing home with the daily load profile in Figure 7. The daily
load profile in this scenario, named scenario 0.2, is represented in Figure 13, while power
peak, power losses and voltage drop are reported in Table 4.
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Figure 13. Daily load profiles of the MV /LV transformer in scenario 0.2.
Table 4. Technical parameters of the system in scenario 0.2.

Power peak 52.14 kW
Daily energy losses in the lines 1.57 kWh
Daily energy losses in the transformer 11.71 kWh
Daily overall energy losses in the grid 13.28 kWh
Maximum voltage drop 0.76%
Maximum load utilization factor 0.32

In this case, it is assumed that the DSO asks the VAE to decrease the power peak
occurring by night and, at the same time, to increase the power consumption in the period
ranging from 9:00 am. to 1:00 p.m. in order to increase the load demand when the
production from photovoltaic plants is higher.

Also, in this case, four different case studies were then examined:

Scenario 1.2: all 63 end-users of the test network participate in the aggregation process.
All domestic end-users of lines 1 to 3 shift their flexible load from the night to another
time interval in the period with the maximum production from photovoltaics. The assisted
nursing home shifts the beginning of the working period of the laundry from 4:00 a.m. to
8:00 a.m.

Scenario 2.2: like in Scenario 1.2 but without the participation of the assisted nurs-
ing home.

Scenario 3.2: only 30 domestic end-users and the assisted nursing home participate in
the aggregation process and flexible loads are managed as described for Scenario 1.2.

Scenario 4.2: like in Scenario 3.2 but without the participation of the assisted nurs-
ing home.

The results of the simulations are presented through the MV /LV transformer load
in Figure 14. The trends in Figure 14 show that, after the application of DR logics in
the different scenarios, there is a less evident reduction in the night power peak at the
transformer (in the range of 14.75-25.72%, lower than in Case Study 1). The increase in
energy consumption at the same time as the photovoltaic generation is in the range of
12.68-29.40%.

https://doi.org/10.3390/su18084109


https://doi.org/10.3390/su18084109

Sustainability 2026, 18, 4109

17 of 26

Scenario 1.2 Scenario 2.2
60 60
50 50
=40 m S 40
2 g |
a‘, 30 2 l r qh) 30 A
H I §
20 \‘ \ “ 20 \l \
10 v
I
10 !
0
0 [ejojojojojolojojojojojojojojojojojojojojoJoJoN o]
0000000000000 0O LRI
OO0 O0O000O00O0O0D0O0O0O00O00O0OO0OO0O0O0OO0O O ANNTETNNUONONOAANNTNONONDO HANM
SHANSTNORIAISAANNLIMNBRNIBNS AN N AT ddd A AN NN
D B B B B B B B B B oV i o VR o VI o)
Time [hh:mm)] Time [hh:mm]
Scenario 3.2 Scenario 4.2
60 60
— 50 — 50
> 2
5 40 5 40
: | :
€ 30 A A & 30 i :
20 nv ﬁ 20 — —_— =]
10 L v 10 —— - nNH— 24—
0 0
8888888858888888888888888 888883888838388883838888888
R S SRR E LR ERE EEERE:
Time [hh:mm)] Time [hh:mm]
Figure 14. Daily load profiles of the MV /LV transformer in scenarios 1.2-4.2.

Table 5 summarizes the potential reductions, in percentage terms, of the maximum
power peak, the energy losses in the network and, finally, the maximum voltage drop
compared to scenario 0.2 and the increase in energy demand between 9:00 a.m. and
1:00 p.m.

Table 5. Percentage variations in the technical parameters compared to Scenario 0.2 in the LV
test network.
Reduction in the Reduction in L .
. Reduction in Increase in the Energy
Maximum Peak Overall Energy Maximum Voltage Demand Between 9:00
Scenarios Power of the Loads Losses in the Grid 8 ’

Drop Compared to

. a.m. and 1:00 p.m.
Wlsth ResP ect to Compafed to Scenario 0.2 Compared to Scenario 0.2
cenario 0.2 Scenario 0.2
Scenario 1.2 24.72% 3.76% 25.00% 29.40%
Scenario 2.2 24.72% 3.76% 25.00% 29.40%
Scenario 3.2 14.75% 3.07% 14.58% 12.68%
Scenario 4.2 14.75% 3.49% 14.58% 14.36%

4.3. Case Study 3

The third case study considers the impact of DR on the MV network. First of all, the
MYV network is simulated in the absence of aggregation and without the application of
DR logic, thus defining scenario 0.3, taken as reference for the evaluation of subsequent
scenarios. In scenario 0.3, the test network is characterized by the technical parameters
reported in Table 6.

http
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Table 6. Technical parameters of the system in scenario 0.3.
Power peak 6.67 MW
Daily energy losses in the lines 8.53 MWh
Daily energy losses in the transformer 745.21 kWh
Daily overall energy losses in the grid 9.27 MWh
Maximum voltage drop 0.98%

The MV test network consists of 154 loads, of which 152 represent aggregates of
residential end-users, with the characteristics defined in Section 3.2.5, and the remaining
represent the tertiary-sector and the industrial end-users described in the previous Section 3.
Four scenarios are examined:

Scenario 1.3: the data center provides flexibility by modulating the operation of the air
conditioning systems from 03:50 a.m. to 04:10 a.m., simulating separately the real data of
the tests carried out in May and July by Engineering on the Pont-Saint-Martin data center.

Scenario 2.3: only 50% of the residential users of the MV network provide flexibility in
a single interval of the day. In this case, the industrial and the tertiary-sector end-users do
not take part in the aggregation process.

Scenario 3.3: flexibility is provided both by the data center and the industrial end-users,
and by 50% of the residential end-users.

Scenario 4.3: the data center provides flexibility through disconnection from the
distribution network from 03:50 a.m. to 04:20 a.m., using the real data of the test carried
out in June by Engineering on the Pont-Saint-Martin data center; 50% of residential users
in the MV network provide flexibility in the same time interval.

Table 7 shows the reductions in percentage terms of the maximum peak power and
energy losses in the grid, obtained in the different scenarios defined for the MV test network
compared to scenario 0.3. Being the voltage drop in scenario 0.3 very far from its admittable
value, the voltage drop reduction in the other Scenarios are not reported.

Table 7. Percentage reductions in the technical parameters in the different scenarios of the MV test
network compared to scenario 0.3.

May July

Reduction in the Reduction in Reduction in the
Maximum Peak Overall Energy Maximum Peak

Reduction in Overall
Energy Losses in the

Scenarios Power of the Loads Losses in the Grid Power of the Loads .
. . Grid Compared to
with Respect to Compared to with Respect to Scenario 0.3
Scenario 0.3 Scenario 0.3 Scenario 0.3 ’
Scenario 1.3 1.06% 0.12% 1.65% 0.22%
Scenario 2.3 23.18% 0.95% 22.94% 0.86%
Scenario 3.3 23.18% 1.19% 22.94% 1.08%

Scenario 4.3

Participation of 50% of residential end-users

C o . . i
and data center Participation of 50% of residential end-users only

23.04% 1.41% 23.04% 0.87%

4.4. Case Study 4

The last case study considers the MV network again but with a different population of
end-users assumed according to the Annual Relation of the Italian Authority for Energy,
Grids and the Environment [44].

The relation reports that the number of PODs of the Italian LV and MV grids is
currently 37 million distributed among 29.5 million domestic end-users and 7.3 million other
users (residential not-domestic, industrial and tertiary sector end-users). Concerning the

https://doi.org/10.3390/su18084109


https://doi.org/10.3390/su18084109

Sustainability 2026, 18, 4109

19 of 26

electricity consumption, about 35% is due to industrial end-users, 44% is due to residential
end-users and 21% is due to the other end-users (excluded the transportation sector).
Starting from these data and assuming the consumption reported in Section 2 for each type
of end-user, in this case study the distribution of end-users in Table 8 has been imposed.
The distribution in the table approximates the official data on electricity consumption and
the number of users quite well, even considering that such data refer to an annual reference
horizon while, at this stage, we are only analyzing a typical day.

Table 8. End-user distribution in the network.

Type of End-User Number of End-Users
Simulated small residential end-users 11,000
Small residential end-user (like the private house
. . 5500
in Lavis)
Large residential end-user (like assisted nursing home
. 1800
in Trento)
Tertiary-sector end-user 3000
Industrial end-users 300
Data center 1

In the absence of aggregation and without the application of DR logic, scenario 0.4,
taken as reference for the evaluation of subsequent scenarios, is assessed. In this scenario,
the test network is characterized by the technical parameters reported in Table 9.

Table 9. Technical parameters of the system in scenario 0.4.

Absolute power peak (2:45 p.m.) 22.47 MW
Night-time power peak (4:00 a.m.) 12.23 MW
Day-time power peak (9:30 a.m.) 21.75 MW
Daily energy losses in the lines 37.23 MWh
Daily energy losses in the transformer 1.08 MWh
Daily overall energy losses in the grid 38.31 MWh
Maximum voltage drop 3.35%

Scenario 0.4 is characterized by a concentration of energy consumption between
7:00 a.m. and 8:00 p.m.; therefore, the following scenarios are defined:

Scenario 1.4: 50% of residential end-users and the data center use their flexibility to
reduce the night-time power peak. The residential end-users shift the use of their WMs to
a different time after 10:00 a.m. so as to concentrate the electricity demand in the period
characterized by the maximum PV production. The data center modulates the consumption
of its air-conditioning system while the other end-users cannot take part in the aggregation
process because their flexible loads are only active during day-time;

Scenario 2.4: like in Scenario 1.4 but without the participation of the data center;

Scenario 3.4: it is supposed that the DSO requests the reduction in the power peak
between 8:30 a.m. and 10:00 a.m. to increase the energy consumption in the immediately
following time period characterized by higher PV production. The DR action involves
only 50% of the large residential end-users, that participate shifting the load due to the
laundry, and 50% of the tertiary sector end-users, that modulate the consumption of their
air-conditioning systems;

Scenario 4.4: 50% of the simulated residential end-users, 25% of the industrial end-
users and the data center use their flexibility to reduce the power peak at 2:45 p.m. The
residential end-users shift the use of their dishwashers, the industrial end-users shift the
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use of the machinery of one production line and the data center uses its diesel generator to
disconnect from the grid.
Scenario 5.4: like in Scenario 4.4 but without the participation of the data center;
Table 10 shows the reductions in percentage terms of the maximum peak power and
energy losses in the grid and the increase in energy consumption between 10:00 a.m. and
6:00 p.m. (average time period of PV production), obtained in the different scenarios
defined for the MV test network compared to scenario 0.4.

Table 10. Percentage variations in the technical parameters in the different scenarios of the MV test
network compared to scenario 0.4.

Scenarios

Maximum Peak Power of
the Loads with Respect to

Reduction in the Increase in the Energy
Consumption Between
10:00 a.m. and 6:00 p.m. with

Respect to Scenario 0.4

Reduction in Overall
Energy Losses in the Grid

Scenario 0.4 Compared to Scenario 0.4

Scenario 1.4
(May)
Scenario 1.4
(July)
Scenario 2.4
Scenario 3.4
Scenario 4.4
Scenario 5.4

18.97% —-1.9% 0.59%
19.21% —1.9% 0.59%
18.40% —1.9% 0.59%
3.72% 1.0% 0.10%
7.65% 2.1% —0.20%
2.67% 1.7% —0.16%

In Scenario 1.4, the night-time peak power is reduced from 12.23 MW to 9.91 MW
considering the data center behaves like in May and to 9.88 MW considering the data center
behaving like in July. Scenario 2.4 is quite similar to Scenario 1.4 with a night-time peak
power reduced to 9.98 MW without the contribution of the data center. In Scenario 3.4 the
day-time peak power decreases from 21.75 MW to 20.94 MW. Simulating this scenario, it
was assumed that the electric load due to the air-conditioning systems of the tertiary sector
end-users was 30% of the total load.

Scenario 4.4 shows a good reduction in the peak power from 22.7 MW to 20.75 MW.
This is achieved thanks to DaCe’s contribution of just over 1 MW. In fact, Scenario 5.4,
completely identical to the previous one except for DaCe’s participation in the aggregation,
shows a reduction in the peak to 21.87 MW. As far as losses are concerned, it can be
seen that in Scenarios 1.4 and 2.4 the reduction in daily energy losses is negative. This
implies that there is an increase in grid losses, albeit modest. The shift in part of the
consumption between 10:00 and 18:00 is also modest in scenarios 1.4 to 3.4 and even
negative in scenarios 4.4 and 5.4. Table 11 shows a summary of the changes in losses and
energy in the maximum PV production range compared to scenario 0.4 for scenarios 1.4-3.4.

Table 11. Changes in energy losses and energy in the maximum photovoltaic production range in
absolute terms.

S . Change in Grid Losses Change in Energy Demand
cenario [MWh] Between 10 a.m. and 6 p.m.
[MWh]
Scenario 1.4 (May) +1.02 +5.05
Scenario 1.4 (July) +1.02 +5.05
Scenario 2.4 +1.02 +5.05
Scenario 3.4 —0.99 +0.82
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5. Sustainability Impact Evaluation

The use of DR can contribute to sustainability fostering the reduction of CO, emissions
through peak shaving, valley filling or load shifting actions in general. Assuming to carry
out a load shifting action in order to increase the load in a time interval when photovoltaic
systems produce more energy than that required by loads, it is possible to exploit the power
produced in excess to supply the flexible devices. In this way, a double effect is obtained:
avoiding the curtailment of photovoltaic generation in correspondence to the hours of
maximum production reducing CO, emissions with respect to the original situation where
flexible devices are supplied by traditional power plants.

In the various case studies, a request from the DSO to reduce the consumption in one
time interval of the day was hypothesized. In all the case studies, it was assumed that the
flexible loads activated for accomplishing to the DSO’s request were shifted from the night
to a different time interval in the morning. To provide an estimation of the CO, emission
reduction due to the load shifting action, it was assumed that during the night the loads
were supplied only by traditional power plants, while in the new usage time interval, they
were powered by photovoltaics systems.

Therefore, for calculating the reduction in CO, emission, the amount of energy shifted
Egirr is multiplied for the average CO, emission factor EF that would have been con-
sidered in the calculation of the CO, emission before the DR action, as shown in the
following formula:

C02 reduction = Eshift'EF

The proposed approach is simplified, as an accurate assessment of emission reductions
would require precise knowledge of the actual national generation mix for the specific
day on which the load shifting action is requested and for the exact time interval in which
it occurs. However, the proposed calculation is commonly adopted in the literature to
estimate the potential reduction in emissions.

CO, emissions before and after the load shifting action are evaluated considering the
average CO, emission factors provided by ISPRA for Italy in 2023 [45] and reported in
Table 12.

Table 12. Average CO, emission factors for Italy in 2023.

Power Plants CO, Emission Factor

[kg/MWh]
Coal-fired 870
Oil-fired 570
Natural gas-fired 368
Italian thermoelectric energy mix 415
Italian thermoelectric + RES energy mix 253

The power required to operate the washing machine would be supplied by natural
gas-fired power stations, except in the case of the small island not supplied by the national
electricity grid. For the small island, it was assumed that the power in this time interval
would be supplied by non-cogenerative diesel-fired power stations. Assuming that pho-
tovoltaic curtailment is carried out, it is possible to exploit the power produced by the
photovoltaic systems to allow the washing machine to operate from 11:10 a.m. to 11:50 a.m.,
with a consequent reduction in CO, emissions.

Considering the emission factors for natural gas-fired power plants and non-
cogenerative diesel power plants, the daily reductions in CO, emissions, shown in Table 13,
have been obtained.
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Table 13. Estimated CO, emissions reduction.

Scenarios Examined

Avoided Curtailment of PV

Reduction of CO, Emissions

Production [MWh/Day] [kg/Day]
Scenario 3 LV test network 0.022 8.204
Scenario 4 LV test network 0.013 4.95
Network consisting of 252 users supplied by a
typical 400 kVA distribution room 0.071 26.28
Small island not supplied by the national
electricity grid with 2000 users participating in 0.598 340.6
the project
Small island not supplied by the national
electricity grid with 1000 users participating in 0.312 177.98
the project
Small island not supplied by the national
electricity grid with 600 users participating in 0.196 111.5

the project

6. Practical Implementation Aspects

The approach proposed by DEMAND raises practical implementation issues that are
discussed in more detail below.

6.1. Compliance with Current Regulation on DR

One of the main obstacles to P2P aggregation models, such as the bottom-up model
proposed by DEMAND, is the current Italian regulation on demand response (DR) and
aggregators [46,47]. The resolutions of the Authority for Energy, Networks, and the Environ-
ment (ARERA), as well as the technical specifications of the Italian TSO Terna SpA—which
over the years has proposed several pilot projects for the aggregated use of distributed
flexibility—set stringent requirements regarding response times, compliance with the
DSO'’s requests, and the presence of a third party acting as a balancing service provider.
Therefore, the first hurdle to overcome for the actual implementation of DEMAND is the
acceptance within current regulations of an aggregation model without an aggregator. This
can only happen if the effectiveness and reliability of the bottom-up aggregation model can
be demonstrated to be at least equal to that of the traditional model.

6.2. Communication Latency

To ensure that the system is competitive and can be implemented in compliance with
Italian regulations, the response time for load shifting via the VAE must not exceed 15 min.
If the system is used to participate in the balancing market, individual users must send
monitoring data to the DSO within 4 s, as specified by Terna SpA. This requirement may be
difficult to meet with standard metering and monitoring equipment at user sites, and using
a dedicated monitoring peripheral unit—typically employed by aggregators—for every
single user participating in the DEMAND program would be excessively costly.

6.3. Cybersecurity Issues

Cybersecurity plays a fundamental role in ensuring the stability and reliability of
modern smart grids within DR frameworks. As these programs progressively depend on
bidirectional communication, Internet of Things (IoT) devices, and aggregators to man-
age and balance energy consumption, they inherently broaden the cyber-attack surface.
This increased exposure introduces vulnerabilities that may result in severe consequences,
including large-scale power outages, economic losses, and damage to electrical infras-
tructure [48]. However, the DEMAND system relies on real-time readings of end-user
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power consumption/production via electricity meters installed by the DSO itself, which
utilize security protocols to ensure the reliability of the public metering service. However,
given the absence of an aggregator, the DSO should take responsibility for implementing
additional security measures (such as anti-attack secure distributed systems [49] or similar)
to ensure greater protection against cyberattacks.

7. Conclusions

This article shows how consumers can contribute to make electrical systems more
flexible and sustainable by changing the way they consume energy—by shifting the load
and reducing energy demand. To do this, it has been seen that the use of smart technologies
and the adoption of energy efficiency measures by consumers are necessary. From a
technical point of view, a significant reduction in peak and voltage drop has been achieved,
particularly for scenarios concerning the LV test network where the adoption of DEMAND
technology by 100% of users has been assumed. For the MV test network scenarios, a
significant reduction in the maximum voltage drop was also achieved, but less significant
than for the LV network, since only 50% of users were assumed to participate in the
DEMAND program. Regarding the reduction in overall energy losses, it can be argued
that there was a greater reduction in the LV test network than in the MV network. It was
noted, particularly in the LV test network, that although in some scenarios there was a
significant reduction in peak and voltage drop, the reduction in losses was smaller than in
other scenarios where DEMAND technology penetration was lower. Analyzing the results
of the simulations, it was noted that this is linked to the fact that, by solving the technical
problem relating to the peak, due to the shifting of the electrical load at different times
of the day (rebound effect), it is not possible to obtain the maximum reduction in losses,
thus causing a loss of system efficiency. Indeed, due to the temporal shifting of part of the
electrical demand to different hours of the day, the overall Joule losses in the network’s
cables can increase. In fact, cable losses are proportional to the square of the current flowing
through the conductors. When demand is redistributed across different hours, the current
profile changes over time. Even if the total daily energy consumption remains the same,
the resulting current levels during multiple periods may increase the cumulative sum of
the power loss terms. Therefore, shifting part of the electrical load to different hours may
increase the total Joule losses in the network, since the quadratic dependence on current
causes the aggregated loss term to grow when currents are redistributed over time.

In addition, the assessment of environmental impacts shows that the use of more
flexible measures also makes it possible to encourage the use of renewable energy sources
and avoid the curtailment of photovoltaic generation at peak production times, improv-
ing sustainability.

It should be emphasized that, although KPI values have been calculated for different
scenarios and for both networks, these values should not be interpreted as a reference for an
absolute quantification of the benefits of the proposed technology. Indeed, the calculation
results strongly depend on the initial load profile (baseline) as well as on the type and
proportion of users participating in the DR action. Moreover, the followed approach, based
on the analysis of a typical day with a deterministic load flow calculation, does not allow
us to assess the real impact of the application of the DEMAND approach over a long period
(for example one year). Nevertheless, it must be noted that DR actions solicited from
the DSO for solving network issues are not daily operations and, as a consequence, this
approach can be considered a valid method for offering DSOs information that is clear and
straightforward to interpret.

However, it should be highlighted that the flexibility of the electricity system is a
complex problem that affects many different disciplines. It is complicated, in fact, to
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encourage consumers to provide flexibility and in order to do it so that several aspects
must be taken into account, not only in engineering and information technology, but also in
marketing, economics, anthropology and psychology. It can be concluded that, on the one
hand, consumers need to understand that such more-flexible measures can provide future
generations with a safe, reliable and affordable electricity system. On the other hand, it is
also necessary for those involved in the design of electricity systems to take into account
the wishes and needs of consumers and society today and in the future. This is the only
way to make the transition from a technology-centered electrical system to a user-centered
electrical system.

In a future work, to complete the assessment of the impacts of the DEMAND project,
a study on the Italian balancing market will be presented, showing how the same tech-
nology can generate different profits for users depending on the market zone in which it
is deployed.
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