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Abstract. Demand Response (DR) concept, introduced by the Smart Grid para-
digm, is presented as one of the main solutions to mitigate the effects of the in-
termittency of Distributed Generation sources in the network. With this, the con-
sumer’s role in the energy market is empowered and their flexibility is crucial.
The technology advances allow bidirectional communication providing signals
to the active consumers, given by the entity manager, participating in DR events
to alleviate problems in the grid. The authors proposed a methodology, resorting
to load shifting, to lessen voltage limit violations in some points of the grid. After
the detention, the DR event is triggered and the small resources are scheduled,
requesting a reduction to the active consumers. The authors believe that uncer-
tainty in the response must be considered so, the willingness and availability from
the active community are contemplated on the problem. The results show the
necessity of pondering consumer behavior.
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1 Introduction

The world’s population is increasing, and the concept of smart cities was born to pro-
vide the answers for the problems that consequently arise — for instance, unsustainable
energy and water use, pollution, or even environmental degradation. It is expected that,
by implementing information and communication technologies, some of the conse-
quences will be mitigated and will help to properly manage the communities [1]. In this
way, the consumer’s role in the energy market is changing. Until now, low or no infor-
mation was given to the end-users regarding the transactions in the market. With the
increasing penetration of the Distributed Generation (DG) in the grid, namely solar and
wind, the prior paradigm is no longer valid — the generation follows and satisfies the
consumption needs [2]. Instead, the demand side must adapt their needs to the available
production since the behavior from the renewable-based technologies is intermittent
[3].

The Demand Side Management solutions are considered, by the literature as the so-
lution to avoid costly investments in the system restructure as well as aid on alleviate
the problems that will arise from demand peaks [4]. Thus, Demand Response (DR)
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programs should be implemented with the help of bidirectional communication and
Advanced Metering Infrastructures, including smart meters and smart appliances [5],
[6]. Having information and understanding the consumer load pattern, aid the entity
manager in giving the right signals to change the consumption to alleviate any difficul-
ties found in the grid, ensuring the security and reliability of the system [7], [8]. So, the
role of small consumers in the energy market is changing. Yet, according to Iliana
Ilieva, et al. [9] it will take time, education, and resources until taking rational decisions
in the market transactions. However, the actual business models do not include or can
deal with the uncertainty associated with these new resources. The unpredictable be-
havior, from both consumers and DG units, increase the complexity of managing the
network. An entity was created to be responsible for the transactions in local commu-
nities with active players — the Aggregator. It is believed that developing smart build-
ings and smart homes, giving the right tools for the active consumers is a great step
forward to the implementation in the real world of DR programs. However, other issues
resulting from the use of such technologies, for instance, the large amounts of data,
concerns regarding data security, safety, and privacy. The designed method to success-
fully implement DR in the real market should be able to manage these matters — artifi-
cial intelligence and machine learning are widely used in the treatment of big data.

Many models in the literature were created finding solutions to optimally manage
and to aid and decrease the difficulty when dealing with the new players. Shaghayegh
Zalzar and Ettore Francesco Bompard [10] modeled the demand flexibility using load
shifting focusing and proposing an incentive-based settlement mechanism. The results
were withdrawn, with high penetration of wind energy, indicate that monetary incen-
tives are crucial for active consumer participation — without them, it is not profitable to
provide such flexibility. Ozge Okur et al. [11] evaluated the impact of DR for internal
balancing to reduce the individual imbalances of an Aggregator regarding uncertain DG
resorting to Model Predictive Control, reducing up to 30% in one of the case studies.
However, the remuneration of the active consumers is not considered in their work.

The authors proposed a method to properly manage an active community in a smart
city by developing a tool to aid the Aggregator on the complex task of handling uncer-
tain resources. Being a continuity from other works [12], [13], this paper it is presented
a resolution for a voltage limit violation mitigated by triggering a DR event. After the
detection of the problem, a DR event is triggered and flexibility from the active con-
sumers is requested after the scheduling of the resources. Load shifting is applied, and
the consumption is moved to another period. The authors consider the consumer per-
spective a crucial matter in developing DR solutions [14]. In this way, the availability,
and the willingness to contribute to such programs must be deemed. In this way, the
case study is based on a smart city and how the Aggregator should manage the small
resources associated, which can be a complex task due to the uncertainty of the active
consumer response and the intermittent behavior of the DG resources.

The present paper is structured into five main sections. Firstly, a brief introduction
to the topic, the proposed methodology, and the problem that the authors want to solve.
After, in the Methodology section, the authors offer a detailed explanation of the solu-
tion presented. Next, the Case Study, where the characteristics of the dataset used as
input, focusing on the community and the active consumers. In the Results and



Discussion section, an analysis of the findings regarding the global perspective as well
as the point of view of five selected consumers.

2 Methodology

In this section, the proposed methodology framework and assumptions are introduced.
Since the focus is to optimally manage the participants in the DR event, the mathemat-
ical formulation respects the optimization scheduling to minimize the Aggregator’s
costs due to flexibility provision. By managing the availability of the local community,
the entity manager will be able to mitigate limit violations by triggering DR events to
reduce the tension on the faulty node. Figure 1 presents the proposed methodology.
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Performed the power transit, as soon as the limit violation is detected, the DR event is
triggered, and the participants are requested to reduce the contracted amount. It must
be noticed that active consumers register to offer the flexibility voluntarily for the par-
ticipation and receive compensation if there is a change in their baseline profile. The
availability from the demand side will be crucial. The consumer has power over the
appliances — even resorting to smart equipment, the user has always the freedom of
choice. So, it is important to find ways to deal with the uncertainty. For instance, give
the right compensation and reduce the discomfort that may incur from the event. In this
way, the authors design the tool to aid the Aggregator in this complex task, being the
focus of the proposed methodology. Triggered the DR event, the Scheduling phase
starts. A linear approach is employed to optimally manage the smart city and the local
community since can deal with several types of active small resources: consumers par-
ticipating in DR programs (PDR), DG units (PDG), and even the joint of these two
concepts. The DG is considered a priority in this approach but, when the amount is
reduced, external suppliers are also considered. Two types of external suppliers were
integrated: regular (PSUPR) and additional (PSUPA), considering the quantities con-
tracted at distinct prices and where the last is only used in extreme cases (more expen-
sive). Let p be the number of DG units, ¢ the number of consumers, sr the number of
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Fig. 1. Proposed Methodology



regular suppliers, sa the number of additional suppliers, and t the actual period. The
objective function is represented in Equation 1 [14].

Min. OF =} [Poc (p, t) Coc (p, t)] + X [Por (€, t) Cor (¢, )] + 3 [Psura (s, 1) (1)
Csupa (sa, t)] + X [Psupr (1, t) Csupr (ST, t)] + Pnse(t) Cnsp (t)

The network balance constraint is presented in Equation 2, achieving an equilibrium
between consumption and generation where the sum of the requested reduction to the
consumer initial load (PinitiaiLoad) Should equal the total generation from DG units and
external suppliers. In the extreme eventuality of demand not met by generation means,
the variable from Non-Supplied Power (Pnsp) was added. The network is being well
managed if the parameter PNSP is zero.

5 [Pinitial (c,t) - Por(c, )] = [Poc (p, t)] + . [Psuea (Sa, t)] + > [Psurr (ST, 1)] @)
+ Pnse(t)

The remaining constraints are presented between Equation 3 and Equation 10. In
Equation 3, the constraint for the maximum value of reduction for each consumer —
contracted flexibility.

Por (¢, t) < PorM¥(c, t) 3)

Equation 4 to Equation 6 describe DG units restricting upper, lower bounds and a
total maximum value of generation.

Poc (p, t) < PocM* (p, t) (4)
Poc (p, t) > PocM" (p, t) (%)
Y [Poc (p, )] < Poc™ (t) (6)

Equation 7 to Equation 10 refer to External Suppliers restricting them superiorly and
total amount, for each type.

Psupr (sr, t) < Psupr™® (sr, t) (7
Y [Psupr (s1, t) < Psupr™ (1) (8)
Psupa (sa, t) < Psupa™ (sa, ) ©)
Y. [Psupa (sa, )] < Psupa T (1) (10)

The following phase, Reduction Request, invite the active consumers to participate
in the DR event and reduce the consumption to aid the Aggregator goal to mitigate the



limit violation. As soon as the power transit is violation-free, the participants are remu-
nerated with the proper compensation and the load is shifted to another period, conven-
ient to both Aggregator and the active consumer reducing the discomfort caused.

3 Case Study

In this section, the information regarding the design of the case study is provided. The
smart city has 96 consumers and, the grid is composed of 234 buses. The day is divided
into periods of 15 minutes, so 96 periods were considered. On periods 38, 40, 42, 43,
and 44 occurred voltage limit violation, as can be seen in Figure 2. To solve the prob-
lem, DR programs are applied however only 64 consumers were willing to participate
in DR events.
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Fig. 2. Limit Violation Detection

The main goal of the present paper is assessment the limit from the proposed method-
ology when performing load shifting to mitigate threshold violation. Load shifting is
applied to mitigate limit violation throughout the day — the programed consumption is
moved forward in time to another period without causing more complications. It was
assumed that shifted consumption should be scheduled between 5 hours after the DR
event but never 24 hours after the same — a range of 19 hours.

The DR event is trigged upon limit violation detection and participants should reduce
the amount contracted at the time requested to be further scheduled according to the
mentioned range. In this study, the availability of the consumer at the DR event time
was also considered.

To avoid additional violations upon the event, the shifted load is assigned to different
periods according to the consumer needs — preventing any discomfort. The remunera-
tion is a monetary value of 0.22 m.u./kW. Understanding the impact on microgrids and
five selected consumers, the next section will present and discuss the results. The cho-
sen consumers are from different parts of the grid — 3 of them are in the same node as
the limit violation and the remaining are from another distant part.



4 Results and Discussion

Throughout the present section, the results of the proposed methodology to properly
manage the smart city by the Aggregator perspective — in this case, mitigate the limit
violations. Firstly, from a global perspective, Figure 3 shows the comparison between
initial and final consumption after the application of the proposed method. The discrep-
ancies between both curves are noticeable in the periods where the limits violations
were detected — flexibility provided by active consumers.
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Fig. 3. Load Shifting

With the reduction, the voltage values were restored to their proper place. As can be
seen in Figure 4, not only the values are above the limit, but further limit violations
were created with this solution. Since the appliances from active consumers were
shifted to different hours — according to their availability and to reduce the discomfort
cause — the final curve follows the same line as the initial in the remaining periods.
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Fig. 4. Global perspective

From a more specific perspective, the five different consumers are confronted by the
impact on the baseline profile as well as the remuneration granted from their participa-
tion. From the microgrid perspective, both Consumer 1 and 2 have their location far
from the crisis point. Figure 5 and Figure 8 show the comparison between initial and



final consumption as well as the events in which the active consumer in question par-
ticipate.

It is also highlighted where the consumptions were reallocated in the same days.
May occur reallocations to the day after, according to the consumers' convenience.
Also, the authors consider the willingness to participate in a DR event according to a
certain context — period, since different consumers have different habits which should
be considered when creating a solution for DR events.

First, Figure 5 shows the results from Consumer 1, which participate in only one of
the five events. The consumption was shifted from period 44 to period 83.
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Fig. 5. Comparison between initial and final load profile — Consumer 1.
Regarding Consumer 2, Figure 6 shows that participated in four of five events, although
only three were scheduled for this day with high values of flexibility — between 2 and
2.5kW.
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Fig. 6. Comparison between initial and final load profile — Consumer 2.

Consumer 3, Consumer 4, and Consumer 5 are from the same node where the limit
violation was detected. Figure 7 presents the comparison between the initial and final
load profiles from Consumer 3. This participant only takes part in two of five of the



events which only one was scheduled to later that day. However, was the one, from the
five selected that had a higher amount of reduction — almost 3kW on period 40.

In respect to Consumer 4, although DR participant, the results show that this active
consumer does not contribute to any event, as can be seen in Figure 8. As referred
earlier, participation is voluntary and depends on the willingness and availability of the
user.
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Fig. 7. Comparison between initial and final load profile — Consumer 3.
This is one of the examples where the uncertainty on the response must also contem-
plate the context of which the event is inserted. Finally, Consumer 5 participate in four

out of five events, as can be seen in Figure 8. Like Consumer 2, only three of the re-
ductions were shifted to the same day.
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Fig. 8. Comparison between initial and final load profile — Consumer 5.

Table 1 presents the summary demonstrated earlier with the calculation of the remu-
neration received from each consumer in respect to their contribution to the manage-
ment of the smart city. From this perspective, it is easier to see that none of the selected
consumers participated in the mitigation of the limit violation of period 43. In period
38, only Consumer 2 and Consumer 5 provided flexibility with a total of 3kW. In period



40, three consumers contributed with 5.65kW but were on period 42 where these con-
sumers reduce more — 5.93kW. Finally, on period 44, Consumer 1, Consumer 2, and
Consumer 5 join the event and reduce a total of 4.21kW. Regarding the compensation,
being the one with more contributions, Consumer 2 received 2.09 m.u./kW to shift the
consumption to another period. After, Consumer 3 with 2.09 m.u./kW, Consumer 5
with 0.79 m.u./kW and finally, Consumer 1 with 0.13 m.u./kW

Table 1. Reduction per period and Remuneration values

Consumer Reduction (kW) Remuneration
ID 38 40 42 43 44 (m.u./kW)
1-41 0.00 0.00 0.00 0.00 0.57 0.13
2-48 2.39 2.24 2.50 0.00 2.35 2.09
3-59 0.00 2.97 2.17 0.00 0.00 1.13
4-60 0.00 0.00 0.00 0.00 0.00 0.00
5-51 0.61 0.44 1.26 0.00 1.29 0.79

From the study presented in this paper, the following conclusions can be withdrawn:

e The Aggregator must have powerful tools and make the right assumptions when
dealing with the uncertainty on DR events to mitigate other problems on the man-
agement of the microgrid.

e When applying load shifting techniques, consider not only the grid issues but also
the discomfort from the consumer perspective.

e The active consumers must be motivated to continuously contribute to the manage-
ment of the grid.

e Uncertain responses must be dealt with the right motivations — remember that par-
ticipation is voluntary, and the consumer has freedom of choice, even though penal-
ties may be applied.

The authors believe that develop solutions where the consumer behaviors are consid-
ered, namely regarding the context of the event, should be a step forward to imple-
ment DR programs in the real market.

5 Conclusions

The growing concern regarding the climate change impacts on the so-called normal
functioning of the world motivates the energy sector to exchange non-renewable solu-
tions for technologies more environmentally friendly. Distributed Generation has more
popularity but, to the system, the unstable behavior may cause problems with the secu-
rity and the reliability. Now, instead of the generation following the consumption re-
quests, the demand side must contribute with more flexibility — empowering the con-
sumer role in the energy market. In this way, the consumer concept is changing — have
more information and power to control their consumption with signals given by the
energy market. Resorting to the technologies, smart appliances ease this task. For in-
stance, giving the control to a managing entity to schedule the appliance according to
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the user preferences. When DR events are triggered, according to the contract with the
entity manager, it is expected a response from the active consumer, rewarded with the
right compensation.

In the present paper, the authors test the proposed methodology in a scenario where
a voltage limit violation was detected, and a DR event must be triggered to deal with
the problem. From the results, the solution was capable of mitigating the violation and
not cause other problems after. However, when analyzing five different consumers, was
more evident the importance of context and motivation. The consumer must be availa-
ble and willing to participate, without that, the DR event becomes a more complex
problem due to the uncertainty associated.

In future works, the authors intend to further study the consumer behavior, the fac-
tors that impact and motivate to take some decisions to create the right tool, resorting
to context-aware methods, to aid the Aggregator on its difficulty of managing the active
communities.
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