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Abstract. The increase of distributed generation in several countries has led to
new legislation that allows the owners to use the energy obtained from them in
three possible ways: use the energy to face own consumption such as on-site
generation, sell energy to the grid as a producer, or finally, do both according to
context of operation. In this way, these technologies can be more easily intro-
duced to the average public if there is a managing application that can represent
the interests of its owners and perform the appropriate measures. This paper
proposes a methodology for the management of different available technologies
owned by a prosumer, analyzing the possible role it can have and what type of
scheduling can be made, operating in the third way mentioned before.
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1 Introduction

In recent years, there has been an exponential increase of renewable generation
amongst several countries, mostly due to the necessity of reducing their energy
dependency on fossil fuels or pollution [1]. A known example is the European Union
that imposed deadlines regarding energy to a more sustainable future [2, 3].

The increase of the number of consumers with generation units achieved a new
concept: the prosumer [4]. An entity capable of both consuming and producing at the
same time, i.e. a power node within itself [5]. Although the legislation that defines the
activities of such an entity didn’t accompany their implementation at first, it is now
reaching a high development state where the prosumer is a very important part of
power systems, and future of smart grids [6]. Moreover, when integrating Demand
Response (DR), the modification of load profile in response to monetary or price
signals thus providing flexibility [7], the consumer goes from a passive entity in the
energy system, to one of the most active by managing both local consumption and
generation resources. In this way, the consumer is of the upmost importance to the
future of power systems, especially for the full implementation of smart grids.
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Distributed generation (DG) is mainly implemented by prosumers, with the
installation of small-size generation units that, near consumption, has several advan-
tages for the power system. Per example, DG can have a relevant role in voltage control
and system losses [8]. The development of renewable technologies has caused an
increase for their implementation as DG, namely, photovoltaic (PV) and wind. These
two types of generation have several aspects that make them the most used, per
example, PVs’ easy installation, endurance, and variety of application, are the features
that make this technology have a huge potential regarding its implementation in several
sectors, as residential buildings [9]. Wind is difficult to install near populated areas due
to their level of noise and turbulence. In the smart grid context, prosumers offer an
adequate solution for the implementation of DG at the same time that can supply
flexibility to the power system through demand-side management [10].

The concept of demand-side management implicates several topics, of which DR
belongs to, together with energy efficiency, spinning reserve, and time of use [11]. DR
is defined as the modification of the typical load profile, is response to monetary or
price signals [12]. Monetary signals are incentive-based DR, since the consumer is
induced to participate in an event following the interests of a third party. As for
price-signals, these are price-based DR where the consumer chooses or not to respond,
however, these will have influence in the consumer’s electricity costs, since high rates
are applied to induce load reduction. The management of demand-side allows the
operators and prosumers to adjust load according to generation and insure cost
reduction for demand at costly times [13, 14]. When considering that multiple entities
need to communicate between each other, and interact at a decision/control level (such
as, the implementation of DR programs and load modification), a relevant concept
arises to define this mechanism, multi-agent systems. These are defined as distributed
and autonomous entities that can be intelligent or not, but moreover, can allow for
interaction between several systems. In a smart grid context, energy management
systems can be individual agents that act and decide, upon previously defined rules or
in an intelligent way, the path to improve operation. Moreover, if participating in DR
programs defined by another agent (e.g. grid operator), management systems can
automatically apply these considering some restraints.

The present paper addresses this topic by providing a methodology for an agent,
that in this case is the consumer. The consumer is provided with an independent
management that approaches the several resources capabilities and contributions for the
minimization of energy bought from grid. With this methodology, the consumer can
interact with upper-level entities (e.g. grid operator), to better manage its operation.

2 Proposed Methodology

The proposed methodology enables the optimal scheduling of the consumer’s resources
to minimize the costs of operation, therefore, to lower the electricity bill. The resources
considered are the Main Network (MN) to which the consumer is connected, PV
systems, energy storage battery, and consumption flexibility through load shedding.
The consumer is involved in a time-of-use tariff program and it is assumed that energy
injection in grid is possible and remunerated. The methodology is modelled to be
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implemented in different consumer conditions and number of resources. The following
Fig. 1 shows the context behind the development of the proposed methodology,
considering a household consumer, however, it can be applied to other types of con-
sumers that are also producers (prosumer). The methodology considers that PV gen-
eration is free to use by the consumer, since it is underlined that the system belongs to
the consumer. In the opposite, costs for the use of PV must be added to the objective
function and energy supply priorities must be reviewed.

In the present paper, it is considered that PV has priority above all others, meaning
that the PV generation, if available, will always be consumed, either by the load’s
necessities, battery charge, or injected in the MN. The grid’s interaction is assumed as
bidirectional, however there may be cases where thus is not allowed due to limitations
in the physical network or in the legislation currently applied. In these situations,
usually the on-site generation is mainly used for own load without injection in the MN.
Also in Fig. 1, it is shown that up to three loads can be connected through relays,
adding DR to the consumer’s management.

In sum, the consumer can use the PV, energy storage battery, and DR to avoid
consuming form the grid in times where energy is costly, and take advantage of
reduced tariffs to charge the battery or satisfy consumption. In this way, the objective of
the methodology is to minimize the energy bought from the grid to supply its con-
sumption, and undertake the advantage of PV generation and DR to make the most of
the flexibility that the battery system provides. The methodology considers an opti-
mization process that runs side-by-side with the remaining resources, acting as a
management system for the consumer to improve its energy efficiency and savings.

3 Scheduling Formulation

The mathematical formulation is an important part of the methodology and thus, it is
presented in this section. In this paper, one intends to minimize the operation costs of a
consumer given its interaction with the MN, which can be performed through a
mixed-integer linear programming optimization. The optimization problem was mod-
eled in MATLAB™/TOMSYM™ environment, and solved using CPLEX solver.
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Fig. 1. Implementation context for the proposed methodology.
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The DR curtailment cost in the objective function, is represented through weights
ðPcut

ðc;tÞ �Wcut
ðc;tÞÞ showing the interests of the consumer for the load c in period t, and

therefore affecting its operation if DR is applied. The objective function of the opti-
mization problem, Eq. (1), shows the costs ðPgrid in

ðtÞ � Cgrid in
ðtÞ Þ and revenues ðPgrid out

ðtÞ �
Cgrid out
ðtÞ Þ of the consumer’s operation, i.e. when being supplied by the MN and when it

injects power in the MN in each period t, respectively. The term, Dt, is equal to 4 and is
needed to adjust consumption to the tariff at play, since consumption is in a 15-min
basis, while the tariff is in an hourly basis.

minEB ¼
XT
t¼1

Pgrid in
ðtÞ � Cgrid in

ðtÞ � Pgrid out
ðtÞ � Cgrid out

ðtÞ
� �

� 1
Dt

þ
XC
c¼1

Pcut
ðc;tÞ �Wcut

ðc;tÞ

" #

Pgrid in
ðtÞ ¼ Pgrid

ðtÞ ; if Pgrid
ðtÞ [ 0

Pgrid out
ðtÞ ¼ Pgrid

ðtÞ ; if Pgrid
ðtÞ \0

8<
: 8t 2 1; . . .; Tf g

ð1Þ

Equation (2) insures the balance between load and generation. As for the interac-
tion with grid, one considers that when the energy is bought from the grid in period t,
the variable Pgrid

ðtÞ assumes positive values, otherwise, when the energy is sold to the

MN, the same variable has negative values - Eq. (3).

XP
p¼1

PPV
ðp;tÞ þPgrid

ðtÞ þ
XC
c¼1

Pcut
ðc;tÞ þ

XST
st¼1

Pdch
ðst;tÞ ¼ Pload

ðtÞ þ
XST
st¼1

Pchg
ðst;tÞ; 8t 2 1; . . .; Tf g ð2Þ

�Pgridmax out
ðtÞ �Pgrid

ðtÞ �Pgridmax in
ðtÞ ; 8t 2 1; . . .; Tf g ð3Þ

The flexibility provided by DR is an important part of the integration of DG, since
it allows the load profile to be adjusted according to the output of generation. In this
case, the proposed methodology considers the use of load shedding through relays
incorporated in the PV inverter. Equation (4) represents the limits for the load shed-
ding, Pcut

ðc;tÞ, in the different loads connected to the relays. Equation (5) shows that when

the relays are activated, the loads that are connected to them are shed. This is insured
by the decision binary variable Xcut

ðc;tÞ, for each of the relays.

0�Pcut
ðc;tÞ �Pcutmax

ðc;tÞ ; 8t 2 1; . . .; Tf g; c 2 1; . . .;Cf g ð4Þ

Pcut
ðc;tÞ ¼ Pcutmax

ðc;tÞ � Xcut
ðc;tÞ; X

cut
ðc;tÞ 2 0; 1f g; 8t 2 1; . . .; Tf g; c 2 1; . . .;Cf g ð5Þ

Moving on to the battery system, this is very useful in applications where there are
time-of-use tariffs, per example, the battery can be charged during the less costly
periods and discharged during the costlier periods to avoid a higher amount of energy
bought from the MN. Similar to the generation units, the battery has operation capacity
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ðEstor
ðtÞ Þ limits, Eq. (6), charge ðPchg

ðtÞ Þ and discharge ðPdch
ðtÞ Þ limits, Eqs. (7) and (8),

respectively, in each period t. Equation (9) represents the impossibility of charging
ðXchg

ðtÞ Þ and discharging ðXdch
ðtÞ Þ during the same period t. The parameter ST, represents

the total number of batteries considered, which in this case, is only one. The battery
system maintains a power balance within, thus Eq. (10) presents the balance between
what comes in and out of the battery, and its state.

0�Estor
ðst;tÞ �Estormax

ðst;tÞ ; 8t 2 1; . . .; Tf g; st 2 1; . . .; STf g ð6Þ

0�Pchg
ðst;tÞ �Pchgmax

ðst;tÞ � Xchg
ðst;tÞ; X

chg
ðst;tÞ 2 0; 1f g; 8t 2 1; . . .; Tf g; st 2 1; . . .; STf g ð7Þ

0�Pdch
ðst;tÞ �Pdchmax

ðst;tÞ � Xdch
ðst;tÞ; X

dch
ðst;tÞ 2 0; 1f g; 8t 2 1; . . .; Tf g; st 2 1; . . .; STf g ð8Þ

Xchg
ðst;tÞ þXdch

ðst;tÞ � 1; 8t 2 1; . . .; Tf g; st 2 1; . . .; STf g ð9Þ

Estor
ðst;tÞ ¼ Estor

ðst;t�1Þ þPchg
ðst;tÞ � Pdch

ðst;tÞ; 8t 2 1; . . .; Tf g; st 2 1; . . .; STf g ð10Þ

4 Case Study

The present paper addresses a prosumer located in a Portuguese network, and following
its current legislation which allows small producers like consumers with local gener-
ation, not just use the energy produced to satisfy their own load necessities, but also sell
it to the MN. The case study considers a system built of two PV systems and a battery,
that belongs to a consumer, as illustrated in Fig. 1. The consumer has a supply power
contract of 10.35 kVA with the MN characterized by time-of-use tariffs, namely, three
different periods: peak, intermediate, and off-peak. Beyond the dynamic pricing, the
consumer can inject energy into the MN until half of its contracted power, approxi-
mately, 5.1 kW. The prices applied to the consumer’s operation with the grid are
showed in Table 1. The prices shown are real values that a major supplier in Portugal
offers to its clients.1 This contributes to a more accurate study and methodology
application, since real-life conditions are considered. In what concerns DR, the
objective function considers weights defined by the consumer for the periods where is
more acceptable and beneficial to use load flexibility, that in this case, is directly related
with the dynamic pricing as when the energy is cheaper, less attractive is the DR. The
amount obtained from the weights considered in the objective function is removed after
the optimization problem since it doesn’t represent an actual cost but rather a con-
sumer’s preference that influences the scheduling. Regarding the on-site generation and
storage units, the PV system is composed by two inverters divided between the PV
modules, having a maximum production of 7,5 and 2,5 kW. The battery is connected to

1 https://energia.edp.pt/particulares/energia/tarifarios.
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the same inverter as the second PV (2,5 kW), being able to be charged from it, from the
other PV system, and from the MN.

The inverter that holds the PV and battery system can perform the shed of up to
three loads with incorporated relays. In case of insufficient PV production and/or
energy stored in the battery, the loads connected to these relays can be shed to guar-
antee the energy balance in the inverter, opening a path for DR to support DG oper-
ation. In this case study, it is considered that the load of the dishwasher, air
conditioning, and water heater can be shed, while the unknown load cannot (designated
by “Others”). Figure 2 shows the discriminated load and PV generation forecast
throughout the periods – 15-min intervals. Through Fig. 2, one can see a typical load
profile with a peak of 11,5 kW, around 11:45 h.

5 Results

In the present section, one analyzes the results obtained from the implementation of the
proposed methodology and respective case study. In Fig. 3 it is shown the resource’s
scheduling obtained by the consumer and its interaction with the grid. As mentioned

Table 1. Prices of the different periods and contracted power.

Energy (€/kWh) Contracted power
(€/day) - DCPPeak Intermediate Off-peak

Buy from
grid

0,3326 0,1681 0,0930 0,5120

Periods 10 h–13 h
19 h–21 h

08 h–10 h
13 h–19 h, 21 h–22 h

22 h–00 h
00 h–08 h

Sell to grid 0,1659 –

DR weight 0 0,2 0,4
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Fig. 2. Discriminated consumption by appliance.
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before, the PV generation has the highest priority and thus is always scheduled. By
Fig. 3, it is possible to observe that due to this condition the generation exceeds the
consumption needs, and in this case, the energy surplus will either be used to charge the
battery or sell to the grid. In this way, the consumer avoids buying energy from the grid
to charge the battery and to meet consumption necessities. The above figure shows that
the battery is mostly charged during the dawn, to be later discharged during the peak
hours (10:00 to 13:00, and 19:00 to 21:00).

Also, as shown in Fig. 4, DR is applied during peak hours due to the contract’s
high tariff. The results obtained for the operation costs, show an improvement in terms
of energy savings when the methodology is applied, as shown in Eq. (11), in com-
parison with the consumer being supplied always by the grid connection (normal
operation of consumers).

EBDay
New ¼ DCPþ

XT
t¼1

Pgrid in
ðtÞ � Cgrid in

ðtÞ � Pgrid out
ðtÞ � Cgrid out

ðtÞ
� �

� 1
Dt

� �
;

8t 2 1; . . .; Tf g
ð11Þ
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With the proposed methodology, the daily operation cost is 2,48 €, while in normal
operation (without PV, battery and DR) it is 18,24 €. This means that, in this case
study, energy savings could be achieved up to 86,4%, by implementing PV-battery
system and adopting simple DR strategies.

6 Conclusions

The present paper addresses a methodology for the scheduling of hybrid systems
composed of demand flexibility, PV and battery units, where the prosumer’s electricity
bill is minimized with a dynamic pricing contract. The proposed methodology repre-
sents a simple optimization problem that can considerably improve the consumer’s
energy savings, through an efficient use of resources and intelligent consumption
strategies. Moreover, the application of this methodology, due to its formulation
simplicity, is easily implemented as an executable in a system software, and run on a
timely basis, while a monitoring infrastructure provides the needed data.

Acknowledgements. The present work was done and funded in the scope of the following
Project: AVIGAE Project (P2020-3401); and UID/EEA/00760/2013 funded by FEDER Funds
through COMPETE program and by National Funds through FCT.

References

1. Gasparatos, A., Doll, C.N.H., Esteban, M., Ahmed, A., Olang, T.A.: Renewable energy and
biodiversity: Implications for transitioning to a Green Economy. Renew. Sustain. Energy
Rev. 70, 161–184 (2017)

2. Connolly, D., Lund, H., Mathiesen, B.V.: Smart energy Europe: The technical and economic
impact of one potential 100% renewable energy scenario for the European Union. Renew.
Sustain. Energy Rev. 60, 1634–1653 (2016)

3. Duscha, V., Fougeyrollas, A., Nathani, C., Pfaff, M., Ragwitz, M., Resch, G., Schade, W.,
Breitschopf, B., Walz, R.: Renewable energy deployment in Europe up to 2030 and the aim
of a triple dividend. Energy Policy 95, 314–323 (2016)

4. Kästel, P., Gilroy-Scott, B.: Economics of pooling small local electricity prosumers—LCOE
& self-consumption. Renew. Sustain. Energy Rev. 51, 718–729 (2015)

5. Leiva, J., Palacios, A., Aguado, J.A.: Smart metering trends, implications and necessities: a
policy review. Renew. Sustain. Energy Rev. 55, 227–233 (2016)

6. Ottesen, S.Ø., Tomasgard, A., Fleten, S.-E.: Prosumer bidding and scheduling in electricity
markets. Energy 94, 828–843 (2016)

7. Paterakis, N.G., Erdinç, O., Catalão, J.P.S.: An overview of demand response: key-elements
and international experience. Renew. Sustain. Energy Rev. 69, 871–891 (2017)

8. Rezaee Jordehi, A.: Allocation of distributed generation units in electric power systems:
A review. Renew. Sustain. Energy Rev. 56, 893–905 (2016)

9. Assouline, D., Mohajeri, N., Scartezzini, J.-L.: Quantifying rooftop photovoltaic solar
energy potential: a machine learning approach. Sol. Energy 141, 278–296 (2017)

70 J. Spínola et al.



10. Faria, P., Spínola, J., Vale, Z.: Aggregation and remuneration of electricity consumers and
producers for the definition of demand-response programs. IEEE Trans. Ind. Inf. 12(3),
952–961 (2016)

11. Palensky, P., Dietrich, D.: Demand side management: demand response, intelligent energy
systems, and smart loads. IEEE Trans. Ind. Inform. 7(3), 381–388 (2011)

12. Spínola, J., Faria, P., Vale, Z.: Remuneration of distributed generation and demand response
resources considering scheduling and aggregation. In: IEEE Power and Energy Society
General Meeting, vol. 2015, Sept 2015

13. Gomes, L., Silva, J., Faria, P., Vale, Z.: Microgrid demonstration gateway for players
communication and load monitoring and management. In: 2016 Clemson University Power
Systems Conference (PSC), pp. 1–6 (2016)

14. Abrishambaf, O., Gomes, L., Faria, P., Vale, Z.: Simulation and control of consumption and
generation of hardware resources in microgrid real-time digital simulator. In: 2015 IEEE PES
Innovative Smart Grid Technologies Latin America (ISGT LATAM), pp. 799–804 (2015)

Photovoltaic Inverter Scheduler with the Support of Storage Unit 71


	Photovoltaic Inverter Scheduler with the Support of Storage Unit to Minimize Electricity Bill
	Abstract
	1 Introduction
	2 Proposed Methodology
	3 Scheduling Formulation
	4 Case Study
	5 Results
	6 Conclusions
	Acknowledgements
	References


