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Abstract. This paper presents an energy management strédegy commercial
building in supermarket application. Some objecivae established as load
shedding, to reduce the electricity bill and the ,C&nissions of commercial
building, such as supermarkets, in using PV andagto systems. An energy
management supervision strategy based on the ofilédse electricity bill will be
presented. This paper focuses on the supervisiategy with the help of fuzzy
logic. It is shown, with the help of simulationsdacomparisons, that the energy bill
cost and the COemissions can be reduced by using the solutiopgzed.

Keywords: Photovoltaic (PV) systems, fuzzy logic, storage teys energy
management, commercial building, supermarket

1 Introduction

In recent years, the Energy European legislatiee& $o lower the COemissions and
the fossil energy consumption by the developmemeéwable energy [8][9][10][11]. One
of the priority is “Building performance requirenienand very low energy buildings
(“passive houses”)” “because the largest cost-gffecsavings potential lies in the
residential (households) and commercial buildingstar (tertiary sector), where the full
potential is now estimated to be around 27% and 8Détergy use, respectively” [11]. It
is indicated in [11]:“In residential buildings, refitted wall and roof insulation offer the
greatest opportunities, while in commercial buitgin improved energy management
systems are very important”.

To reach these objectives, we consider a superineokeected to the power network
and associated to photovoltaic and storage systéeme energy management strategies,
developed with the help of fuzzy logic, for thersige system are presented. It is shown
in this paper that the storage system can alscttffje power supplied by grid in the peak
period and off-peak period in order to reduce tketecity bill and the C@emissions.

In section 2, the connexion configuration of thpesunarket is defined. The objective,
the constraints and means of action of this supenmviare also introduced in this section.
The strategy adapting the way to calculate thetrdéty bill is presented in section 3.



Then, the fuzzy logic based supervision is deplayesection 4. The simulation results
and comparisons are shown in section 5. The capndus given in section 6.

2 Modéls, configuration and objectives

Fig. 1 shows the connexion configuration of a comuiaé building in supermarket
application and the architecture of the supervisigstem which will be presented in the
follow section. There is a PV system and a stogtem installed in parallel with the
supermarket load. All these equipments are instddishind the electric meter.
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Fig. 1 The connexion configuration of a commercial buitdisupermarket application and the
architecture of the supervision system.

A general model of storage system is used [1] asvshin Fig. 2,P..is the output
power limit; T4, is the time constant of the storage system\akyg is the energy stored
by the storage system. The PV system and superindokd are presented by a
production or load profile shown in Fig. 3.
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In a supermarket, there are several types of @dotd: food refrigeration equipment,
lighting systems, air handling systems, computer@sh management system etc.

In order to design a generalized supervision gsate fictive supermarket based on
real consumption profile and statistical laws issated. Fig. 3 shows the total
consumption power profiles of this fictive superk&rfor one week. We can note that in
Sunday (day 7) and in the night of everyday whenghpermarket is closed, the power

Fig. 2 Simplified model of the storage system



consumption is much lower than when it is operhindaytime.

PV system is modelled by a production profile basedhe irradiance data supplied by
Photovoltaic Geographical Information System (PV@E Neither the weather
influence, nor daily difference of the sunrise asuhset moment are not taken into
account.
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Fig. 3 Consumption and production profile of supermarket

Table 1 summarize the objectives, the constraints means of action of the energy
management strategy. Because of the differentriiégtprices of each pricing periods,
the energy management strategy will benefit thifedint to reduce the electricity bill and
the CQ emissions by balancing the consumption of peak @ffigpeak periods. The
storage system is used to achieve the power balganci

The subscribed power is another constraint. Theailied power is a limitation of the
consumption power. The load should not pass throlkigHimitation, otherwise, it will be
invoiced punitively by a much higher price.

Table 1 Objectives, constraints and means of action oetlergy management strategy

Objectives Constraints M eans of action
» To reduce the electricity bill. |+ The electricity price ofl Reference power
« To balance between the powger different periods. of the storage
of peak and off-peak periods ¢ The Ilimit of the| system.
reduce the C@emissions. subscribed power.
« To ensure the energy The Ilimit of the
availability. storage capacity.

3 Rulesof the energy management supervision strategies

This part will focus on firstly the computation tie electricity bill, secondly the
principles of the energy management strategy.

3.1 Electricity bill

The electricity bill is composed by three partse thnnual premium, the active
consumption and the reactive consumption. The eatnsumption composed by two



costs: consumption cost (cost by kWh) and punishneest if it is applicable (when
supplied power pass over the subscribed power).

Consumption Power

\ 4

Subscribed Active Power Reactive
power(P,) absorbefl (L), power Power
supplied by grid absorbed(0.)
boS ,
Annual Punishment Cost by kVarh (if
. cost by kW Cost by kWh c0s(9)<0.93 or
premivm Py || “ep S p) cos(@)>-0.93 in winter)]

Electricity bill

Fig. 4 The composition of an electricity bill

As mentioned above, the annual premium is calcdlftem the subscribed powex.
This power is calculated according to the subsdripewer defined in different pricing
periodP;.

Equation (1) shows how to calculate the annual prenwhereP, is the total annual
premium (€),Pyy is the price by power (€/kW); is a period coefficient given by the
electrical power company arig is the subscribed power (kW) according to theipgc
period.

n
P, = Z kix (P;—P;_y) where P, = 0
i=1 (1)

P, =Py X P
Table 2 shows an example of the price table foiff8rént pricing periods in winter.

Table 2 An example of price table for different pricing joet in winter [13]

Peak period in Shoulder period | Off-peak period
winter(PPW) in winter(SPW) | in winter(OPW)
ki k1:1 k2=O77 k32038
Puwr(E/KWh) 0.1151 0.07662 0.04641
Pu (E/KW) 66.12

The pricing period will be presented in section 4.

3.2 Principlesof energy management strategy

According to the objectives, the constraints mamwin Table 1 and the prices shown

in Table 2, the principles of the energy manageraepervision are listed as follow:

1. Don't pass over the subscribed power.

2. During the peak period, reduce the supplied powethk grid in order to reduce
the electricity bill.

3. Ensure the availability of the storage system Far hext pricing period. Charge
the storage system during the off-peak period erstoulder period only if it is
really necessary.

4. The PV production should be consumed or storedttmage system priority. If



there is exceeded power still, it will then be sémdrid if the purchase agreement
allows the supplied power to be negative.

4 Fuzzy logic based energy management supervision strategies

As mentioned above, there are several objectivdade for the supervision system.
Fuzzy logic is an adapted tool to solve this kifigrmblem [2][3][4].

In section 3.2, the principles of energy manageragategy are listed. These principles
can be translated into several rules accordinpedifferent pricing periods.

According to the objective mentioned above, thaéaldes to supervise (input) are the
State Of ChargeSOQ of the storage system and the difference betweersubscribed
power and the load powetR). The means of action (output) of the supervisigstem is
the reference powePgq, s to control the storage system. Initially, thiserence is
considered as the reference to control the stosggem. Furthermore, it can be also
considered as a reference to guide the load shgdiia consumption, but not only the
storage system.

According to the different pricing periods, the ettjves of the supervision strategy
will be different. The pricing periods are split Goperation modes. The Table 3 shows
different pricing periods and operation modes.

Table 3 Pricing periods and operation modes

P”C.'ng Description Operation Description
period mode
PPW1 9h~11h_wh§n the PV
PPW 9h~11h and 18h~20h from production is great
Monday to Friday PPW2 18h~20h when there’s no
more PV production
7h=9h. 11h-18h and SPW1 7h~9h and 11h~18h Which is
SPW 20h~1’h from Monday to followed by a PPW period
Friday SPW2 20h~1h which is followed by
an off-peak period
1h~7h from Monday to Friday
Friﬁgzhnggwgg?ﬁgay 0 | oPw1l | and Saturday when the
OPW y supermarket is opened
weekend and the day off. Sunda
OPW2 y or the da_y off when
the supermarket is closed

The supervision strategy will be established sdpBraaccording to the different
operation mode shown above.

Fig. 5 shows a chart representation of this fuzmyd supervision. This graphical tool
was presented in [5][6] and helps us to designsiiygervision strategies for different
operation modes. The operating modes listed abaee represented with rounded
rectangles and the states of the system are repeesby transitions. The three pricing
period are shown in N1.1, N1.2 and N1.3. In eadhimg period, there are different
operation modes whose the transition conditiorh@w in Table 3. Fig. 6 is an example
of a single pricing period, off-peak period andtitgo operation mode. The objectives
corresponding the different operation modes arevehim the bloc N1.1.1 and N1.1.2.



The objectives of each operation mode are showmainle 4, the numbers show the
priority of objectives.

/ Energy Management Strategy (Winter) \

(Hour>=1h & Hour<7h) or
weekend

(Hour>=9h & Hour<11h) or
(Hour>=18h & Hour<20h)

Hour>=7h

Fig. 5 Chart representation of the fuzzy logic supervistategies

Off-peak period (OPW)

Sunday or the day off when
the supermarket is closed
} .
a OPW1 Working day N OPW2 Closing day h
Objectives: Objectives:
1. Charge the storage system to ensure energy 1. Before sun rise, empty the storage system
availability for the next period. to ensure the availability to store the energy
2. Ensure the “consumer” characteristic of exceed during the daytime.
supermarket. 2. Ensure the “consumer” characteristic of
3. Ensure the supplied power don’t pass over supermarket.
the subscribed power.
N Nl.l.l/ N1.1.2 Y,

o
1h~7h from Monday to Friday and
( Saturday when the supermarket is opened

Fig. 6 Detail for a single pricing period which has twceogtion modes

Table 4 Objectives of each operation mode

Operation

mode Objectives

1. To discharge the storage system to reduce the isdppbwer by the
grid.

To ensure the supplied power don't pass over thecsibed power.

To ensure the energy availability of storage systelmarge the storage
system to ensure the availability for the next qebri

PV production should be consumed or stored by géosgstem priority.

PPW1

wnN

To discharge the storage system to reduce theisdgpbwer by grid.
To ensure the supplied power don't pass over thecsibed power.
To ensure the energy availability of storage system

PPW2

To ensure the supplied power don't pass over thecsibed power.

To discharge the storage system to reduce theisdgmwer by grid.
PV production should be consumed or stored by géosgstem priority.
To ensure the energy availability of the storagstesy, only if it is

SPW1

e N Al P




Operation Objectives
mode
necessary (SOC is small), charge the storage sygieensure the
availability for the next period.
SPW2 S_ame as the SPW1 except the energy availabilistahge system is not a
major requirement to meet.
1. To charge the storage system to ensure energyahiligyl for the next
OPW1 period.
2. To ensure the supplied power don't pass over thecibed power.
3. PV production should be consumed or stored by gtosgstem priority.
1. Before sun rise, empty the storage system to ertheravailability to
OPW?2 store the energy exceed during the daytime.
2. PV production should be consumed or stored by gosgstem priority.
3. To ensure the supplied power don't pass over thecsibed power.

As shown in Fig. 1, the architecture of the supgovi system is according to the
objectives mentioned in Table 1. There are fouuispP, absorbed active power (the
power supplied by grid)®;, the subscribed power according to the pricindogerSOC,
the State Of Charge andthe time. There is only one output which corresfsothe
means of action noted in Table 1.

We take an example of operation mode PPW1 to expte implantation of fuzzy
logic supervision.

4.1 Operation mode PPW1

During this period, the PV production will be impamt and the electricity price is
expensive. The objectives of the supervision gjsatee shown in Table 4:

Equation (2) shows the convention of the poweredéhceaP whereP; presents the
subscribed power of each pricing period as mentidne(1) andP, presents the active
power absorbed as shown in Fig. 4.

AP=(P,-P,)/P,x100% @)

Fig. 7 illustrates the convention of thd® and the different fuzzy levels that will be
mentioned in the fuzzy rules.

A
Power
Big
Mediu Ngative
Subscribed power Negatfve

Small
Negative

Medium

Active Power

absorbed .
time

Fig. 7 Power convention and the different fuzzy levels

A fuzzy logic strategy includes three classicaltpdr]: fuzzification, inference, and
defuzzification.

4.1.1 Fuzzification

The two input variables membership functions amshin Fig. 8.



As mentioned above in section 3.2, one of the ples of energy management is to
ensure that the grid power doesn’t pass over thscsibed power. So, the membership
function of AP is not symmetrical around 0.
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b)Power difference between the subscribed power and

a)SOC of the storage system supplied power

Fig. 8 Membership functions of input variable for fuzzyeegly management strategy

4.1.2 Inference

The fuzzy rules are expressed as follow:

IF AP is Small PositiveAND SOCis Medium, THEN Discharge Medium the storage
system.

IF AP is NegativeAND SOCis Medium, THEN Discharge Great the storage system.

Etc...

These rules are defined according to the objectyeavn in the Table 4. Thanks to
these rules, according to the actual situation @leetricity price, the consumption, the
subscribed power, the state of charge of the stosggtem etc.), the supervision system
has different behavior to adapt intelligently tlteiaion.

Table 5 shows the corresponding fuzzy rules folRR®V1 strategy

(S=Small, M=Medium, B=Big, Z=Zero, P=Positive, N=jtive, C=Charge,
D=Discharge, G=Great)

Table5 Fuzzy rules: Power reference of storage systeniPd¥Pstrategy

AP
Pret BP SP z SN BN
soc |B CS DG DG DG DG
M CM DM DM DG DG
S CG DS DS DG DG

4.1.3 Defuzzification

The membership function of the output variablehisven in Fig. 9.
Fig. 10 shows the variation d¥.;vs. the SOC andP. It shows the relationship
between input and output variables obtained widzyuogic.
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Fig. 9 Membership functions of output variable for theZdyenergy management strategy
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Fig. 10 Generated surface of PPW1 strategy

It can be noted, that in most cases, the storagtemsyis discharged. When th@ is
closed to 1 (power supplied is close to 0), theagfe system will be charged to ensure the
“consumer” characteristic of supermarket.

5 Simulation results and comparison

Fig. 11 shows the simulation results for a supeketaduring one week with the help
of Matlab Simulink. The Fuzzy logics explained abaare implanted with the help of
Fuzzy logic toolbox of Matlab. This paper just slsatve results simulated for the January
when the price period is the most complex, the roleasons are simulated as well with
different PV production and consumption.

This simulation simulates a supermarket of 13058he peak power rating of the PV
system is 1.16MW. Capacity of the storage systeh7@kWh.

It is noted that in Fig. 11, the supplied power stoepass over the subscribed power
even when the load power of the supermarket passbecause the storage system is
used to adapt these thresholds.
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Fig. 12 Zoom of the simulation results for two open daysy(d to day 3)

Fig. 12 shows a zoom of the simulation resultdviar open days. It can be noted that:

During 7h~9h and 16h~18h, the storage system @hdiged lightly to ensure that the
consumption power don'’t pass through the subscrilmser.

During 9h~11h, the peak period, thanks to the RdMdpction in this period, the storage
system is discharged lightly.

During 11h~13h, the shoulder period, because that&n admit (PV production and
there’s capacity to store), the storage is chatgeshsure the consumption character and
the energy availability.

During 18h~20h, there’s no more PV production dyrihe peak period, the storage
system is discharged at maximum power (the slolSOL is sharper) because the
electricity price is the most expensive during fesiod.

During 20~21h, the storage is discharged lighthemsure the consumption power do
not pass through the subscribed power.

During 22h~1h, the storage is charged lightly beeate situation admits AP is big
and SOC is small).

During 1h~6h, the storage system is charged atrmaxi power because the electricity
price is the cheapest during this period.
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Fig. 13 Zoom of the simulation results for two off-peak ddglay 5 to day 7)

Fig. 13 shows a zoom of the simulation resultsties off-peak days including one
closed day. It can be noted:

During 0h~3h of Saturday, the storage is chargbéeénTduring the daytime, the storage
is not used.

During Oh~7h of Sunday, the storage is dischargedempty by ensuring the
“consumer” character (supplied power by grid is@tR2D0kW).

During 9h~15h, when the PV production is greatantthe consumption, the storage
system begins to store the exceeding energy uhsl production is lower than
consumption.

From 17h, after the sunset, the OPW1 strategy [diexp The storage begins to be
charged until it is filled up.

Table 6 shows the different simulation resultsiffedent configurations.

Table 6 Comparison of the result with or without storage BMisystems associated with the
supervision system

Annual premium Consumption for | CO,emissions for one
(€) one week (€) week (T)
Case 1 79344 8782 11.604
Case 2 54747 6066 8.541
The
difference -24597 (-31.00%) -2716 (-30.93%) -3.063 (-26.40%)

Case 1 represents the configuration without storag® PV system, the subscribed
power is chosen as 1200kW for all the pricing pario

Case 2 represent the configuration with storage RYdsystem and the associated
supervision system. The subscribed power is chasen

OPW:1000kW , SPW: 800kW, PPW: 600kW

The capacity of the storage system is chosen aBkWVA.

As shown in Table 6, thanks to the PV and the gmsystem, the electricity bill and
the CQemissions can be significantly reduced. This egionaof the CQ emissions is
based on the realized production of the French siméssion System Operator (RTE
France) [13] and the G@&missions estimation for every type of produc{ibs]. Fig. 14
shows the comparison of G&missions for a period of one week.



0.12 *C*Oi EnJ‘iS,SLOD G-)T — — —| ===CO, emission without PV and storage ||
| | —CO, emission with PV and storage
L opg—dda L _ Ay oeree—ee————————————— L
,"ﬂ“ N A A
RN

0.1

0.08
0.06
0.04

0.02

Fig. 14 Comparison of C@emissions
6 Conclusion

The energy management of a commercial buildingdsraplex problem because of the
PV production, the storage system, the variatioale€tricity price, the consumption and
the purchase agreement etc. the energy managehwand £onsider these constraints and
achieve several objectives at the same time. Thmerge storage system can present
different storage equipment such as battery, tHd omom etc. The power reference
issued from the supervision system can not onlgetine storage system but also be a
reference to guide the load shedding.

The fuzzy logic supervision strategy has been prduebe an adapted tool to solve this
type of problem. This paper presents some fuzzig Isgategies to control the system in
order to satisfy economic and ecological objectives

Based on this work, the optimisation for long anddimm term will be studied. As
shown above, the output variable membership funatan be always the same. The input
variable could be standardized to a same memberfsimgtion in a next step. The
parameters of fuzzy logic will be optimised afteiststandardization.
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