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Abstract- Using renewable energy by integrating Energy Storage Systems (ESS) can serve to decrease energy production cost
of Distributed Generators (DGs) as long as their operation is optimally managed. In this context, this work proposes the
optimization of the energy production cost considering a two-level charging strategy for ESSs. For a 24 hours operation cycle,
the optimization tries to reduce the total cost by minimizing the quantity of energy to be procured from the Distributed
Generators (DGs) at each time period. Additionally, the objective is to determine the quantity of energy surplus generated by
Renewable Energy (RE) to be stored in the storage system and determining the using of ESS by applying two levels for proper
charging of the battery. The proposed formulation allows simultaneous optimizing DGs and REs, which interact directly when
a strong increase in demand is present. In this work, the problem is modeled as a Mixed Integer Linear Programming (MILP)
optimization problem. This approach is implemented under the GAMS 24.7.1 environment and is validated by using
OSICPLEX. The given model can easily combine different sources of energy (renewables with battery and generators); by
organizing the resources with high performance and flexibility. The optimization cost is implemented in a real case and the
obtained results confirm the effectiveness of the proposed methodology.

Keywords Renewable energy; energy management; energy storage; mixed integer linear programming (MILP) method;

economic scheduling.

1. Introduction

Renewable energies are the most attractive and
economic powers due to its smooth production and lower
cost, encouraging developed countries to focus on industry
consuming a high level of energy among the total of energy
produced. Using renewable energy by integrating Storage
Systems (ESS) means reducing energy production from the
generators and decreases the potential of Distributed
Generators (DGs) by removing additional cost and
environmental impact expected by the additional plant.
However, to have a proper operation of ESSs; they must be
integrated into a practical production system [1]. Most
research has been focused on wind and solar energy
production by using electrical ESS [2]-[3] because of their
yields and interesting costs per kW. Storage systems provide
a variety of benefits; they can be used to support RE for
many aims, sustaining stand-alone generating systems [3],
[51, [6], exchanging electricity with the grid [4], overcoming

the power quality problems associated to everyday changes
in the load and the intermittent nature of the energy produced
from RE [7]. The optimization of the utility grid operations is
crucial for maintaining the energy resources in a cost-in an
economical way [8]. A process for a hybrid system that
optimizes the price of energy is presented in [9], is made by
using a variety of parameters: components combinations, the
orientation of PV modules, rated power, tower height of the
wind turbine and the battery capacity. A strategy of power
balancing is proposed in [10] by implementing energy
management, reducing peak demand, avoiding undesirable
power injection in the grid and making full use of solar
energy production. The same situation the problem is
resolved in [11] using the linear programming method, and
minimizing the cost installation in [12], a deterministic
model is used with a robust approach.

In this paper, the optimization model has been used as a
mixed integer linear programming to minimize the total of
primary energy cost and time of charge/discharge of battery
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which is not used before in literature review. For this reason,
the primary task is to establish RE which has to works
flexible, continually and economically. Diverse models for
optimization have been proposed including linear
programming, dynamic programming, heuristic methods and
swarm optimization to find the optimal solution. Also, Mixed
Integer Linear Programming (MILP) is applied to resolve an
economic problem. In literature, MILP is used for optimal
power flow [13, 14], transmission planning [15, 16] and
optimal transmission switching [17].

A multi-objective evolutionary algorithm and genetic
algorithm are used [18] for the optimization tool finding the
best combination of the hybrid system. In the same context in
[19], a genetic algorithm is applied to optimize the cost and
the sizing of the multi-source system. A strategy of energy
management for a hybrid system is used [20, 21] to reduce
the cost and satisfy the demand. To ensure the pick demand,
minimize the cost and preserve the environment, the
electrical Energy Storage Systems (ESS) can be used with
renewable energy [22- 24]. Moreover, the distributed energy
resource systems and the energy storage systems (ESS) are
considered an essential technology [25, 26]. To generate
power in a limit level of a few kW to a few MW; the DERs
are placed at the distribution level [27]. To compensate for
the power and provide power supply in cases of
instantaneous voltage drop for a distributed energy network
the ESS is studied as a key solution in [25, 26]. In addition,
to compensate for the instability caused by the constant
power load in the micro-grid a hybrid energy storage system
is proposed. In addition to that, the hybrid system is
composed by battery compensator supplying long-term load
demand and ultra-capacitor compensator providing the
transient load demand. The hybrid energy storage is
implemented using a virtual impedance-based load side
compensation technique [28]. Besides, a control strategy for
the storage system is used to compensate the intermittent
power fluctuations from the hybrid system [29], and
controlling active power, building management system an
optimization technique is proposed [30-32]. In [33] a MILP
is used as a control method for the regulation of energy
storage in grid-connected electricity microgrids. A strategy
of energy management is presented in [34] to keep the power
balancing between the photovoltaic (PV) and energy storage
system. The authors in [35] formulate a case of a hybrid
system diesel-wind-PV as a model of linear programming
with three objectives: decreasing the total cost, minimizing
of CO2, and forming a raised limit on the not intended
energy. In [36] the linear programming is implemented to
obtain a solution for a combination considering wind- solar-
battery and diesel for two real powers except for electrical
network systems in India and Colombia. The obtained results
of both studies confirm that the combination of resources can
be possible. In [37] a model of linear programming is
developed for a hybrid system to reduce the total cost, power
losses, and decrease of the electricity supply capacity. A
methodology with linear programming in [38] for the sizing
is used to optimize the cost of hybrid system considering PV-
wind battery.

A multi-objective genetic algorithm is proposed in [39]
for a hybrid photovoltaic system - wind energy-battery for

rendering two goals; annual cost reduction and loss of the
probability of supply. The role of Economic Dispatch (ED) is
scheduling DER generations with considerations of
optimization cost and system restrictions [40]. Besides,
implementing Lagrange multipliers can be used to solve
Economic Dispatch (ED) problems of diesel power
generators [41]. However, using an ESS in Economic
Dispatch makes the resolution difficult for its time
dependency [42]. ED problems are solved using a variety of
techniques such as dynamic programming [43], linear
programming [44, 45].

In brief, our contributions are; 1) Construction of a
model considering a formalized modeling approach, which is
suitable to be employed in the optimization of energy
production; 2) Formulation of an objective function for
minimizing the DGs running costs; 3) Economic scheduling
for DGs;4) Validation results confirming the using of the
advanced strategy.

The proposed formulation model focused on: 1)
Optimization of the production cost of DGs; 2) then deciding
which type of energy should meet the load at a minimum
cost; 3) after that, decide which units are ready to generate
the power with a low price (economic dispatch); 4) with the
optimization of charge and discharge of the battery; 5)
finally, keeping the level of the battery at the start horizon at
the same at the end of the day, to be ready in the next day.

In this research, the primary purpose is to meet the
energy demand with the cheapest cost. We are concentrating
on determining the proper organization of multiple sources
of the system. Considering economic aspects are also
essential to assess the final configuration with all
components. Therefore, system model, energy analyses, and
cost factors are examined in the coming sections.

This work develops the previous study presented in [46]
by; i) examining experimental results; ii) including additional
simulation results, and iii) considering the costs of the power
exchanged with storage systems.

Before starting this work, energy management,
forecasting production and demand have been studied in [47-
49]. The EMS decides generators, renewables, and energy
storage usage, considering the future consumption based on
several defined costs objectives. A MILP multi-objective
optimization method is adopted for forming energy
management decisions to obtain the best optimal solution
with multiple targets in the operation of the network systems.
Using an integer variable in this method benefits to take into
consideration  charging/discharging inefficiencies, the
proposed strategy has various aspects compared to previous
related work in the literature such as [34-39]. A novel form
of the cost objective reflects micro grid power demand
shaping objectives, generators operation costs, and time of
charging and discharging.

This paper is composed as follow: 1) Electrical Network
Description in Section II; 2) Hybrid System Models are then
described in Section III; 3) Result and Discussion in Sections
IV is given, and 4) eventually, conclusions are illustrated in
Section V.
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2. Electrical Network Description

Renewable energies (wind and solar) have the interest in
being an unlimited resource, they preserve the environment.
However, they have a technical disadvantage, and they are
much less controllable since their primary energy cannot be
controlled. Therefore, the insertion of renewables into the
electrical network poses technical and economic challenges.
The grid is designed using the traditional and renewables
production, systems of transport and distribution. The energy
is transported and delivered through electrical networks
(transmission and distribution networks which differ using
the voltage level). The solar power and storage systems
demand inverters to convert from direct current (DC) to
alternating current (AC) before supplying load through the
control system. A representation of the electrical network is
provided in Fig.1.

Conventional energy

%A‘ty ﬁ /tr?*? T

Battery

Renewable energy

Transmission lines

Load

Fig. 1. Description of the electrical network.

When the output power of the RE sources exceeds the
load, the battery charged. However, if the amount of energy
in the battery reaches the maximum allowed level while the
wind and solar together still passes the load, the excessive
power should be exported to a dummy load. Meanwhile,
whenever the power of the wind generating system and solar
energy is below than the load, the battery will be discharged.
In this study, the generators are taken to be a unique system
where the wind and solar energy cannot ensure the demand at
the same time.

2.1. Data Collection

In this section, the input data assessed for one day (24h)
is collected to be used in order to test the system. Renewable
energy profiles are presented in Fig.2, Fig.3, and load
consumption profile is shown in Fig.4.
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Fig. 2. Hourly production by solar energy for one day (kWh).
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Fig. 3. Hourly production by wind energy for one day
(kWh).

According to the graphs shown in “Fig.2” and “Fig.3”,
the production from wind energy is dominant compared to
the solar energy in this case. Over the day, the load is limited
by the consumers. The energy consumption has been
registered around 600KWh (from 00h until 08h), after that
the consumption increase respectively in the middle of the
day due to the population movement.
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Fig. 4. Hourly load profile for one day (KWh).
3. Submission Process
3.1. Wind turbine model
The wind energy data collected from the weather with
values for wind speed, direction, air temperature, and air

pressure. In addition, is represented by a statistical
distribution characterized by an annual average wind speed
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value. The energy of a wind generator is given as follows
[50]:

1 1
ng = Cp *Ngb * Mg *E*p*Awt*Vsznt*E*Awt*Vs (1)
With
kg . .. 353.049, (-0.034(%/p )
pl / m3] =Air dens1ty—T— e a
a
Ne=Cp *Ngp * Mg * p

and

The parameters are described below:

Z (m): the elevation and Ta (C), is the temperature;
V (m/s): the wind speed;

A, (m?): is the wind turbine swept area;

Cp: The turbine efficiency;

ngp: The gearbox efficiency;

ng4: The generator efficiency.

3.2. PV generator model

The electrical power of a PV generator is given as
follows [51]:

va = MNpv * Apv * Ir (2)

Where 1, is the power conversion efficiency of the
module (power output from the system divided by power
input from the sun); Ap, (m%): The surface area of PV
panels; I, (W/m®): The solar radiance. The generator
efficiency is given by [52]:

Npv = nr*rlpc*[l'ﬁ(Tc - NOCT)] (3)

With n,. is the reference module efficiency; the efficiency
of polycrystalline silicon technology has been used with 13%
[53]. 1y is the power conditioning efficiency, is equal to 0.9
with a perfect maximum point tracker [17]. f is the generator
efficiency temperature coefficient, ranging from 0.004 to
0.006. T, is the cell temperature (C). NOCT is the normal
operating cell temperature (C) can be calculated when the
cells operate under standard operating conditions: irradiance
of 800 W/m?, 20(C) ambient temperature, average wind
speed of 1 m/s, module in an electrically open-circuit state,
wind oriented parallel to array’s plane and all sides of the
array fully exposed to wind [54]. A methodology for
modeling each component is explained in the next section.
The model given in this study is a constrained mixed integer
programming that considers discrete time representation with
t as the primary unit. The characteristics of power
generations from conventional and renewable energy sources
are taking into consideration as constraints for this
optimization problem. The function representing the
production:

a; =0 for Peg > Py

3 2
P + Z @;Pres 4
=1 =1
a; =1for Pesi< P

With:

a;P;;: The quantity of conventional energy produced at
time t.

Q;jPes¢: The amount of renewable energy generated at
time t.

The DG operation decision variable can be estimated

based on the wind, PV, battery, power demand, and discharge
of the battery, which is given below:

0; if Zpres,j—l'zpdischzzpl

=1

-

a; = 5

3

2
Z P + Z Presj + Z Paisch , otherwise

i=1 j=1

In addition, this function enables defining the quantity of
produced energy. In addition, to obtain a balance among the
different sources to meet the needs of customers.

Objective function:

Min Z=2Pi,thi,z ©)

Subject to:

ZA[,: *P[,r + (]‘_BI)*Pdist-h,z -B*P..t me,z = Pl,z ™

Prin * Ayt S Py < Pax ¥ Aye (3)
Pres 2 Capyes b P =F,, +P, ©)
P; < Cap; (10)
(1-B;)+B,=1 Vt €T (11
0< PYM<B*P5 e B €{0,1}Vt €T (12)
0= Pafse= (1- B)*Pfsmaxe Be €{0,1}Vt €T (13)
ESPe= ESP%f + Popg »nPetet — Py /mPeatdis (14)
ESpS < ESP™ < ESHAL (15)
ESPSs = ESPS, (16)

The linear objective function (6) is considered for
optimization cost of generators operation. By studying this
linear cost function, the optimization problem represents a
mixed integer linear optimization problem. Equation (7) is a
power balance constraint for each time. P;, is a power
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supply by the generator i at time t. Since only generators
have a cost for primary material and costs renewable
energies can be neglected. The parameters applied in the
suggested formulation is illustrated, respectively (see Table
2), where, for simplicity the subscript i and j when referring
to the ith and jth system. The objective function is minimizing
the total cost of the generators. Besides, the superscripts max
and min indicate the upper and lower generation bounds.
Moreover, binary variable B, is employed to define the status
of ESS (charge/discharge). The mathematical formulations
representing the combined generation have been proposed in
(8), (9) and (10). The binary variable A;, indicates that if the
generators unit is on/off at each time t. The constraints (11)-
(16) relates to the ESS. Where ESPSE is the energy level at
the start of the horizon, and ES2%. | ESP%.  are lower and
upper bounds, respectively. The energy can be supplied
through PV, WIND, ESS and the generators.

3.3. Generation Balance

Total power generation from renewable energies should
satisfy load at time periods. The balanced power between
generators and renewables is an essential equality constraint
of this optimization problem and can be exposed as (7). Also,
the energy balance must be held all the time.

Hence,
3 2
Pim ) Pi= ) P =0 (17)
i=1 j=1

Where P, is the power demand, P.. represents the
energy production from renewables, and P; is the output
power of unit i in the system.

3.4. Generation Limits

The energy expected from the generator i™ is a value
bounded by the minimum and maximum power value at the
time t.

Pmin,tS Pi,t = Pmax,t (18)
The boundary P,,;,, and P,,,, are estimated as a function

of the time to analyze cases when the available power is
variable.

3.5. Generation cost (Fuel cost)

The cost function associated with operating a generator
varies according to the output of the generator. The objective
function assumed to be a quadratic function may be
represented as in form:

3
FC=Zai+bi*Pi+Ci*Pi2

i=1

(19)

Where P; is the output of the generator unit i, and a;,b;,
C; are cost coefficients of unit i™.

3.6. Energy storage system

Energy Storage System (ESS) is used to decrease the
inequalities within the production and the demand. Mixed
Integer Linear Programming (MILP) is used to optimize
charge/discharge of the battery during the transient period
and rates of the battery. ESS has a status; is equal to 1 when
the ESS is fully-charged and zero otherwise. In (12) and (13)
prove the functioning of the power plant, previously included
in (7), and besides some conditions in the power value that
can be attached to the ESS, respectively. On the other side,
restrictions in (14) and (15) are centered on how the SOC of
the ESS progress during the day and what the SOC level
limits to these variations are. In addition, the charging and
discharging efficiency coefficients have been included in
(14), to involve a linear behavior of the system. The
proposed organizational strategy in Fig.6 aims to minimize
the running cost. In addition, provides deducting the quantity
of energy needed and the energy which needs to be produced
by the available sources. Power demand is an input; the
assessment of the power of renewable energy and the power
of the ESS is an obligation to verify if the ESS with
renewables can ensure the power load or not. One hand, if
the renewables with battery are equal to power demand is a
routine operation. On the other hand, if the power load is
superior or inferior to the renewables with ESS, we should
compensate with generators. The purpose of the optimization
is to maintain the SOC level as close as possible to a
reference value at all times. This permits reducing the cost of
energy production from generators.

Charge/Discharge
Controller

Minimize DGs
— .
running cost

Fig. 5. Block diagram of the proposed strategy.
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Fig. 6. Proposed process for EMS integrating ESS for
optimizing the cost of energy production.

The proposed process in Fig.6 is composed based on
RE (Wind energy, PV power generation), available and/or
required energy of the battery, and power demand. The ESS
has a different mode of work such as normal, excess
energy, battery, and charging mode from renewables. The
forms of operation for the suggested ESS strategy are given
(see Fig.6). Additionally, the battery can be either positive
or negative. The positive means that the battery acting as an
energy source (discharge the energy) and negative signifies
that the battery store the energy. The DGs level is managed
by controlling the A;, output power control variable,
which is given in Equation (8). There are three cases in the
proposed process presented in Fig.6:

Case 1: if the P;< P, and SoC< 95%, then the amount
of RE would be supplied to ensure the load demand and the
excess would be stored in the battery. In case of P;=P,.,
the amount of RE would be supplied to ensure the load
only.

Case 2: if the SoC> 20%, and P,< P,,,+ P22 then the a
mount from RE and battery would be supplied to ensure the
load demand. If it is not the case then the DGs are turned
“on” to provide power.

Case 3: if the S0C<95%, then the DGs are turned “on”
to support RE. The proposed EMS is implemented in
GAMS environment.

4. Result and Discussion

The proposed process is performed in GAMS environment
solved by OSICPLEX solver running on an Intel®Core™:i5
4200 CPU (1.73 GHz~2.30 GHz) PC with 8 GB RAM. It is
connected to 3-Generators units system as defined in Table
III and characteristic of ESS unit is given in Table IV. The
real data of grid load power demand, solar, and wind
generation at different hours are given in Fig.2, Fig.3 and
Fig.4 respectively. The simulation study is taken out for one
day.

In this research, for an approach to reality, it is estimated
that the generators can only participate in a portion of its
capacity into the grid. This might be due to demand-supply
requirements and technical constraints as follow:

3
SP,enr4e 3P @

This constraint is taken from [45]. Requiring this
constraint with a robust strategy would make the scheduling
problem between RE and DGs more challenging. In this
work the value of 1 assumed to be 82, 28%. In this case, we
declare that the charge still exists.

Energy sources:

Primary sources (P;): renewable energy (solar and wind),
Secondary source' (Sy;): battery. The battery can provide
energy if 20% < SoC < 95%. The battery maximum and
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minimum SOC limits are held in constraint (15) in order
avoiding the overcharging and/or discharging. These limits
fix the battery don't charge and/or discharge below and above
the limits.

Secondary sources” (Ss,): 3-generators. This procedure tries
to guarantee the demand for good managing energy at a
lower price.

4.1. Optimization Cost

The interest of the cost minimization is that one can explain
a free market would develop at certain price levels. The
optimization of energy production confirms if a variable
production managed electric network can satisfy the load,
without considering the cost. The parameters and the
variables applied in this work are performed in Table 1,
Table 2, Table 3 and Table 4, respectively.

4.2. Optimization cost of experiment result

The strategy will obtain the optimal solution, which will
be the most economical system for meeting the needs.
Throughout the operation, the system performed with the
various production systems. The objective of the experiment
is making a scheduling production between traditional and
renewable energies. In other words, the system performed to
reduce the cost of energy production to satisfy the loads and
to generate the charging and discharging schedule of the
battery.

Cost Before Optimization

N

10 N

Cost After Optimization
123456 7 8 9101112131415 16 17 18 19 20 21 22 23 24
Hour

Fig. 7. Cost of energy production before and after
optimization per period for one day.

The experiment results regarding the base case explain
that the hourly running cost of the energy decrease by
applying the MILP method and integrating the ESS into the
production system. The achieved results can be analyzed
versus the electrical load demand uncertainty. The variation
weather data has an impact on the production cost differ
according to timescales. In the previous work [46] linear
programming is used to optimize energy production cost
using RE and DGs only. The total cost for experimentl
decreases by 38%. Integrating the proposed strategy the
price of this experiment decreases by 58.40%. In summary,
the ESS has a significant part in minimizing the cost of
production and supporting load demand.

4.3. Economic Scheduling

The objective of economic scheduling is determining the
generation dispatch that minimizes the instantaneous
operating cost, as mentioned in Table 2 three generators with
different price are used. As observed, is the base case when
the renewable energy and the battery are utilized to their
maximum limit; i.e., maximum power output is taken from
(PV, WT, and Battery) the operation cost decrease until 10.09
(cDH/Kwh). When the battery is in Idle or charging mode
(from 09h to 16h), the price of energy production increase
until 42.03 (cDH/Kwh). Also, the load demand growth at this
time.

600
500

400

300
20

123456789101112131415161718192021222324
Hour

M Generator 1

KwH

B Generator2

Generator 3

(=]

(=3

(=]

Fig. 8. The results of the generators contribution per period.

This trend continues (from 18h to 22h) where no further
increment in load demand is mentioned. Moreover, the
production from the generator increases at the same time to
compensate for the need of the energy. From 0 hours to 3
hours DG1, DG2 and DG3 are turned “off” due to ESS SOC
level is greater than 20% and P,.,s>P;. Therefore, renewables
with ESS supplies required power to customers. From 4
hours to 16 hours DG1, DG2 and DG3 are turned “on” due to
the SOC level is less than 95% and P, < P,. The
scheduling as an obtained result will be implemented for the
whole day depending on power demand, level of renewables
production and the battery level.

Additionally, the constraint (8) limits the total energy
produced from the generators. If the demand at time t in
progress, then the generators are persuaded to produce and
supply its generated power in the forthcoming hours.
Considering the available energy is limited and no
renewables and energy storage device are available, at that
time the outstanding hours of the day experience raise
demand, it would decrease the benefits of the generators. The
generating units are dispatched if the renewable energy with
ESS cannot cover the power demand.
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Percentage savings in every hour
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Fig. 9. Percentage savings in every hour for one day.
4.4. Tables

Table 1. The parameters of the model

Symbol Quantity

Bug Power output of a wind generator

Cp Turbine efficiency

Ngb Gearbox efficiency

Mg Generator efficiency

A, Wind turbine swept area

Y4 Elevation (m)

\Y Wind speed (m/s)

p Air density [9/ 3]

T, Temperature(C)

Py Power output of a photovoltaic generator

Npv Power conversion efficiency

Ay Surface area of PV panels (m2)

I Solar radiance (W/m2)

N, Reference module efficiency

Npe Power conditioning efficiency

B Generator efficiency temperature
coefficient

T, Cell temperature (C). is the

NOCT Normal operating cell temperature (C)

P;, Power produced from generators at time t

Cit Unitary cost of using the i™ generator at
time t.

Prost Power produced from renewable energies
at time t

Pt Power produced by solar energy at time t.

Py Power produced by Wind energy at time t

P Discharge Power of Battery

ph Charge Power of Battery

A Binary variable {0, 1}

i Index of units produced by generator {1,
2,3}

Jj Index of units produced by renewable
energy {1, 2}

B, Decision variable {0, 1}.

Py, Power consumed by the load at a given
time t.

EShat Maximum battery energy level

Esbat Minimum battery energy level
Cap,qs Capacity of renewable energy
Cap; Capacity of generators
pbat.ch Battery charging efficiency
pbat.ch Battery discharging efficiency
Prins Prax | Maximum and maximum active power
capacity of generators

Table 2. Generators parameters

DG unit Prin Prax A B
order
1 150 500 0.60 1.5
2 100 400 0.73 1.3
3 50 200 0.84 | 091

Table 3. Order of economic dispatch

DG unit order | Generator A

1st Generatorl 0.60
ond Generator2 0.73
31 Generator3 0.84

The economic scheduling of generators unit is
implemented according to the cost of energy production,
presented in Table 2. As shown in Fig.8 the model uses the
generators who have a high capacity of production at a low
price respectively in all day to optimize the cost. As a result,
presented in Fig.9, this approach optimizes the energy cost
from 27.53% to 82.85% per hour.

Table 4. Battery parameter

Batte P Disch
unit v Energymin | Energymax| Pmax ch max
1 100 1000 100 100

4.5. Result of optimization charge/discharge

The charging/discharging of ESS for the working day is
presented in Fig.10. The energy stored in the ESS differs in
different hours. Additionally, for hour 24h the battery has not
been used to supply the energy, because the discharge of the
battery causes it to be charged throughout other hours. It’s
noted that the time of discharge is maximized compared with
the time of charge to ensure the demand and to minimize the
price.
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Fig. 11. Power of battery during the day (24h).

Figurel0 and Figurell explain the ESS power profiles,
associated SOC and the power exchange between generators.
From the experimental results some points can be drawn;
first, as seen in Fig.8, the generators have a low excess of
generation in comparison with the consumption. Since the
ESS, discharge during most of the experiment, which in
practice would allow for a reduction of the ESS rated
capacity, or a lower limit for the maximum power consumed.
Second, from Fig.7, a trend can be seen where the EMS,
reduces the power consumption from the generators for the
periods where the cost of electricity is high. The running cost
of the operation has been assumed and estimated for
diversity in the saved energy in the ESS. The minimizing of
energy production from DGs and maximizing of power-
sharing of ESS are given in Fig.8 and Fig.10. Although we
would like to mention that our contribution is to design an
organizational strategy of EMS that (a) reduces DGs
operating hours, (b) maximize power-sharing from ESS, (c)
economic scheduling for DGs, and (e) extends batteries
lifetime by managing the battery charge and/or discharge
rate. The reduced price of energy production and the DGs
operating hours has been presented in Fig.7 and Fig.8.
Besides, the rate of developments in the energy production is
done in Fig.9 and Table 5. For managing the battery charge
and/or discharge rate is proved in Fig.10. The operation of
DGs energy is reduced for hour 4,5,6,7 and 8 and the DGs
energy usage is further minimized (zero) in hour 1, 2, 3 and
18, 19 with a good managing of ESS and RE. The presented
result in Table 5 determines the validity of the aimed
strategy.

4.6. Environmental Evaluations

Decreasing the environmental impact is considered as
important criteria to decide the utility of any project
concerning its preservation for the environment. The amount
of CO, emission reduced by using the hybrid system is
calculated by the following [55].

Qemission reducea = CEg (21

C is national emission factor, which equals to
0.73121146(kgC0O,/ kWh), and E;is energy saving. The
value of Carbon Dioxide (€0O,) reduction is summarized in
Table 5.

Table 5. Energy saving and(C0,) reduction

Daily average month
Daily Energy saving by PV (kWh) 1987,21
Daily Energy saving by WIND 12190,81
(kWh)
Total Daily of Energy Saving 14178,02
(kWh)
Tones (CO2) 10367.1307

5. Conclusion

In this paper, a process scheduling based on MILP
method is suggested as a powerful strategy for energy
management. The presented model analyzes the impacts of
demand uncertainties and ESS unit on RE's benefits. The
proposed method is employed in a system to prove its
robustness. On the one hand, to reduce the production costs
and the amount produced by the generators in the power
system. On the other hand, to maximize the production from
renewable energy and time of discharging the battery. The
economic dispatch, energy storage and reduction schedule
are taken into consideration. An excellent understanding of
renewable resources production, future loads, and so on is
assumed, which is useful to solve the optimization problem.
An optimization-based on chance constrained optimization
for managing the variation of renewable energy is formed.
Different constraints arising in the practical application with
specific strategy have been studied and developed. The
application of this approach proves that the cost can be
decreased until 82.85% every hour for one day. In summary,
the optimization cost of energy production was studied, and
CO, reductions are calculated to estimate economic and
environmental impacts.

Acknowledgments

The authors appreciate acknowledging the cooperation of
the National Office of Water and Electricity in providing data
on wind, solar and load.

2207



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

I. El Kafazi et al., Vol.8, No.4, December, 2018

References

[1] H. Chen, T. N. Cong, W. Yang, C. Tan, Y. Li and Y.
Ding, “Progress in Electrical Energy Storage System: A
Critical Review”, Progress in Natural Science, Vol. 19,
2009, pp 291-312.

[2] S. Diaf, D. Diaf, M. Belhamel, M. Haddadi and A.
Louche, “A Methodology for Optimal Sizing of
Autonomous Hybrid PV/Wind System”, Energy Policy,
Vol. 35,2007, pp 5708-5718.

[3] B. S. Bprowy and Z. M. Salameh, “Optimum
Photovoltaic Array Size fora Hybrid Wind/PV System”,
IEEE Transactions on Energy Conversion, Vol. 9, No.
3, September 1994, pp 482-488.

[4] P. Cruz, HM.IL Pousinho, R. Melicio, V.M.F. Mendes,
“Optimal  Coordination on  Wind-Pumped-Hydro
Operation”, Procedia Technology, Vol. 17, 2014, pp
445-451.

[5] T.Ma, H. Yang, L. Lu, J. Peng, “Technical Feasibility
Study on a Standalone Hybrid Solar-Wind System with
Pumped Hydro Storage for a Remote Island in Hong
Kong”, Renewable Energy, Vol. 69, 2014.

[6] T.Ma, H. Yang, L. Lu, J. Peng, “Optimal Design of an
Autonomous  Solar-Wind-Pumped Storage Power
Supply System”, Applied Energy, 2014.

[7] N. L. Diaz, T. Dragicevic, J. Vasquez, and J. Guerrero,
“Intelligent distributed generation and storage units for
dc microgrids;a new concept on cooperative control
without communications beyond droop control,” Smart
Grid, IEEE Transactions on, vol. 5, no. 5, pp. 2476—
2485, Sept 2014.

[8] N. Hatziargyriou, H. Asano, R. Iravani, and C. Marnay,
“Micro grids,” IEEE Power & Energy Magazine, 2007.

[9] Yang, H., Zhou, W., Lou, C.: ‘Optimal design and
techno-economic analysis of a hybrid solar-wind power
generation system’, Appl. Energy, 2009, 86, (2), pp.
163-169.

[10] M. Sechilariu, B. Wang, and F. Locment, “Building-
integrated  microgrid: ~ Advanced local energy
management for forthcoming smart power grid
communication,” Energy and Buildings, vol. 59,
10.0,pp.236-243,2013.[Online]Available:

[11] http://www.sciencedirect.com/science/article/pii/S0378
778813000029

[12] M. Sechilariu, B. C. Wang, F. Locment, and A. Jouglet,
“Dc microgrid power flow optimization by multi-layer
supervision control. design and experimental
validation,” Energy Conversion and Management, vol.
82, no. 0, pp. 1 — 10, 2014. [Online].Available:
http://www.sciencedirect.com/science/article

[13] T. Dragicevic, H. Pandzic, D. Skrlec, I. Kuzle, J.
Guerrero, and D. Kirschen, “Capacity optimization of
renewable energy sources and battery storage in an
autonomous telecommunication facility,” Sustainable
Energy, IEEE Transactions on, vol. 5, no. 4, pp. 1367—
1378, Oct 2014.

[14] T. Ding, R. Bo, F. Li, and H. Sun, “A bi-level branch
and bound method for economic dispatch with disjoint

prohibited zones considering network losses,” IEEE
Trans. Power Syst., vol. 30, no. 6, pp. 2841-2855.

[15] T. Ding, R. Bo, F. Li, and H. Sun, “Optimal power flow
with the consideration of flexible transmission line
impedance,” IEEE Trans. Power Syst., 2015.

[16] H. Zhang, V. Vittal, G. T. Heydt, and J. Quintero, “A
mixed-integer linear programming approach for multi-
stage security-constrained transmission expansion
planning,” IEEE Trans. Power Syst., vol. 27, no. 2, pp.
1125-1133, May 2012.

[17] D. Pozo, E. E. Sauma, and J. Contreras, “A three-level
static MILP model for generation and transmission
expansion planning,” IEEE Trans. Power Syst., vol. 28,
no. 2, pp. 202-210, Feb. 2013.

[18] K.W. Hedman, R. P. O’Neill, E. B. Fisher, and S. S.
Oren, “Optimal transmission switching—Sensitivity
analysis and extensions,” IEEE Trans. Power Syst., vol.
23, no. 3, pp. 1469-1479, Jul. 2008.

[19] R. Dufo-Lépez, J. L. Bernal-Agustin, “Multi-objective
design of PV wind—diesel-hydrogen—battery systems”,
Renewable Energy, vol. 33, no. 12, pp. 2559-2572,
December 2008.

[20] R. Dufo-Lépez, J. L. Bernal-Agustin, J. Contreras,
“Optimization of control strategies for stand-alone
renewable energy systems with hydrogen storage”,
Renewable Energy, vol. 32, no. 7, pp. 1102-1126.

[21] J. L. Bernal-Agustin, R. Dufo-Lépez, “Hourly energy
management for grid-connected wind-hydrogen
systems”, International Journal of Hydrogen Energy,
vol. 33, no. 22, pp. 6401-6413, November 2008.

[22] H. Dagdougui, R. Minciardi, A. Ouammi, M. Robba
and R. Sacile, “A Dynamic Decision Model for the
Real-Time Control of Hybrid Renewable Energy
Production Systems”, Systems Journal, IEEE, vol. 4,
no. 3, pp. 323-333, Sept. 2010.

[23] Dti Report. Status of electrical energy storage systems.
DG/DTI1/00050/00/00, URN NUMBER 04/1878, UK
Department of Trade and Industry; 2004.

[24] Australian Greenhouse Office. Advanced electricity
storage technologies programme. ISBN: 1 921120 37 1,
Australian Greenhouse Office; 2005, p. 1-35.

[25] R. Walawalkar, J. Apt, R. Mancini. Economics of
electric energy storage for energy arbitrage and
regulation.

[26] IN. Baker, A. Collinson. Electrical energy storage at the
turn of the millennium. Power Eng. J 1999; 6:107

[27] Dobie WC. Electrical energy storage. Power Eng. J
1998; 12:177-81.

[28] E. Hossain, R. Perez, R. Bayindi, “Implementation of
Hybrid Energy Storage Systems to Compensate
Microgrid Instability in the Presence of Constant Power
Loads,” International Journal of Renewable Energy
Research-1JRER, vol. 7, pp. 738-750, 2017.

[29] M.M.G. Lawan, J. Raharijaona, M.B. Camara, B.
Dakyo.” Power control for decentralized energy
production system based on the renewable energies -
using battery to compensate the wind/load/PV power
fluctuations” IEEE-ICRERA2017, San Diego, CA,
USA, Nov5-8 2017.

2208



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

I. El Kafazi et al., Vol.8, No.4, December, 2018

[30] A. Shobole, M. Wadi, M. Rida, M. Baysal.”Real Time
Active Power Control in Smart Grid”. IEEE-
ICRERA2017, San Diego, CA, USA, Nov5-8 2017.

[31] D. Arnone, V. Croce, G. Paterno, A. Rossi, S. Emma,
R. Miceli, A.O. Di Tommaso.” Energy Management of
multi-carrier Smart Buildings for Integrating Local
Renewable Energy Systems”. IEEE-ICRERA2016, 20-
23 Nov, Birmingham, UK.

[32] K. D. Mercado, J. Jimenez, C. G. Quintero M. “Hybrid
Renewable Energy System based on Intelligent
Optimization Technique. IEEE-ICRERA2016, 20-23
Nov, Birmingham, UK.

[33] MA. Kashem, G. Ledwich. Energy requirement for
distributed energy resources with battery energy storage
for voltage support in three phase distribution lines.
Electr Pow Syst Res 2007; 77:10-23.

[34] P. Malysz, S. Sirouspour, and A. Emadi, “An optimal
energy storage control strategy for grid-connected
microgrids,” IEEE Trans. Smart Grid, vol. 5, no. 4, pp.
1785-1796, Jul. 2014.

[35] H. Beltran, E. Bilbao, E. Belenguer, I. Etxeberria-
Otadui, and P. Rodriguez, “Evaluation of storage
energy requirements for constant production in PV
power plants,” IEEE Trans. Ind. Electron., vol. 60, no.
3, pp. 1225-1234, Mar. 2013.

[36] Saif A, GadElrab K, Zeineldin HH, Kennedy S, Kirtley
JL. Multi-objective capacity planning of a PV-wind-
diesel-battery hybrid power system. In: IEEE int. Conf;
2010.

[37] Huneke F, Henke 1J, Gonzdlez JAB, Erdmann G.
Optimization of hybrid off- grid energy systems by
linear programming. Energy Sustainability Soc 2012.

[38] JY. Lee, CL. Chen, HC. Chen.A mathematical
technique for hybrid power system design with energy
loss considerations. Energy Convers Manage 2014.

[39] CEC. Nogueira, ML. Vidotto, RK. Niedzialkoski, SN.
Melegaride Souza, LI. Chaves, Edwiges T. Sizingand
simulation of a photovoltaic—wind energy system using
batteries, applied for a small rural property located in
thes outh of Brazil .Renewable Sustainable Energy Rev
2014;29:151-7.

[40] BO. Bilal, V. Sambou, PA. Ndiaye, CMF. Kébé, M.
Ndongo. Optimal design of a hybrid solar—wind-battery
system using the minimization of the annualized cost
system and the minimization of the loss of power
supply probability (LPSP). Renewable Energy 2010;
35(10):2388-90.

[41] M. Ross, C. Abbey, F. Bouffard, and G. Joos,
“Microgrid economic dispatch with energy storage
systems,” IEEE Trans. Smart Grid, 2016.

[42] Y. Riffonneau, S. Bacha, F. Barruel, and S. Ploix,
“Optimal power flow management for grid connected
pv systems with batteries,” IEEE Trans. Sustain.
Energy, vol. 2, no. 3, pp. 309-320, 2011.

[43] P. Malysz, S. Sirouspour, and A. Emadi, “An optimal
energy storage control strategy for grid-connected
microgrids,”IEEE Trans. Smart Grid, vol. 5, no. 4, pp.
1785-1796, 2014.

[44] A. C. Luna, N. L. Diaz, F. Andrade, M. Graells, J. M.
Guerrero, and J. C. Vasquez, “Economic power
dispatch of distributed generators in a grid-connected
microgrid,” in Power Electronics and ECCE Asia
(ICPE-ECCE Asia), 2015 9th International Conference
on. [EEE, 2015, pp. 1161-1168.

[45] A. Soroudi, Smart self-scheduling of Gencos with
thermal and energy storage units under price
uncertainty. Int. Trans. Electr. Energy Syst. 24(10),
1401-1418 (2014).

[46] 1. El Kafazi, R. Bannari, A. El Bouzekri El Idrissi, N.
Hmina and T. Dragicevic. Renewable energies:
modeling and optimization of production cost. 4th
International Conference on Energy and Environment
Research, ICEER 2017, 17-20 July 2017, Porto, Portu.

[47] 1. El Kafazi, R. Bannari, A. Abouabdellah.
Modeling and Forecasting Energy Demand.4th Edition
of the International Renewable and Sustainable Energy
Conference (IRSEC’16 November 14-17, 2016), p. 746
- 750.

[48] I. El Kafazi, R. Bannari, A. Abouabdellah. Management
of energy production. ARPN Journal of Engineering
and Applied Sciences. ISSN 1819-6608. VOL. 11, NO.
17, SEPTEMBER 2016.

[49] L. El Kafazi, R. Bannari, A. Abouabdellah, My O.
ABOUTAFAIL and Josep M. Guerrero. Energy
Production A Comparison of Forecasting methods
using the Polynomial Curve Fitting and Linear
Regression.5th Edition of the International Renewable
and Sustainable Energy Conference
(IRSEC’17December 04-07, 2017).

[50] W., Shepherd, D. W., Shepherd: ‘Energy studies’
(Imperial College Press, 2003, 2nd edn.), pp. 306-311

[51] W., Tong,: “Wind power generation and wind turbine
design’ (WIT Press, 2010), p. 20

[52] B., Liu, S. Duan, T. Cai,: ‘Photovoltaic DC building
module based BIPV system: concept and design
considerations’, IEEE Trans. Power Electron., 2011, 26,
(5) (99), pp. 1418-1429.

[53] S. Kalogirou,: ‘Solar energy engineering processes and
systems’ (Academic Press, 2009), Ch. 9, photovoltaic
systems, pp. 480.

[54] F.,Lasnier, Ang, T.G.: ‘Photovoltaic engineering
handbook’ (published by Taylor & Francis, 1990, 1st
edn.), Ch. 11, p. 258

[55] K. Anoune, A. Laknizic, M. Bouyaa, A. Astito, A. Ben
Abdellah. Sizing a PV-Wind based hybrid system using
deterministic approach. Energy Conversion and
Management 169 (2018) 137-148.

2209



