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Abstract- In this study, an economic model is proposed to simulate the optimal operation of a grid-connected microgrid
regard to the uncertainties of microgrids’ components. In this study, the wind farms are considered as renewable resources and
an innovative technology of advanced rail energy storage (ARES) is deployed as a storage unit. In the optimization model, the
stochastic nature of wind energy and the intermittency of loads are contemplated in the model by employing scenario-based
Monte Carlo approach to simulate the implication of uncertainties. The objective function of the optimization problem is
defined subject to maximize the profit of microgrid’s components, and the problem is solved by employing crow search
algorithm (CSA). Ultimately, the results of the numerical study are presented and discussed which confirm the effectiveness of
the model and appropriate performance of the selected storage technology.

Keywords Optimal Operation, Monte Carlo simulation, Advanced Rail Energy Storage (ARES), Intermittency and

Uncertainty, Crow Search Algorithm.

1. Introduction

The exploitation of renewable energy resources is
regarded as a lucrative and suitable source of energy for
using in the microgrids respect to their small-scale generation
capability [1,2]. The microgrids are small-scale power
systems that include scattered generation resources and local
loads that can operate in two operating modes of connected
or disconnected from the upstream network [3-5].

The main challenge in utilizing the renewable resources
is the intermittent and uncertain nature of the generated
power by these resources [6]. Another major challenge in
managing the operation of a microgrid is the uncertainty in
the amount of hourly grid consumption caused by the
uncertainty in the behaviour of microgrid’s users [7]. The
microgrids that are connected to the upstream network can
participate in the electricity markets and have financial
transactions with the upstream network or adjacent
microgrids [8]. The microgrids are usually price-taker due to
their low generation/consumption capacity compared to the
scale of the main network that means they cannot affect the
market prices. In this condition, the market price is the

uncertainty parameter, and its changes can affect the
microgrids' profits [9]. Therefore, extensive studies have
been conducted on the optimal operation of microgrids in the
presence of the uncertain elements. It is essential to perceive
the modelling techniques corresponded with the uncertainty
of the volatile elements in the microgrid. In [10], a
classification of uncertainty modelling techniques is
provided for the renewable resources. In addition, the
strengths and weaknesses of these methods are described.
The stochastic operation of microgrids is expressed in [11],
which is based on the creation of probabilistic scenarios for
uncertainty modelling of wind speed, solar radiation
intensity, electric loads, and market price. According to the
proposed method in this reference, as a mathematical
content, the area under the probability density function curve
is segregated into sections with different probabilities, and
then various scenarios are defined using scenario generation
and scenario reduction techniques, which describe different
operating conditions. Finally, the optimal operation mode of
the microgrid is provided with the accumulation of scenarios.
In [12], a stochastic model is proposed to manage the
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operation of a microgrid in the next day. The probabilistic
operating model proposed by this paper has employed the
simultaneous unit commitment and re-dispatch programming
of the microgrid to maximize the microgrid's profitability
with respect to increase in the wind resources exploitation, as
well as minimization of the uncertainty of the consumed
electricity. In [13], an optimal operational model is provided
for the isolated microgrid considering the uncertainty of the
renewable resources and microgrid's loads based on the
creation of random scenarios and employment of particle
swarm optimization algorithm to solve the problem. The
utilized storage technologies in the previous works by other
researchers include mainly pumped storage and compressed
air energy storage (CAES) technologies. However, these
technologies are not practically and economically affordable
in the scale of microgrids. In addition, such technologies
require  specific  geological conditions and have
environmental restrictions, which deteriorate the possibility
of installation of them. Also, the utilization of battery
technologies has high operational and maintenance costs.
Thus, they are not economically affordable in comparison
with the novel technology of advanced rail energy storage
(ARES). This technology has also more site availability
compared with pumped storage and CAES.

In this paper, an optimal economic operation model for a
microgrid which is connected to the upstream network is
provided. The model consists of renewable energy sources
while the uncertainties, as well as technical and economic
constraints, are included. In this model, it is possible to
buy/sell power from/to the upstream network. Also, the
utilization of an advanced rail energy storage, as a
manageable storage unit, plays an influential role in
providing a practical model. The contribution of this work is
to investigate the impact of the presence of ARES
technology in a microgrid, which can be an appropriate
alternative in small-scale applications. It is noticeable that, so
far, the operational impacts of this storage technology (in
power systems and microgrids) have never been addressed in
any other similar works. The proposed model has two
sections. In the first section, the definite values of the
uncertain parameters are obtained by the probability density
functions and Monte Carlo simulation. In the Monte Carlo
simulation, the mathematical expected value of each
uncertain parameter is considered as the definite value of the
considered parameter in the optimal operation model. In the
following parts, in section two, the microgrid’s structure and
its components is described. The corresponding equation to
wind turbines is represented in this section. In addition, a
comprehensive explanation of ARES system is given. The
next part of study represents the objective function. The
fourth part of the paper deals with mathematical modelling of
uncertainties and stochastic contexts. In this section, at first,
the Monte Carlo simulation approach is represented. Then
the crow search algorithm (CSA) is described to solve the
optimization problem. This algorithm is one of the state-of-
the-art optimization techniques, which can compete against
genetic algorithm and particle swarm optimization algorithm
in term of optimization strength and convergence speed. In
the section five, the numerical simulation results are
presented and discussed. The last part is dedicated to the
conclusion.

2. Microgrid Model

The studied microgrid model in this paper is shown in
Fig.1. The considered microgrid consists of the wind power
unit and ARES series. It is assumed that the ARES series
cannot be used simultaneously in the states of charging and
discharging. The microgrid is connected at one point to the
upstream network, and it exchanges energy with the
upstream network through market activities.

Electrical Network ——
Communication Network

Wind
9 -------- Turbines
i Electrical
"""" Load

Electricity
Market

in microgrid

- Smart energy management system

Fig. 1. The studied microgrid model.
2.1. Wind Power Generation

Wind turbine’s output power is expressed as a function
of wind velocity by Eqg. (1):
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Where P, ,)is the wind turbine output power in kW at

velocity of vi. The parameter of v, is the nominal velocity,
and v¢i and Vg, stand for the cut-in and cut-out speeds in m/s
respectively. In addition, P, , denotes the turbine rated
power in kW. The Weibull probability distribution function
is used to describe the wind speed uncertainty, which is
expressed by Eg. (2). The Weibull distribution has more
resiliency and compatibility for simulating the behavior of
forecasting errors and inaccuracies compared with normal
distribution due to showing skewness and kurtosis.

f(Vt)Z%'(\%j 7 -exp{(%‘j } 2

Where k is the shape parameter, and c is the scale
parameter. These parameters can be obtained in terms of
mean and standard deviation, as shown in Egs. (3) and (4)
[14-16].
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2.2. Advanced Rail Energy Storage (ARES)

This innovative technology made up of two large storage
yards, which are located at different elevations. These yards
are connected to each other by some railway tracks. The
track must have a gentle slope to extract the inexhaustible
entirely reliable power of gravity. Each yard contains many
heavy masses (typically concrete weights), which can be
relocated through a specially designed locomotive system.
The whole system of locomotive and masses is called a
shuttle. A combination of a heavy mass and a locomotive
(containing an electrical machine) is called a car. A compact
assembly system is designed for masses to minimize the
storage area. When a 4-car shuttle descends downhill
(discharging process), the electrical machines operate as a
generator. In addition, when the masses are raised uphill
(charging process), the electrical machines operate as motors.
Fig.2. depicts a 1-car shuttle which is manufactured for pilot
project and testing purposes [17-19].

The procedure of storage is similar to pumped hydro
technology so that the heavy masses function as water.
However, the construction of pumped storage technology is
not viable in some power systems because of environmental
limitations, site availability restrictions and is not in favour
due to being expensive and time-consuming to impound the
water by construction of dams, tunnels, and reservoir.
Furthermore, the deployment of ARES technology does not
need any new technology invention or new science and has a
lot of site availability all around the world. This technology
can be employed for grid-scale applications and ancillary
services. A very advanced control system is implemented for
each shuttle to control the procedure of charging and
discharging and pickup and drop-off of shuttles. The
performance of the whole system depends on the number and
the mass of weights, the slope of the tracks, the speed of
shuttle-trains as well as the efficiency of electrical machines.
This technology can generate electricity within the range of
100 to 3000 MW. The first ARES power plant is designed to
generate 668 MW of electricity for connecting to California
market. The storage yards have an elevation difference of
3000 ft. There are 5 interconnecting tracks between the yards
with the length of approximately 13 km and the slope of
approximately 5 degrees. The unit can store 5344 MWh and
can be fully discharged within 8 hours. The power plant is

comprised of 140 4-car shuttle units. This plant has the
response time of 5 seconds in charging mode and 25 seconds
in discharging mode. The storage duration varies from 2 to
24 hours. The time from full charge to full discharge of each
shuttle is 34 seconds. It can generally be said that the role of
all large-scale storage technology is the same in power
system operation and the distinction between them is
distinguished by their efficiency (for grid-scale applications).
The pumped storage technology, which is the most pervasive
storage technology all over the world, usually have the
roundtrip efficiency of 65%-80% depending on equipment
characteristics, and the most modern PS technologies can
reach to the efficiency of 87%. However, the ARES
technology can reach the efficiency of 78% in practice. Thus,
to what extent ARES technology is better or worse than PS
technology depends on the type of PS technology which is
compared with. The lifespan of the system is anticipated to
be more than 40 years. The high flexibility of this storage
system due to the continuous flow of shuttles and its quick-
response capability make this storage system appropriate for
ancillary services such as frequency control application, var
support, voltage regulation, and emergency black-start
capability. The ARES technology bridges the gap between
large-scale battery and flywheel technologies and highly
effective compressed air energy storage and pumped storage
technologies as illustrated in Fig.3. In addition, deployment
of grid-scale energy storage systems enables more
integration of renewable energy resources and helps to
smooth their intermittency and volatility. ARES technology
can have positive impacts on environmental indices, and

reliability and resiliency of the power systems and
microgrids.
100
10 pememmeeeens - - - e
=
P [ . w S,
£
'_
S (UNY EDLC: Dbl-layer capacitors
= FW: Flywheels
s UA: Lead-acid
Li-ion: Lithium-ion
E’ 0.01 fresmm=smmm=== . A, By N‘als: So(lju:rl:vrsL:\fur
o Ni-Cd: Nickel-cadmium
Ni-MH: Nickel-metal hydride
VR: Vanadit d
0,001 fremasscmsscnasscnsscnasscnsscnasecas S QR consceoscnnecnesenec Zner: Zinc bomine
CAES: Compressed air
PSH: Pumped hydro
0.0001 ARES: Advanced Rail

0.001 0.01 0.1 10 100 1000 10000

Rateld Power / MW
Fig. 3. The comparison of various storage technologies [20].

Shuttle vehicle is the vital part of ARES system. The
shuttle system should have the roundtrip of no more than
10% of power losses. The efficiency of the shuttle vehicle is
a function of losses due to the motors, inverters, gears,
frictions due to wheel slip, and the third rail shoe. A third rail
technology is a way of providing electricity to a railway
locomotive or a train, through a semi-continuous rigid
conductor which are placed alongside or between the rails of
a railway track. This method is applied mainly to mass transit
or rapid transit systems. By default, the ARES shuttle
generates and consumes three-phase 2300 V AC 60 Hz.
However, it integrates dual high-efficiency IGBT
rectifier/inverters which can deliver the power at the
customized level of voltage and frequency. The motor types
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are currently available AC traction motors and are axle hung,
which is the method used in cutting-edge heavy haul freight
diesel-electric locomotive technologies. The powered units
of an ARES shuttle vehicle consist of a frame, traction
motors, underframe structure, electrical components, air
compressor, hydraulic pump, and hydraulic cylinders. The
shuttle vehicle has the total weight of 70000 kg for each
powered unit and 52000 kg for each unpowered unit and
must be able to carry a mass of up to 45 ton.

A large-scale ARES facility approximately will have a
capital cost of roughly 1200 $/kW capacity in comparison
with pumped hydro storage facility at 2000-4500 $/kW
capacity, compressed air energy storage at 1800 $/kwW
effective capacity, and sodium sulfur batteries at about 3000
$/KW capacity.

3. Objective Function
The objective function of the microgrid is proposed as
below:
t=24 (Ptri ><:Dtri )+(Pt><pte —loi )XAt
OF:maxZ( th edt L Sell —load ) 5)
=1 _(Cwmd +CARES)

Where P, is the exchanged power with the upstream

network at t, and pi,, .. iS the price of the sold power to the
microgrid’s consumers in $/kWh. t is the length of the time
intervals that is equal to one hour. Cy, and Cjge

represent the wind unit and ARES storage unit’s costs
respectively [12]. The cost of each microgrid’s component is
the cost of investment, repair and maintenance that is shown
in Eq. (6).

[ e
C= %xpwcm x At (6)
X X

rated

Where Cogm denotes the repair and maintenance cost in
$/h and does not depend on the generated power. CF is the
capacity factor, A represents the amount of initial investment
in $, o is the interest rate and n stands for the useful lifespan
of the project in terms of year. P! is the hourly generated or
consumed power in terms of kW. The constraints pertaining
to the objective function are shown below.

» The power balance in the microgrid: The total
generated and consumed power in the microgrid at
each moment of time must be equal to zero [21-22].

Pgtrid + PV\t/ind x P/:RES - Pl_toad =0 @
» The power transmission capacity for exchanging
power with the upstream network is limited to an
upper bound.
IDgtrid < I:>grid—ma>< (8)
» The charging and discharging capability of ARES is
restricted within a bound as follows:
Pares-min (1) < Piges” (1) < Pee’a (1) ©)
Pares-mn (1) < Paags ™ (1) < Prges e (1) (10)

4. Uncertainty Modelling
4.1. The Model of Electric Load Uncertainty

It is assumed that the data of historical load records of
the microgrid, including the mean (u') and the standard
deviation (o'.) of the microgrid’s load pattern are available
per hour [23]. The normal probability distribution is used to
describe the uncertainty of hourly load of microgrid (P'.).
Therefore, the microgrid’s load probability density function
can be obtained from Eq. (11).

(R, —ﬂi)z (11)
2(0)

1
f. (P) = -exp
N Y
4.2. Electricity Market and Price Uncertainty

The uncertainty in the day-ahead price is described by
the normal distribution function as expressed in Eq. (12).

1 ~(Pyria — Hyria)”
fo,, (Pyia) = ——=="Xp| —5
Pyria \ grid O-;rid o Z(O_;nd)z

(12)

Where p'yiq is the price of exchanged power with the
upstream network at time t, and plyrig and o'grig are the hourly
mean and the hourly standard deviation of the price
respectively [24].

4.3. Monte Carlo Simulation

Monte Carlo simulation method is employed to model
the intermittency of the uncertainties [25]. For example, in
this method, firstly the probability density function and
cumulative distribution function are obtained using the
hourly mean and standard deviation of wind speed data for
modelling the wind speed uncertainty. Then by employment
of a uniform random number generator, some random
numbers are generated which are between zero and one.
These random numbers express the probability of wind
speeds. The velocities corresponded with these probabilities
are obtained by the inverse transformation sampling method.
In each iteration of the Monte Carlo simulation, the expected
wind speed is equal to the mathematical expected value of all
generated samples until the considered iteration, and it is
shown as Eq. (13).

2 W)’ (13)
E(Vt) == N

The termination condition in the Monte Carlo simulation
is expressed by the coefficient of variance, and it is shown as
Eq. (14).

N 2 1d 2
(Vt)s _( (Vt)s)
CoV = \/Z;( ) N Zl: (14)

N

2 ()

s=1
If the variance shown in the above equation is lower than
a certain limit, the Monte Carlo simulation is converged and
the definite amount of wind speed at time t is equal to the
mathematical expected value of all generated wind speeds
until the considered iteration. If the termination condition is
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not materialized, the counter of N will be added by one. This
process will be continued to model all the uncertain
parameters. The Monte Carlo simulation flowchart is

illustrated in Fig.4.

Entering the average and hourly standard deviation parameters
of the uncertainty (wind speed, demand and market price)

Generating the probability distribution functions
using the probability density function equation

N
Random sampling from distribution
functions to create scenarios

N=N+1] I
The calculation of the expected value
of scenario using the equation 7

No ecking the convergence
ondition in the equation 8

Yes

Demonstration of definitive value of wind speed uncertainty
parameter (V. ), Microgrid’s load (PLt) and market price (p;rid )
at each hour

Fig. 4. Monte Carlo simulation flowchart.

5. Crow Search Algorithm (CSA)

Crow search algorithm is inspired from the intelligent
behaviour of crows for pilfering other crows’ foods and
protecting their own food from thievery, which is presented
in 2016 [26]. The basics of the CSA algorithm are based on
four fundamental behaviours of the crows:

. Crows live in the flock form,
Il.  Crows remember the location of their hidden places,
I1l.  Crows follow each other for the purpose of thievery,

IV. Crows protect their caches against the possibility of a
being pilfered.

It is assumed that in a d-dimensional optimization
problem (d number of variables), the number of crows is
defined by N, and the position of the i-th crow (answer) in
the search space at the moment of iter (the iteration) is
shown by X' The parameter of X"’ declares the position
of the i-th crow while i=1,...,N. The range of iteration counter
is iter=1..., itermax. The iterma is also the highest number of
iterations. Each crow has a memory where its hiding location
is stored there. At the iter-th iteration, the hiding location of
the i-th crow is shown by m'" and it is the best position that
the i-th crow has been gained so far. In fact, the best

experience has been saved in the memory of each crow.
Crows move in the search space to get better positions with
more food sources (better hideouts). Suppose that at the iter-
th iteration, the j-th crow wants to fly to its own hiding place
defined by mi, In this iteration, the i-th crow decides to
follow the j-th crow to reach to its hideout. In this case, two
states may occur:

State 1: The j-th crow does not know that the i-th crow
follows it. As a result, the i-th crow will reach to the position
of the j-th crow’s hideout. In this state, the new position of
the i-th crow is obtained by the Eq. (15):

Xi,iter+1 =X iiter +1 X ﬂi,iter x (mi,iter - X i,iter) (15)
Where r;j is a random number with uniform distribution
between zero and one. fl'®’ is the length of the i-th crow
flying in the iter-th iteration. The small values of the fl will
be led to a local search in the vicinity of X", and its large
values will be resulted in a general search far from X\,

State 2: The j-th crow knows that the i-th crow is
following it. Therefore, the j-th crow flies to another position
in the search space to prevent the theft of the i-th crow from
its hideout. In general, states 1 and 2 can be expressed as Eq.
(16).

« et _ {X i iter + r, <fl i iter ><(mi,iler _X i,iler) rj > APi‘iter

a random position

(16)
otherwise

Randomly initialize the position of a flock of N crows
in the search space
Evaluate the position of the crows
Initialize the memory of each crow
while iter<itermax
for i=1: N (all N crows of the flock)
Randomly choose one of the crows to follow (for
example j)
Define an awareness probability
if rj> Apbiter
Xi,iter+1: Xi,iter+ rix ﬂi,iterx(mj,iter _Xi,iter)
else
xhitertl = g random position of search space
end if
end for
Check the feasibility of new positions
Evaluate the new position of the crows
Update the memory of crows
end while
Fig. 5. CSA optimization algorithm pseudo-code [26].

Where r; is a random number derived from uniform
distribution between zero and one. AP’ also shows the
probability of the j-th crow awareness in the iter-th iteration.
By reducing the awareness probability parameter, the CSA
algorithm directs the search process to the local search. On
the other hand, by increasing the AP parameter, the overall
search process is done, and a wider space will be searched.
Therefore, in this condition, there is a population diversity
and search space that prevents the early convergence of the
algorithm. The pseudo-code of the CSA optimization
algorithm is described in the Fig. 5. The implication of CSA
and its position in the problem is illustrated in the flowchart
of Fig. 6.
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Fig. 6. The flowchart of simulation

6. Numerical Simulation and Results

The proposed algorithm has been developed for the
optimal operation of a microgrid. The mean and the standard
deviation of the microgrid’s load, hourly market price, and
the wind speed for the 24-hour period of the target day are
shown in Table 1. The wind units are obliged to choose what
to do while the time is approached the real-time operation
and their more accurate prediction declares that they will
have excess generation. In this case, they can have
coordinated operation with ARES storage through hour-
ahead transactions. Otherwise, they have two alternatives.
They have to whether curtail the excess generation or sell it
to the grid with a lower price due to the penalty factor which
imposed by I1SO for positive imbalances [27,28]. The latter is
valid if it is legislated in the market structure rules. The
technical characteristics of the wind turbine, the technical
characteristics of the ARES storage unit, the connection
capacity to the upstream network, and the economic
characteristics of the microgrid’s components are shown in
Tables 2, 3, and 4 respectively. The interest rate is also
considered 5%. The computer program is run by the 2017a
MATLAB software via a 3.5 GHz processor and 16 GB of
RAM at 145 seconds. The output power of the wind unit and
the consumption of the microgrid’s loads are shown in the
Figs. 7 and 8 by considering the uncertainty using the Monte
Carlo simulation which is performed with the
implementation of the developed program with consideration
of the energy market hourly price.

The purpose of this study is to investigate the optimal
operation of a microgrid and the economical joint operation
of wind and ARES units subject to maximize the profit of all
units. In this respect, three scenarios are proposed as follows:

e Scenario 1: Establishing the operation schedule based

on suppling from upstream network (without wind
and ARES units)

e Scenario 2: Arrangement of the operation schedule
based on supplying the grid from upstream network

and wind farm.

e Scenario 3: Arrangement of the operation schedule
based on supplying the grid from upstream network,

wind farm and ARES unit.

Table 2. The characteristics of the wind power unit [29].

Rated Power 2 MW
Blade Quantity 3 Blades
Rotor Blade Diameter 110 m

Vei 3m/s

Vr 10 m/s

Veo 20 m/s
Temperature Range -25°C ~ +50°C
Design Lifetime 25 Years

Table 3. Technical characteristics of the ARES unit [30]

Charging Capacity 57TMW
Discharging Capacity 44MW
Storage Duration 15 min
Elevation Differential 2000
Average Grade 6.9%
Maximum Grade 8%
Track Length 5.5 mi.
Number of Trains 6
Row Size 72 acres
Ramp Rate 300 MW/min
System Life 40+ yrs.
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Table 1. Historical data of the uncertainty parameters

Market Price ($/MWh)
— (%) [ o]
W [=3 n
(=} (=] (=}

o
S

[
IS
=

Fig. 7. The hourly energy price in terms of uncertainty.

Time () Wind speed (m/s) Load (MW) Market price ($/MWh)
Ulwind Swind pt o Mlrid o'yrid
1 5.234 2.051 25.779 1.239 110 10
2 6.004 2.815 21.849 1.005 110 18
3 6.027 3.157 19.003 0.745 110 2
4 5.128 2.504 17.230 0.343 107 19.6
5 5.865 2.688 15.729 0.448 111 15.5
6 4.908 2.134 15.953 0.131 112 14
7 5.049 2.554 21.060 0.903 132 16.1
8 4.272 2.116 28.080 0.099 136 18.3
9 6.043 2.328 39.494 1.234 131 19.9
10 8.202 4.341 39.062 0.228 130 6.6
11 8.016 2.332 38.556 0.421 126 11.9
12 7.209 2.592 44,127 4.409 148 21.8
13 7.372 2.515 44.310 3.790 154 14.3
14 8.739 3.763 40.509 1.438 151 20.8
15 8.928 3.753 38.925 4.075 176 3.4
16 10.270 4.037 37.168 0.1713 174 2.5
17 10.128 4.195 36.750 1.672 183 6.2
18 8.882 4.151 50.596 2.714 244 6.2
19 7.210 3.753 65.023 8.981 235 4.7
20 6.840 2.465 71.203 11.427 244 31
21 6.192 3.312 73.501 2.803 183 17
22 8.342 4.268 64.321 5.712 154 21.9
23 6.365 3.002 55.858 3.848 145 4.2
24 5.779 2.880 40.004 2.907 112 12.2
Table 4. Economic characteristics of the microgrid components [29-30]
component Lifetime | Initial investment Capacity Repair and maintenance Efficiency
(Year) cost ($/MW) Factor (CF) costs ($/Year) (%)
Wind Turbine 25 1519000 0.35 13200 50+
ARES 40+ 1200000 0.85 14800 80+
100 - z&:}ian: Power
_ 75
2
E’ 50
g
= 25
2 4 6 8 10 12 14 16 18 20 24 o 2 4 6 8 10 12 14 16 18 20
Time (Hour) Time (Hour)

22 24

Fig. 8. The wind unit’s output power and the microgrid load

in terms of uncertainty.
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In the first scenario, the whole of demand is supplied
through the upstream network and the total operational cost
is $170728. In this case, the average of operational costs is
obtained 151.33 $/MWh.

In the second scenario, the wind farms are joined to the
microgrid to supply the demand. According to Fig. 8, at
hours 1-2 and 16-18, the generated power by wind farms
exceeds from the demand of the grid. Hereby, the excess
generation can be sold to the upstream network instead of
curtailment. The total wind power generation is obtained
584.76 for the entire target day. The amount of 522.91 MW
is dedicated to supplying the grid's loads, and the rest of
wind generation (61.85 MW) are sold to the upstream
network. In this case, the amount of purchased power from
the upstream network, and the cost of purchased power are
obtained 605.29 MW and $77760.64. The paid power by
loads of microgrid to the wind farms is $84327, and the paid
power to wind them by the upstream network is $6679.62.
The operational cost of the 2nd scenario is $162088, which
implies 5.33% cost reduction compared with the 1st scenario.
This matter indicates the average cost of 143$/MWh for this
scenario.

In the third scenario, ARES unit is joined to the
microgrid to improve the performance of the system. In this
case, a coordinated operation of wind and storage units for
the microgrid is implemented subject to maximize their
profit. Similar to the 2nd scenario, at hours 1-2 and 16-18,
the generated power by wind farms exceeds from the demand
of the grid. Hereby, part of the surplus wind generation is
absorbed by ARES unit, and the rest of wind power is
injected (sold) to the main grid. Similar to the scenario 2, the
total wind power generation is 584.76 for a 24-hour period.
This energy supplies the demand of 522.91 MW, and 20.67
MW is absorbed by the ARES unit. The rest of energy equal
with 41.18 MW is sold to the upstream grid. The scheduling
is executed so that the maximum profit is materialized for
wind and ARSE unit. According to the schedule, the
purchased energy from the main grid is $76499.43, the sold
wind power to the grid’s loads cost $84327.55. The profit of
wind farm through selling excess power to the grid and
ARES is $6892.43. The ARES unit has bought 34.8 MW
within various hours (mainly off-peak) from the upstream
network and the wind farm. It sells it back to the microgrid
during peak hours when the electricity has higher prices. The
ARSE unit has paid $3258.26 for its consumed power and
has had the revenue of $6330.72. In this regard, the profit of
$3072.45 is achieved by ARES unit. Therefore, the total
operational cost of the system and the average operational
cost are obtained $160826.98 and 14255 $/MWh
respectively. These results imply that the operational costs
are mitigated in comparison with other two scenarios. Table
5 illustrates the results of the simulation of microgrid
operation for all scenarios.

As can be noticed from proposed three scenarios, the
coordinated operation of wind farm and storage unit will be
led to the most cost reduction and consequently increase in
wind farm profitability as an uncertain renewable source of
generation as well as the profitability of cheap thermal units.
Hence, the results of the 3" scenario will be discussed in the
following.

Table 5. The Microgrid’s power exchanges and economic
conditions in all scenarios

Scenario 1 | Scenario 2 | Scenario 3

The bought power from the

1128.202
upstream network

605.291 604.433

The total wind power

generation i 584.762

584.762

The sold wind power to the

. - - 522.911
microgrid

522.911

The sold wind power to the

upstream network - 61.851

34.845

The sold power to ARES

- 20.668
unit

The revenue of the
upstream network from
selling power to the
microgrid

170728.267 | 77760.642 | 76499.426

The revenue of the wind
farm from selling power to -
the microgrid

84327.553 | 84327.553

The revenue of the wind
farm from selling power to
the microgrid, upstream
network and storage unit

- 91007.171 | 91219.979

The profit of ARES from
selling electricity to the - -
microgrid

3072.453

The total cost of operation | 170728.267 | 162088.196 | 160826.979

The average cost of

. 151.327 143.669
operation

142.551

Fig. 9 shows the energy exchange of the microgrid with
the upstream network (buying and selling of power) where
the orange bars represent the injected power of the microgrid
from the connection bus to the grid and the pink bars stands
for the absorbed power from the network to the microgrid.
Fig. 10 shows the charge and discharge condition of the
ARES unit. The microgrid sells power to the upstream
network at 1 to 2 a.m., and 4 to 6 p.m., and 21 p.m., as it is
shown in the Fig. 9. At 9 p.m., the generated power in the
wind power unit is close to the consumed power of the
microgrid, and the price of the energy market is at maximum,
so the microgrid sells power to the upstream by utilizing the
ARES. At 1 to 2 a.m., the generated power in the wind
power unit is greater than the consumed load of the
microgrid. Thus, the excess generated power by the wind
unit during these hours is used to store in ARES at off-peak
hours and to sell to the upstream network at peak hours.

Hence, the more integration of renewable energy is achieved.
60
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[I Power sell to grid

(%3
S
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=

Power Exchange (MW)
[ w2
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<
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2 4 6 8 10 12 14 16 18 20 22 24
Time (Hour)

Fig. 9. The microgrid energy exchange with the upstream
network (buying and selling of power).
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Fig. 10. Diagram of the ARES unit charge and discharge.

The analysis of the model’s output data for 4 to 6 p.m.
shows that the total amount of the microgrid’s loads in these
hours is 120.122 MW and the total amount of the wind unit
generation is 154.321 MW. In these hours, ARES also
generates 13.679 MW power, and the amount of sold power
to the upstream network is 47.878 MW.

50

Energy Capacity (kW)
S S5
T

[N]
S

2 4 6 8 10 12 14 16 18 20 22 24
Time (hour)

Fig. 11. Stored energy changes in ARES

The stored energy changes in ARES are shown in Fig.
11. As it can obviously be seen, the available energy in
ARES is discharged to the minimum in order to maximize
the profitability of the microgrid. It is also observed that
during the hours when the price of the energy market has
been high, ARES has operated in discharging mode, and the
level of energy in the ARES has decreased. At times when
the price of the energy market has been dropped, ARES
operation was in charging mode, and the level of energy in
the ARES increases. For example, between 1-4 a.m. and 10-
12 p.m. that the energy market price is low, ARES has been
operated in the charging mode, and the stored energy level in
ARES has increased to 48.805 MW.

7. Conclusion

In this paper, a probabilistic method is employed to
simulate the hourly microgrid operation with the inclusion of
uncertainties of wind speed, electrical loads, and electricity
price. The results clearly show the effectiveness of the
proposed method. The employed CSA algorithm properly
helps to achieve a near-optimal profit and determines the
most appropriate operational status of each component in the
microgrid. The amount of power exchange with the main grid
and the charging/discharging state of ARES power plant for
the day-ahead schedule is determined by the employment of
CSA algorithm. In this study, three scenarios are proposed. In
the first scenario, the demand of the grid will be satisfied
from the main grid. In the second, the wind farm is joined to
the grid. In the third, both wind farm and ARES unit have
commitments in load satisfaction and have power exchange.

The results show that the third scenario has the best
operational results and cost reduction and provide the most
profitability for both wind farm and storage unit. The results
denote that the operational costs of the system are
$170728.267, $162088.196, and $160826.979 in the 1%, 2",
and 3 scenario respectively, which imply that the third
scenario has the most cost reduction. The average cost of
operation is 142.551 $/MWh in the third scenario. The
revenue of the wind farm has increased up to $91219.979 by
1% for a 24-hour period. In addition, the ARES unit is
profited by $3072.453 from its commitments in various
hours.
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