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Abstract: Optimal sizing of single micro-grid faces problems such as high life cycle cost, low
self-consumption of power generated by renewable energy, and disturbances of intermittent
renewable energy. Interconnecting single micro-grids as a cooperative system to reach a proper
size of renewable energy generations and batteries is a credible method to promote performance in
reliability and economy. However, to guarantee the optimal collaborative sizing of two micro-grids is
a challenging task, particularly with power exchange. In this paper, the optimal sizing of economic
and collaborative for two micro-grids and the tie line is modelled as a unit commitment problem
to express the influence of power exchange between micro-grids on each life cycle cost, meanwhile
guaranteeing certain degree of power supply reliability, which is calculated by Loss of Power Supply
Probability in the simulation. A specified collaborative operation of power exchange between two
micro-grids is constructed as the scheduling scheme to optimize the life cycle cost of two micro-grids
using genetic algorithm. The case study verifies the validity of the method proposed and reveal
the advantages of power exchange in the two micro-grids system. The results demonstrate that the
proposed optimal sizing means based on collaborative operation can minimize the life cycle cost
of two micro-grids respectively considering different renewable energy sources. Compared to the
sizing of single micro-grid, the suggested method can not only improve the economic performance
for each micro-grid but also form a strong support between interconnected micro-grids. In addition,
a proper price of power exchanges will balance the cost saving between micro-grids, making the
corresponding stake-holders prefer to be interconnected.

Keywords: micro-grids; power exchange; optimal sizing; collaborative operation; unit commitment

1. Introduction

Distributed renewable energy generations and storage systems are equipped in micro-grids (MGs)
to support load efficaciously and minimize the environmental disruption [1]. Recently, as the research
of PV and Wind turbine (WT) develops, the generalization of residential MGs grows in popularity [2].
Multiple adjacent MGs located within a certain range are tend to be connected to form a multiple
micro-grid (MMG) system to reach a better performance to supply load [3]. Distinct from sizing a single
micro-grid, for a two micro-grids system, power can be exchanged between MGs, which makes the
sizing process of two micro-grids system more uncertain. Furthermore, most existing sizing means are
focused on a single micro-grid without power exchange, which is hard to adapt to multiple micro-grids
system. Collaborative operation mechanism makes sizing of photovoltaic-wind turbine-battery system
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for a two micro-grids system more uncertain. Therefore, in order to improve economy performance of
neighbouring MGs and ensure the reliability at the same time, it is meaningful to study cooperative
sizing of two micro-grids considering different local renewable energy resources, which may lay the
foundation for further cooperative sizing of MMG system.

1.1. Literature Review

Recently, the sizing of renewable energy systems has attracted the attention of many scholars
worldwide. Economically, the total annual cost of the system should be minimized by means of
optimizing the combination of wind turbines, PV panels and the batteries system [4]. That is to
say, the aim of obtaining the right amount optimized of wind turbines, photovoltaic panels, and
storage is to minimize the annual value of total cost for the entire system under certain constraints.
Many scholars have studied in optimizing sizing of hybrid wind and photovoltaic systems. For
example, on the base of a simple graphical construction, the optimal combination of a hybrid PV-wind
system was investigated without taking account of the actual scale of the battery in [5]. Taking the
per-unit cost of the power produced and the total system cost into consideration, a method was
present to optimize a hybrid wind/PV system in [6]. The load considered in the optimization was
constant. Ref. [7] proposed a novel method to study the optimal sizing of stand-alone wind and
photovoltaic systems using GA. Ref. [8] discussed a general concept for search the optimal combination
of hybrid wind and photovoltaic systems to implement with grid and without grid. An algorithm
was applied in [9] to find the the optimal combination of wind and photovoltaic systems without loss
of power supply probabilities using load, solar insolation, and hourly mean of wind speed. Based
on either integer or binary variables, mixed integer linear programming was used in [10] to search
the optimal plan of hybrid wind-PV system in rural area. The authors in [11] used a multi-objective
evolutionary and genetic algorithm to find the optimum design of hybrid systems minimizing three
targets including the total cost of the service life of the installation, the unmet power demand and
pollution. The technic-economic estimation of a stand-alone hybrid PV-wind system equipped with
battery storage was studied considering cost of energy and system net present cost in [12]. The analysis
for the influence of wind turbines, photovoltaic panels, and battery storage sizing on the system’s
economic performance were studied as well. Power generation and consumption missions of mixed
energy systems were optimized simultaneously using a discrete-time MILP method to maximize the
total profit in [13]. The Hybrid Optimization Model for Electric Renewable (HOMER) software have
been applied to simulation, modeling, optimum sizing, and economic analysis of renewable energy
systems for micro-grid (e.g., [14–18]). For example, in Ref. [18], with grid and without grid, HOMER
was used to study the practicability of application of renewable energy generations of a small hotel.
The option of stand-alone mode was superior to grid-connected mode to meet the load economically.
Ref. [19] investigated methods and computer tools of optimal sizing for renewable energy systems, in
which HOMER shows advantages in simulation over other available softwares. Sizing for renewable
energy generation system of micro-grid is based on the dispatch of power. Jun Xiao [20] proposed a
approach for coordinated sizing of energy storage (ES) and diesel generators in an off-grid micro-grid
on base of discrete Fourier transform (DFT). The DFT-based coordinated control method distributes
balance energy between the two sections through frequency-time domain transform. In addition, the
effectiveness of the suggested method is proved by a practical case. Raji Atia and Noboru Yamada [21]
proposed a novel method on base of MILP to find the optimization for a mixed renewable energy
system equipped with a battery storage system in residential micro-grids in which the demand response
of available controllable appliances is taken into account in the suggested optimization task with
decreasing calculation burdens. A methodology to optimize combination of a self-governing mixed
photovoltaic and wind system was proposed in [22]. The goal of the proposed method is to achieve
the configuration to ensure system reliability and a most optimal value of levelled cost of energy
among a set of systems components. A trade-off analysis on the sizing of micro-grid components
aiming at autonomous application in remote areas was studied in [23]. The results show that there is a
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certain front of trade-off between the battery scale and other performance indexes, due to dynamic
performance of the battery storage and the variation of photovoltaic output. The authors in [24] carry
out a study for a Seawater reverse osmosis desalination (SWRO) system on a small scale, which is
powered by photovoltaic. The system uses hydraulic energy recovery on the base of a DC micro-grid
idea and combines a short-term electric energy storage with a short-term hydraulic energy storage.
The outcome of the experiment reveals that it is available to effectively run the SWRO system powered
by photovoltaic. In addition, the SWRO system operates continuously and smoothly, which is to
say the feed water pressure changes a little when the solar irradiation intensity varies rapidly and
sharply owning to the existence of short-term storage. However, the literatures mentioned above
only considered power dispatch within one single MG without considering power exchange with
other MGs.

With multiple neighbouring MGs appearing in a local area, single micro-grids can be
interconnected as a multiple micro-grid (MMG) system to seek for a better performance of energy [25].
There also have been an increasing number of researches focusing on MMG operation approaches.
A method based on memetic algorithm to create a micro-grid cluster for buildings obtaining local
share of cooling energy is studied in [26]. The same system was studied in [27], using an augmented
multi-objective particle swarm optimization to share thermal energy among micro-grids. The authors
in [28] studied optimal scheduling of MMG to make power sharing between MGs possible under
interconnected operation mode. The literatures shows that cooperative operation between MGs can
be beneficial in improving both economy and operation performance. In [29], the authors used an
interactive energy game matrix to investigate operational interaction of networked MGs. Ref. [30]
built a centralized control model for cooperative network of smart micro-grids with power exchanges
between the neighbors, aiming at maximizing the total profit of all micro-grid operators. In [31]
economic operation of a multiple micro-grid system is investigated with a stochastic decision model,
considering uncertainties in load and RESs. The authors in [32] modeled the stochastic nature of
renewable energy systems, loads, and prices according to their probability density functions to achieve
the optimal operation of distribution networks in the notion of MMGs. Kou et al. [33] studied
that every MG tried to get the optimal operation cost working with other MGs keeping track of
the power reference delivered by distribution network operator. However, it is hard to apply this
method because MG operators have no intention to follow the scheduling of distribution network
operator. Christos-Spyridon Karavas [34] studied the plan and investigation of a decentralized
energy management system for the self-governing polygeneration micro-grid topology to gives
the feasibility to manage every unit of the micro-grid separately. Compared with the centralized
solution, the decentralized solution presents promotions in economical and operational terms with
nearly same technical performance. A multi-agent decentralized energy management system was
investigated in [35], in which the energy management problem was modelled using game theory.
The Nash equilibrium was used to balance the possible diverging aims of the agents by maximizing
their preferences.

1.2. Contributions and Organization

This paper puts forward an optimal sizing approach for photovoltaic-wind turbine-battery system
and tie line of two interconnected micro-grids in off-grid area considering power exchange. A specific
collaborative operation strategy is built to describe the power exchange relationships between two
MGs under interconnected mode. Thus, sizing of the photovoltaic-wind turbine-battery system of
the two micro-grids can be optimized collaboratively based on reasonable power exchange between
MGs to minimize the two micro-grids life cycle cost. To the best of our knowledge, few comprehensive
research has been conducted to investigate optimal sizing for photovoltaic-wind turbine-battery system
and tie line in two micro-grids system considering power exchange between micro-grids. The main
contributions of this paper can be concluded as follows:



Sustainability 2018, 10, 4198 4 of 21

(1) An optimal sizing model of photovoltaic, wind turbine, battery and tie line for two micro-grids
based on collaborative operation was established, and the cost comparison for sizing of each
micro-grid under independent mode and interconnected mode was analyzed.

(2) The power exchange between two micro-grids under interconnection is analyzed.
(3) A sensitivity analysis is made for the price of power transaction between interconnected

micro-grids to find the optimal price which makes the stake-holders prefer to be interconnected.

The structure of the paper is set as follows. Configuration of the proposed two micro-grids system
is introduced in Section 2. Input data, for example wind speed, solar radiation and power demand are
showed in Section 3. The optimal sizing model of the two micro-grids system based on collaborative
operation is established in Section 4. Simulation results and case study are described in Section 5.
The conclusion is presented in Section 6. The flowchart for the optimal sizing of the two interconnected
micro-grids based on collaborative operation is shown in Figure 1.

Figure 1. Flowchart for the optimal sizing of the two interconnected micro-grids based on collaborative operation.

2. Configuration of the Two Micro-Grids System

The particular configuration of the proposed two micro-grids system, using PV panels, wind
turbines, battery storage, is shown in Figure 2 (MG A and MG B represent micro-grid A and micro-grid
B). Tie line is constructed between the interconnected micro-grids to realize power exchange and storage
of surplus electricity generated by renewable energy. On one hand, tie line makes the interconnected
micro-grids a backup for each other. When the renewable energy generation and battery storage
system in one micro-grid are not sufficient to supply the load, the surplus power and stored energy of
the interconnected micro-grid can be used to cover the power gap, thus, reducing the system power
installed capacity and improving the reliability of power consumption. On the other hand, when
the electricity generated by renewable energy in the micro-grid exceeds the load, the excess power is
firstly stored in its own battery storage system. If its own battery storage is full, the remaining power
will be transferred to the adjacent interconnected micro-grid to store, improving the use efficiency of
renewable energy generation. In addition, some wind turbines will stop working to avoid generation
of surplus power when both storage batteries are full.
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Figure 2. Off-grid hybrid PV-WT-BAT micro-grids configuration with tie line.

3. Input Data

The method proposed here is to find the optimal sizing of PV-WT-BAT and the optimal capacity
of tie line for two micro-grids without the connection of grid based on collaborative operation. Thus,
the interconnected micro-grids will supply power to two different residential load at different locations
in Yinchuan of Ningxia Hui Autonomous Region, China. The model needs hourly data of solar
insolation, wind speed and load for a whole year. Moreover, as Ningxia lies in the ecotone between
plateau and mountains, its topography is complicated. In addition, near-surface wind speed is affected
by climate diversifications and diversifications in land surface features [36]. Therefore, due to the
geographical conditions and vast land area of Yinchuan, the wind speeds and solar radiations for the
two micro-grids of different places are not always the same even at the same moment. The data of
various natural resources are recorded at two different monitoring station with a distance of 5 km.
The hourly load demand of the residential areas was acquired from local authorities for the daily
consumption of the residential sector of Yinchuan. Figure 3 shows the input data used in the model
((a)–(c) shows the input data for MG A and (d)–(f) for MG B). According to existing data, the average
annual wind speed can be calculated as 4.84 m/s and 5.1 m/s respectively, and the average annual
solar radiation are 0.187 kW/m2 and 0.188 kW/m2 respectively.

 

(a)                                       

(d)                                          

(b)                                       (c)                                       

(e)                                          (f)                                          

Figure 3. The input data for every hour of a year in Yinchuan. (a–c) shows the input data for MG A
and (d–f) for MG B.
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4. Problem Formulation

4.1. Objective Function

It is essential in the optimal sizing of PV-WT-BAT and tie line for the proposed two micro-grids
system to determine the proper amount of wind turbines, photovoltaic panels, storage batteries and
the capacity of the tie line, so that the interconnected micro-grids system will be able to supply the
load demand economically and reliably. Finally, the optimal objective here is to minimize the Annual
Cost (AC) of the two interconnected micro-grids, ACinter

tot and the tie line ACTL, ensuring certain level
of reliability.

The total annual cost of the two micro-grids system, which is the objective function to be
minimized, is composed of annual cost of MG A, MG B and the tie line. The objective function
can be expressed as:

min ACinter
tot = ACMGA

tot + ACMGB
tot + ACTL

tot (1)

The annual cost of each micro-grid includes three parts: the annual cost of initial investment,
the annual cost of operation and maintenance and the annual cost of replacement. The residual value
of each component is not considered here. Both ACMGA

tot and ACMGB
tot can be expressed as:

ACk
tot = ∑

j∈{PV,WT,BAT}
Ik
AC_j + O&Mk

AC_j + Rk
AC_j (2)

where index k indicates MG A or MG B; the index j stands for the component (PV, WT and battery
storage, respectively); Ik

AC_j is the annual cost of initial investment for component j of k; O&Mk
AC_j

is the annual cost of operation and maintenance for component j of k; Rk
AC_j is the annual cost of

replacement for component j of k; As the cost of inverters are included in the expenses of component j
of k, it is not calculated separately.

In addition, the annual cost of tie line is calculated as a function of its capacity, which can be
described as follow:

ACTL
tot = PrTL · CapTL ·

i(1 + i)nTL

(1 + i)nTL − 1
(3)

where PrTL is the price for unit capacity and unit distance of the tie line. CapTL is the capacity for the
tie line. nTL is the service life for the tie line.

A constraint that must be indirectly met is to guarantee that the amount of power shortage
consistent with the scale of the interconnected system and the climate conditions in Yinchuan. When the
solar radiation and wind speed conditions are completely available, the small-scale renewable energy
micro-grid will have a lower cost, but the power generation ability will be reduced accordingly.
Meanwhile, the ability to charge and support is also weaken, which increase the possibility of power
shortage. Conversely, when the renewable energy micro-grid is large in scale, the power generation
ability is enhanced. In addition, the ability to charge and support is also strengthened at the same time.
In this manner, both the scale and the climate conditions decide the reliability of power supply in a
year and can be measured with the simulation of the two micro-grids system under interconnection.

4.2. Economic System Modeling

In this paper, the decision variables that need to be optimized are the installed amount of wind
turbines, photovoltaic panels, and storage batteries and the capacity of the tie line between the two
micro-grids with regional space constraints. The life cycle cost of the renewable energy generations
is converted to the annual value, assuming the discount rate i. As both MG A and MG B have the
same generation configuration, and the economic model for each component of the micro-grids may
be calculated as explained below.
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4.2.1. The Initial Investment Cost

The annual cost of the initial investment for the two micro-grids system consists of the annual
cost of WT, PV and battery storage. The annual cost of the initial investment for each micro-grid is:

Ik
AC_j = ∑

j∈{PV,WT,BAT}
Ik
j Nk

j
i(1 + i)nj

(1 + i)nj − 1
(4)

where, Ik
j and Nk

j are the unit initial investment cost and installed number for each component of k
respectively. nj is the lifetime for each component of k. The lifetime of batteries depends on its usage
in the dispatch of collaborative operation. In order to get the exact lifetime for the batteries, Rain Flow
method is introduced in this paper. Firstly, The depth of discharge (DOD) at each cycle is obtained
with state of charge of battery using the Rain Flow method. Then the lifetime of the batteries are
calculated according to the procedures mentioned in [37] as follow:

Nc(DOD) = 12850e−(9.738)∗DOD + 3210e−(1.4299∗DOD) (5)

Ra =
Nc

∑
k=1

1
Nc(DOD)p

(6)

nBAT =
1

Ra
(7)

where Nc(DODp) is the cycle for each DOD. Ra is the aging rate for battery.

4.2.2. The Operation and Maintenance Cost

Since the battery storage does not require maintenance, the operation and maintenance cost of
the battery storage is not calculated here. The annual cost of the operation and maintenance for each
micro-grid is:

O&Mk
AC_j = ∑

j∈{PV,WT}

i(O&Mk
j · Nk

j )

i− εj
·
(1 + i)nj − (1 + εj)

nj

(1 + i)nj − 1
(8)

where O&Mk
j is the annual value of operation and maintenance costs required by each component of k.

εj is the annual growth rate of operation and maintenance costs for each component of k.

4.2.3. The Replacement Cost

The lifetime of the component is usually less than that of system. Thus, additional investment is
needed for replacement before the service life of the project is reached. The replacement cost for each
micro-grid is:

Rk
AC_j = ∑

j∈{PV,WT,BAT}
Rk

j Nk
j

i(1 + i)nj

(1 + i)nj − 1
(9)

where Rk
j is the unit replacement cost for each component of k.

4.3. Physical System Modeling

As mentioned above, the decisive variables of the optimal objective are the amount of PV panels,
wind turbines, storage batteries and the capacity for the tie line between two micro-grids, limiting
power shortage. The Loss of Power Supply Probability(LPSP) is a essential index for the performance
of power shortage, which as mentioned before, depends directly on the system’s scale and natural
resource conditions.
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The determination of the feasible space by which the decisive variables are bounded must ensure
that the system complies with certain reliability. Simulation was conducted to achieve the lowest
annual cost of the two micro-grids with reasonable LPSP. The simulation of proposed micro-grids
under interconnection models the performance of PV panels, wind turbine generators and storage
batteries effectively, subject to the local meteorological conditions.

4.3.1. PV System

Mathematically, the power supplied by each PV panel in one instant of time can be expressed
as [38]:

PPV(t) =
R(t)

G
· PPV_rated · ηPV (10)

where R(t) is the solar insolation of time t in kW/m2, and PPV−rated is the rated power of PV panel.
ηPV is the photovoltaic module efficiency. Power is measured in kW. G is perpendicular radiation
at array’s surface (W/m2). The amount of power generated in a hourly interval is EPV(t) = PPV(t),
in kWh.

4.3.2. Wind Turbine (WT)

A simple model that describes the power generation of a wind turbine is shown in Figure 4.
Vci is the cut-in speed which starts generating power. When wind speeds get higher, the output
power increases until reaching a point of maximum yield at Vrated (rated speed). Finally, When the
wind speeds reach above Vco (cut-off speed), the wind generator simply stops its operation to protect
its mechanism.

Figure 4. Typical wind turbine generator power curve.

Mathematically, this behavior of WT is modeled as [39,40]:

PW(t) =


0 v(t) ≤ Vci or v(t) ≥ Vco

PW_rated ·
v(t)3−V3

ci
V3

r −V3
ci

Vci ≤ v(t) ≤ Vr

PW_rated Vr ≤ v(t) ≤ Vco

(11)

where Vci, Vr and Vco are determined by the type of wind turbine generator, all in m/s. v(t) is the wind
speed at the instant time t in m/s and PW_rated is the rated power of the wind turbine generator in kW.
The amount of energy generated hourly is given by: EW(t) = PW(t), in kWh.

4.3.3. Battery Storage

The battery storage is widely used for mixed energy systems to store surplus electricity and
to meet power demand in case of deficiency of wind turbine and/or PV panel. The existence of
battery storage greatly reduces the instability of renewable energy generation and promotes the use of
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renewable energy. The energy stored by the battery storage is a function of time. State of charge (SOC)
of the battery is showed as follows [41]:

Charge:

SOC(t) = SOC(t− 1) + [PG(t)−
PL(t)
ηINV

] · ηBAT/(nBAT · CapBAT) (12)

Discharge:

SOC(t) = SOC(t− 1)− [
PL(t)
ηINV

− PG(t)]/(ηBAT · nBAT · CapBAT) (13)

SOC(t) and SOC(t− 1) are the state of charge of battery at instant time t and t− 1, respectively.
CapBAT is the rated capacity of battery. PG(t) is the power generated by renewable energy in each
micro-grid. PL(t) is load demand in each micro-grid at time t. ηINV and ηBAT are the efficiency of
inverter and battery, respectively.

4.4. Collaborative Operation Strategy and Simulation

It is assumed here that load and power are divided according to hours of a whole year (8760 h,
∆t = 1 h). In addition, the output of wind turbines, photovoltaic panels, batteries and load demands
are constant in unit time. For a known system scale, the amount of unbalanced power of interconnected
micro-grid at hour t, ∆Pk

tot(t), may be expressed as:

∆Pk
tot(t) = Pk

wtot(t) + Pk
pvtot(t)− Pk

L(t) (14)

where Pk
wtot(t) and Pk

pvtot(t) are the total power generated by wind and solar of each micro-grid at hour
t, respectively. Pk

L(t) is the load demand of the local residents for each micro-grid.
If ∆PMGA

tot (t) and ∆PMGB
tot (t) are both positive, then there exists sufficient power generated by

renewable energy in the micro-grids to supply the load. After the load is met, the remaining power
will be stored in its own battery storage. If its own battery storage has reached the energy storage
limit, then the battery storage of interconnected micro-grid is charged through tie line between the
micro-grids until full. Finally, the surplus power will be dumped.

If ∆PMGA
tot (t) and ∆PMGB

tot (t) are both negative, then there does not exist sufficient power generated
by renewable energy in the micro-grids to supply the load. The power shortage in one micro-grid
is firstly supplied by its own battery. If the power shortage still exists and the there is still power
left in the battery of the interconnected micro-grid after supplying its own load, then the battery of
the interconnected micro-grid will be used to cover the vacancy. Power shortages will happen, if the
batteries of the two micro-grids have both reached the discharge limit. In addition, LPSP is introduced
here to measure the degree of power shortage of interconnected micro-grids.

If one of ∆PMGA
tot (t) and ∆PMGB

tot (t) is positive and the other negative, then it means that power
generated by one of micro-grids is sufficient to meet its own load, while the other is not. Tie line
between interconnected micro-grids is used to transmit power from the surplus power generating
micro-grid to the one with power shortage. If there is still a surplus of power after supplying load
for the micro-grid with power shortage, the remaining power is firstly stored in the battery of the
micro-grid with surplus power until it is full. After that, the battery of the micro-grid with power
shortage is used to store the remaining power. On the contrary, if there is still a power shortage after
power exchange, the battery of micro-grid with power shortage was firstly used to supply power.
In addition, the battery of interconnected micro-grid is used if the battery of micro-grid with power
shortage has reached the discharge limitation. Power shortage occurs if the load demand still cannot
be met with all of power supplied by the renewable generations and batteries in the two micro-grids.

The flow diagram of the proposed collaborative operation strategy for the two micro-grids system
is shown in Figure 5. Where Pbalanced(t) stands for the remaining power which is after balanced by the
battery of interconnected micro-grid. T represents the maximum iteration number of the algorithm.
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Figure 5. Flowchart of the proposed collaborative operation strategy for the two micro-grids system.

4.5. Constraints

Due to the limitation of installation space, certain constraints must be met during the optimization
of the objective function, including component constraints, battery state constraints, Loss of power
supply probability and the power exchange limitation.

4.5.1. Component Constraints

The component constraint defines the feasible range for the installed amounts of wind turbines,
photovoltaic panels, and batteries in the two micro-grids system. Specific constraints can be
expressed as: 

NPV = Integer 0 ≤ NPV ≤ NMax
PV

NW = Integer 0 ≤ NW ≤ NMax
W

NBAT = Integer 0 ≤ NBAT ≤ NMax
BAT

(15)

where NMax
PV , NMax

W , NMax
BAT defines the upper bounds of installation amount for photovoltaic panels,

wind turbines and batteries.

4.5.2. Battery Constraints

State of charge (SOC) is used to indicate the percentage of remaining energy in the battery at time
t. Constraint for battery can be expressed as:

SOCMin ≤ SOC(t) ≤ SOCMax (16)

where SOCMin and SOCMax are the lower and upper bounds for SOC of battery, respectively.
And SOCMin and SOCMax are set to be 20% and 100% of battery capacity, respectively.

4.5.3. Loss of Power Supply Probability (LPSP)

LPSP defines the power shortage probability of the micro-grid within a period of time Ttot. And its
value cannot exceed the preset power shortage limit LPSPmax which is set to be 2%. The constraint for
LPSP is :

LPSP =
∑Ttot

t=1 Pde f icit(t) · ∆t

∑Ttot
t=1 Pdemand(t) · ∆t

≤ LPSPMax (17)



Sustainability 2018, 10, 4198 11 of 21

where Pde f icit(t) and Pdemand(t) indicate power shortage and load demand at time t respectively. ∆t is
the interval of unit time and Ttot, in this paper, is set to be 8760 h of a year.

4.5.4. The Power Exchange Limitation

The power exchanged between the two interconnected micro-grids is limited by the capacity of
the tie line between them. Thus the power exchanged at time t is described as follow:

|PExchange(t)| ≤ CapTL (18)

where PExchange(t) stands for the power exchanged at time t, and CapTL is the corresponding maximum
power that can be exchanged according to the capacity of the tie line between the two interconnected
micro-grids. As the power flows in both directions, an absolute function is conducted on the PExchange(t).

5. Case Study

To verify the validity of the proposed model in this article, the model is applied to two micro-grids
located in different areas with a distance of 5 km between them to supply loads for a whole year.
Based on the above meteorological input data, component costs and load curves, some case studies are
conducted to obtain the optimal sizing of the renewable energy system, battery and the capacity of
tie line for micro-grids under interconnection. The case is optimized by genetic algorithm tool box
of Matlab 2015b on a PC with 6 GB RAM and Windows operating system. The genetic algorithm are
conducted with generations of 5000 and population size of 100. The other parameters for the genetic
algorithm are set as default value by the optimization tool box in Matlab 2015b.

5.1. Parameters

The technical parameters of the photovoltaic panel(DJB-36V300WK), wind turbine(NE-5000G)
and battery (LCPA100-1) for the micro-grids in this paper are shown in Table 1. In addition, power loss
rate of the tie line RLoss

Exchange is shown in the same table, which is set according to the average power
loss rate of power network enterprises of China in 2017. The economic parameters of each component
of the micro-grids are listed in Table 2. Moreover, the price for tie line(RVV 300/500 V) between the
micro-grids is 3200 yuan/km with a capacity of 13.5 kW, which is provided by the manufacturer.
In addition, the cost of the tie line are paid by the two interconnected micro-grids equally.

Table 1. Technical data of the components used in proposed model.

Component Parameter Value Unit

Wind turbine PW−rated 5 kW
Vci 3 m/s
Vco 45 m/s
Vr 11 m/s

nWT 20 year
εWT 4.5 %

Solar PV PPV−rated 300 W
ηPV 19 %
nPV 20 year
εPV 4.5 %

Battery Rated capacity 100 Ah
Rated voltage 12 V

ηBAT(charge/discharge) 93/100 %

Tie Line RLoss
Exchange 95 %
nTL 50 year

Others ηINV 100 %
i 6 %
G 1000 W/m2
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Table 2. The costs related to the components of renewable micro-grids.

WT PV BAT

CI (Yuan/unit) 14,800 750 650
CO&M (Yuan/unit-yr) 60 20

CR (Yuan/unit) 11,500 640 520

5.2. Results and Discussion

The independent sizing of MG A and MG B with different power configurations is set as base
case with which sizing of MG A and MG B under interconnected mode is compared under the
same condition.

5.2.1. Economic Analysis of the Proposed Model

Table 3 shows the total optimal amounts of renewable energy generations, batteries and the
capacity of tie line for each micro-grid under independent mode and under interconnected mode.
Figure 6 shows the total cost comparison of two micro-grids with optimal capacity under independent
mode and under interconnected mode.

Table 3. Comparison of the total results obtained in different modes.

NWT NPV NBAT CapTL LPSP

Independent mode
PV-BAT 3031 544 1.8%
WT-BAT 81 444 1.62%

WT-PV-BAT 46 813 311 1.61%

Interconnected mode
PV-BAT 2633 564 94 1.66%
WT-BAT 45 388 85 1.66%

WT-PV-BAT 45 22 354 81 1.76%

Figure 6. Comparison of the total cost obtained under different modes.

As shown in Figure 6, in terms of the two micro-grids as a whole, the total cost for the micro-grids
with the configuration of PV-BAT, WT-BAT and PV-WT-BAT under interconnected mode has all shown
advantages compared with that under independent mode. At the same time, by further using the
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complementary of wind and solar energy, the PV-WT-BAT micro-grid has obtained the best economical
efficiency while ensuring the reliability of power supply under both modes. The installed power
capacity of the traditional off-grid micro-grid is usually designed based on the load curve in order
to ensure the reliability of the power supply. This leads to the fact that under the condition of low
load and sufficient resources, the electricity generated by excess installed power capacity cannot
be fully absorbed, resulting in a waste of resources and high installed investment for renewable
energy generation. Through comparison of the total cost of the same type of power generation
under both modes, it can be seen that under the interconnected mode, a strong mutual support is
formed between the interconnected micro-grids, due to the usage of complementarity of natural
resources. Power exchange reduces the installed capacity of renewable energy generations and
batteries, thereby reducing the cost of power generation and improving the economy and reliability of
the system. Compared with the independent mode, costs of PV-BAT micro-grids, WT-BAT micro-grids
and PV-WT-BAT micro-grids are reduced by 15.91%, 40.21% and 35.51% respectively under the
interconnected mode, and the overall economy of the system is improved. In addition, the reason why
installed capacity and total cost of PV-BAT micro-grids under two modes changes not too much is that
the complementarity of solar radiation and load difference between regions is weak relatively.

Table 4 shows the respective installed optimal amount configurations of MG A and MG B with
different types of power supply under independent mode and under interconnected mode. Figure 7
shows the comparison of respective costs of MG A and MG B under independent mode and under
interconnected mode.

Table 4. Comparison of the respective installed optimal capacity under different modes.

NWT NPV NBAT CapTL LPSP

Independent mode
PV-BAT MGA 1487 293 1.66%

MGB 1544 251 1.94%
WT-BAT MGA 54 245 1.53%

MGB 27 199 1.71%
WT-PV-BAT MGA 25 633 250 1.63%

MGB 21 180 161 1.60%

Interconnected mode
PV-BAT MGA 1612 19 94 1.65%

MGB 1021 545 94 1.67%
WT-BAT MGA 19 183 85 1.66%

MGB 26 205 85 1.67%
WT-PV-BAT MGA 19 9 130 81 1.74%

MGB 26 13 224 81 1.75%

Table 4 shows the different renewable generation configurations for each micro-grid under
independent mode and interconnected mode. For example, under the configuration of WT-PV-BAT,
due to the adoption of the interconnected mode, the complementary advantages of resources have
enabled MG A to reduce large installed demand for wind turbines, photovoltaic panels and batteries.
By using the complementarity of resources, MG B can provide sufficient power support through tie
line when MG A is deficient in power generation. In this way MG B under interconnected mode need
to increase the installed capacity of wind turbines and batteries, thus making a good mutual support
between interconnected micro-grids, which can be seen in WT-BAT micro-grids under interconnected
mode as well. In terms of MG A and MG B, due to the existence of the interconnection, the micro-grids
can make use of the complementary advantages of regional resources to support each other as a backup,
making the power supply configuration reasonable and reducing unnecessary installed capacity of
power generations and storage batteries.

As shown in Figure 7, MG A with the configuration of PV-BAT, WT-BAT and PV-WT-BAT show a
large degree of cost reduction under interconnected mode, compared to independent mode, while MG
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B with the configuration of PV-BAT, WT-BAT and PV-WT-BAT show a little decrease in cost due to
extra installed capacities of generation to support load for MG A. That is to say when the MG A has a
weak power generation, there is a sufficient power to transmit from MG B to MG A, which makes MG
A still achieve satisfactory power supply reliability with small installed power capacity. In addition,
the cost savings of MG A under the configurations of PV-BAT, WT-BAT and PV-WT-BAT are 20.01%,
58.97% and 56.58% respectively. In addition, the cost reduction of MG B under the same configurations
are 11.75%, 8.80% and 3.26% respectively.

Figure 7. Comparison of the respective cost under different modes.

5.2.2. Power Exchange Analysis

The key for the collaborative operation of two micro-grids is to make use of the diversified
characteristics of resources in different locations forming complementary advantages with power
exchange. In order to better understand the cost-saving mechanism of the two micro-grids system
under interconnection, it is necessary to analyze the power exchange between the interconnected
micro-grids. The load curves of MG A and MG B are shown in Figures 8 and 9. In addition, the
power exchange between the two interconnected micro-grids throughout the whole year is shown in
Figure 10.

Figure 8. Hourly power supplied for MG A.
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Figure 9. Hourly power supplied for MG B.

Figure 10. The power exchange between interconnected micro-grids.

From Figures 8 and 9, we can see that the interconnection between the two micro-grids contributes
effectively to supporting residential load in each micro-grid, which ensures the reliability for power
supply. In addition, Figure 10 shows that when the load is in the peak period of power consumption of
a year, such as winter or summer, the power exchange between interconnected micro-grids is the most
frequent. The main reason is that the interconnected mode makes positive energy exchange between
interconnected micro-grids, thus ensuring reliable power consumption for users with less installed
power capacity. During the simulation period, The total power transferred form MG A to MG B for
one year is 11,055.72 kWh, which is 16.77% of load for MGB. The total power transferred form MG
B to MG A for one year is 20,777.03 kWh, which is 31.56% of load for MG A. The comparison of the
installed capacity for PV-WT-BAT under two modes shows a reduction trend in the necessary installed
capacity of the photovoltaic panels and batteries. The total power exchange between MG A and MG B
is shown by Table 5.

Table 5. The power exchanged between MG A and MG B.

Title 3 Direct Power Transferred (kW) Power Stored (kW) Energy Storage Delivered (kW)

MG A to MG B 8234.53 2779.70 41.50
MG B to MG A 10,895.23 8732.39 1149.41

The power exchange between the interconnected micro-grids can be seen from Table 5. The power
transmitted from MG B to MG A is more than that from MG A to MG B, which is mainly due to
the abundant wind resources in the B area. Unlike the independent mode, the unbalanced power
generated by the MG A and MG B at time t is not stored in its own energy storage system, but is firstly
consumed directly according to the load of the interconnected micro-grid at the same moment. Due to
the interconnection mode, micro-grids can make full use of regional tie line to deliver unbalanced
power directly. The depth of discharge (DoD) of MG A and MG B calculated by Rain Flow algorithm
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are shown in Figure 11. The lifetime calculated according to the dispatch in the collaborative operation
for batteries of MG A and MG B are 7.5 years and 8.17 years respectively. In addition, when there is
surplus of power or power shortage at either side of the interconnected micro-grids, the unbalanced
power can be maximally stored or supplied according to the different states of the terminal’s storage
batteries, which improves the reliability of micro-grids system under interconnected mode.

Figure 11. Depth of discharge DoD(k) as function of battery cycles.

In order to further describe the collaborative operation of the interconnected micro-grids, a typical
day is selected in the area where the power exchange is frequent to analyze the power supply of the
MG A and the MG B, as shown in Figure 12. From the figure, it can be seen that on the typical day
from 2:00 to 5:00 and from 15:00 to 24:00, the MG B has enough energy to generate power, thus has
sufficient power to provide support for MG A. During the period of 3:00 to 9:00 and from 10:00 to
13:00, the power generation of MG B is relatively weak, so that MG A provides an effective power
supply to MG B to meet its load demand.

Figure 12. Power exchanged between MG A and MG B for a typical day.
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5.2.3. Sensitivity Analysis of Power Transaction Price

It is clear from the above tables and figures that in the interconnected system composed of two
micro-grids, the collaborative operation can be well operated, thus, reducing the total cost of the
system. The following part will discuss how the cost savings achieved by the interconnected system
as a whole can be reasonably distributed between the two micro-grids so that each stakeholder will
prefer to adopt interconnection. The initial unified purchase price for the power exchanged of the two
micro-grids is set as 2.42 Yuan/(kW · h), which is the mean of the upper bound and lower bound of
acceptable prices. In addition, a proper transaction price set between interconnected micro-grids can
also ensure that both stake-holders have a low cost while ensuring the reliability of power, and prefer
to be interconnected. When the price of power transaction fluctuates within a certain range, the cost
changes of interconnected micro-grids with the power transaction price are shown in Figures 13 and 14.

Figure 13. Sensitivity analysis for individual micro-grid cost of various unified electricity trading price.

Figure 14. Cost save for individual micro-grid of various electricity trading price.

According to the simulation results, when the power transaction price takes 4.5 Yuan/kWh,
the cost savings of both MG A and MG B are relatively large, and both of the interconnected micro-grids
have a strong willingness to adopt interconnection. Compared with the cost of independent sizing
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mode, the cost of MG A is 115,770.86 Yuan, reduced by 30.2%, and the cost of MG B is 61,066.88 Yuan,
reduced by 43.65%, which is shown in Figure 15.

Figure 15. Comparison of cost under independent mode and optimal cost balanced by the
transaction price.

6. Conclusions

In this paper, the optimal sizing method of WT-PV-BAT and the tie line for two micro-grids on
the base of collaborative operation in off-grid area is studied. To explicitly model the power exchange
behaviour between the two adjacent MGs from the system-level level, a specific dispatch of power
is built. Thus, the optimal sizing of photovoltaic, wind turbine and battery for the two micro-grids
system is carried out based on the energy dispatch mentioned above to supply the load demand
minimizing the total cost while considering the relevant constraints.

The results demonstrate that the optimal sizing of photovoltaic, wind turbine and battery for the two
micro-grids system should consist of 45 wind turbines, 22 photovoltaic panels and 354 batteries with a total
installed generation capacity of 231.5 kW (97.19% WT and 2.81% PV). In addition, the optimal capacity
for the tie line between the micro-grids is 81 kW. The annual cost of the two micro-grids system with the
optimal installed power generation under interconnection mode is 176,837.74 Yuan (25,361.45 Dollars),
with a decrease of 35.51% compared to the cost under independent sizing mode. Balanced by a proper
transaction price, the cost of MG A is 115,770.86 Yuan (16,603.45 Dollars) with a decrease of 30.2% and
the cost of MG B is 61,066.88 Yuan (8758 Dollars) with a decrease of 43.65%, compared to the costs under
independent sizing mode respectively. Interconnected micro-grids will have a strong willingness to adopt
interconnection with a optimal unified transaction price of 4.5 yuan/kWh (0.65 Dollars/kWh).

The proposed approach is meaningful such that, as a whole, compared with two independent MGs,
the interconnected MGs system has a better economic performance. Among them, the PV-WT-BAT
micro-grids under regional interconnection had been proved to have the best performance in economy
with acceptable reliability, which proved the effectiveness of sizing for the two MGs based on
collaborative operation proposed in this paper. In addition, power exchange analysis reveals how the
power of the two MGs runs to make the collaborative operation work. Based on the interconnection
mode, benefits can be shared between interconnected MGs with a reasonable transaction price,
thereby increasing the enthusiasm of the stake-holders to adopt. Therefore, the suggested method
could be used for real implementations to help MGs decision maker on optimal sizing of two or even
more adjacent MGs in an off-grid area. Furthermore, besides photovoltaic and wind turbine, the
method proposed in our work can also be generalized to the optimization problem of two adjacent
MGs containing a variety of renewable energy generations with intermittent.
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There exists some limitations of this study, which need to be further investigated in our future
work. Firstly, the renewable energy data is set to be deterministic in this paper. Considering the
uncertainty of renewable energy will make the simulation more realistic. Secondly, the optimal
sizing in this paper only considers two adjacent MGs. However, as the scale of the system increases,
more MGs with various types of generations are supposed to be studied under interconnection.
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Abbreviations

The following abbreviations are used in this paper:

ACinter
tot the total annual cost (AC) of the

interconnected micro-grids system
PrTL price for unit cost of the tie line

ACMGA
tot the annual cost of MGA PL(t) load demand at time t

ACMGB
tot the annual cost of MGA Pk

tot(t) amount of unbalanced power of
interconnected micro-grid at time t

ACk
tot the annual cost of k Pk

wtot
(t) total power generated by WT of k at time t

CapTL capacity for the tie line Pk
wtot

(t) total power generated by PV of k at time t
G perpendicular radiation at array surface Pde f icit(t) power shortage at time t
Ik
j unit initial investment cost for component j

of k
Pdemand(t) power demand at time t

Ik
ACj

annual cost of initial investment for
component j of k

PExchange(t) power exchange at time t

i the discount rate PMax
Exchange maximum for power exchange

j photovoltaic panels,wind turbines or
battery storage

Rk
ACj

annual cost of replacement for component j
of k

k MG A or MG B Rk
j unit replacement cost for component j of k

LPSPMax maximum for loss of power
supply probability

R(t) solar insolation in one instant of time t

Nk
j installed number for component j of k RLoss

Exchange power loss rate of tie line

nj lifetime for component j of k Ra aging rate for battery
NMax

PV upper bound of installation amount for PV SOC(t) state of charge of battery at time t
NMax

W upper bound of installation amount for WT SOCMax upper bound for SOC of battery
NMax

BAT upper bound of installation amount
for battery

SOCMin lower bound for SOC of battery

nTL lifetime for tie line v(t) wind speed at the instant time t
Nc(DODp) the cycle for each DOD Vci(t) cut-in wind speed of WT
O&Mk

ACj
annual cost of operation and maintenance
for component j of k

Vco(t) cut-out wind speed of WT

O&Mk
j annual cost of operation and maintenance

for component j of k
Vr(t) rated wind speed of WT

PPV(t) power supplied by each PV at time t εj annual growth rate of operation and
maintenance cost for component j of k

PPVrated (t) rated power of PV panel ηPV photovoltaic module efficiency
PW(t) power supplied by each WT at time t ηINV inverter efficiency
PWrated (t) rated power of WT ηBAT battery efficiency
PG(t) power generated by renewable energy
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