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ABSTRACT The rapid growth of the air-conditioning load leads to a further increase in the peak-to-valley
difference of the load, which has affected the steady operation of the power grid. An economic evaluation
method of the controlled air-conditioning load combined echelon utilization batteries in the micro-grid
system of a commercial park participating in the demand side management is discussed in this paper.
Through the study of the optimal control mode of air-conditioning load groups, taking the user comfort
and the fairness of the air-conditioning control into consideration, an orderly control model of the air
conditioning is developed by the improved state-queue (ISQ) control algorithm. Echelon utilization batteries
are introduced into the micro-grid system of the commercial park, and a coordinated optimization allocation
and economic evaluation model of the micro-grid system in the commercial park is established. The particle
swarm optimal algorithm (PSO) and the artificial bee colony algorithm (ABC) are employed to solve the
model. The simulation tests of the actual operating data in the commercial park in Shanghai of China show
that the controlled air-conditioning load can improve the optimal allocation of resources and promote the
energy utilization rate by participating in the demand side management. The optimized regulation of the air-
conditioning load not only improves the user’s comfort but also reduces the cost of the purchasing electricity
from the grid. When the purchasing cost of the unit capacity for the echelon utilization batteries is less than
254.5391 USD/kWh, the economy of the echelon utilization batteries is better than the conventional energy
storage batteries. The method presented in this paper provides a theoretical basis for the echelon utilization
of retired electric vehicle batteries (REVBs) and has certain engineering application prospects.

INDEX TERMS Echelon utilization, energy storage system, optimal allocation, economic evaluation,
commercial park.

I. INTRODUCTION
With the higher living standards of people today, a variety of
air-conditioning systems have been widely used, the cooling
load in summer and the heating load in winter have accounted
for more than 30% of themaximum load in these two seasons.
In a commercial park, the air conditioning load of the users
accounts for about 40% of the total building load, and it shows
a rapid growth trend in the future years [1]. As the air condi-
tioning load participated in the demand side management is
still in the exploration period in China, the relevant supporting
policies and incentive measures to promote the development
of the demand side management are still not perfect [2].

The associate editor coordinating the review of this manuscript and
approving it for publication was Khmaies Ouahada.

In traditional operating mechanism of the power grid,
the main way to solve the above problems usually adopts the
peak unit, power cuts and other load management measures
for the users, or increases the installed capacity and the
transmission and distribution network capacity to meet the
short spikes. But the cost of the peak unit is too high,
the power cuts will sacrifice the interests of the users, and
the air conditioning load is mainly concentrated in hun-
dreds of hours in the winter and summer peak period, while
the increase of the installed capacity will result in the low
utilization of the equipment and huge investment. Energy
storage system (ESS) is an effective means to decrease the
peak load through the dynamic absorption and release of the
electricity. However, the current high cost of the ESS restricts
the development of the energy storage technology, and the
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economy is poor when the ESS is simply used to peak load
shifting. Therefore, it has great significance to explore the
economics of energy storage planning method and low-cost
energy storage batteries.

Demand side management technology [3] can effectively
reduce the capacity of the ESS and promote the balance of
the supply and demand side. Meanwhile it can guide the users
to change their electricity habits and optimize the way of the
electricity through a certain price signal or incentive policy,
thereby reducing or shifting the effect of the electricity load
during a period [4]. The load curve of the air-conditioning
of the micro-grid system in the commercial park is adjusted
to participate in the demand side management on the user
side by the optimal control of a large number controlled
air conditioning load. The controlled air conditioning can
be seen as ‘‘Virtual Energy Storage’’ equipment on the user
side. The coordinated optimization control between the air
conditioning load and energy storage equipment not only
helps to ease the power supply shortage contradiction and
ensure the security of the power grid, and is conducive to
optimizing the power consumption.

In [5], a state queue (SQ) model was used to describe
the change of the air conditioning operation state and the
performance of the air conditioning load with different elec-
tricity price levels. In [6], the SQ algorithm was used to
control the switches of the temperature control equipment
so that the common heat pump, refrigerator, air condition-
ing and other temperature control load could participate in
the demand side management. In [7], a coordinated opti-
mized dispatch billing method controlled by air conditioning
load groups was proposed. The control characteristics and
parameters of air-conditioning load group were analyzed,
and the load control cost model and air-conditioning load
group dynamic economic dispatch model were established.
In [8]–[10], a temperature-based priority list model was built,
the air conditioning was controlled by the controlled target
according to the order of the list. In [11], the load control of
air conditioning groups was achieved by directly changing
the temperature setting of the air conditioning. However, for
the same parameters or high similar degree of air condi-
tioning groups, the lower the temperature is, the greater the
load diversity loss is, and the air conditioning groups will
appear huge fluctuations of the load. In [12], the closed-loop
control method was used to overcome the above problems.
Although the control precision of this method was higher,
the dispatching center had to set up a two-way information
channel to obtain the start-up and indoor temperature of each
air conditioner. It requires a higher information processing
capability, and the control cost of the air conditioning will
increase.

Therefore, the air conditioning load involved in the demand
side management plays a role in the ESS to effectively reduce
the required capacity of the ESS. However, the use of the
retired electric vehicle batteries (REVBs) is an alternative
way to reduce the high cost and meet the required perfor-
mance of the ESS. When the capacity of the REVBs is

reduced to 80%, it will not be able to continue to be used
in the EVs. If directly recycled, it will not only pollute the
environment, but also bring about a huge waste of the value
of the battery. The echelon utilization of the REVBs can
give full play to the capacity value of the REVBs, extend
its service life, promote the energy conservation and alleviate
the pressure of the recycling work of the REVBs. Therefore,
the echelon utilization of the REVBs in the micro-grid system
of the commercial park instead of the traditional ESS not
only reduces the cost of the ESS, but also promotes the
healthy development of the electric vehicle (EV) industry,
which has important social significance and huge economic
benefits [14].

In [15], the initial cost of the echelon utilization of the
REVBs was assessed from the perspective of the EV users,
and the potential market of the REVBs applied to the ESS
was explored in United States National renewable energy
laboratory. In [16], taking the whole life cycle value of the
REVBs as an object, an economic evaluating method of ech-
elon utilization batteries was put forward from the perspective
of the owner of the EVs. In [17], a mixed integer nonlinear
programming method for the optimal size and control of fast
charging stations and ESS is proposed in order to perform
the capacity allocation and the economic evaluation of fast
charging stations and ESS. In [18], the annual cost of the
typical Canadian housing with or without echelon utilization
batteries after the load regulation was determined by the typ-
ical residential load curve. The savings cost under different
prices and the auxiliary cost level of the EVs were analyzed.
In [19], a model of the echelon utilization energy storage
system (EUEES) was established to analyze the economy
by introducing the value of the EES from the grid. In [20],
the REVBs were applied to the peak load management in
commercial buildings, the capacity of the EUESS and the
number of echelon utilization batteries were obtained by the
rule-based control scheme, the charge and discharge control
strategy of the EUESS was adopted to improve the life of the
echelon utilization batteries.

The above studies mainly focus on the use value of echelon
utilization batteries, and a specific cost estimation algorithm
of echelon utilization batteries has not been given. Aiming
at the optimal configuration and economic evaluation of
the EUESS, the involved process and the cost of the REVBs
during the whole life cycle applied to the ESS is analyzed
in this paper. An optimization planning and economic eval-
uation model of the micro-grid system in the commercial
park considering the cost estimation of echelon utilization
batteries is proposed. Through the analysis of the response
characteristics of single controlled air conditioning load,
the air conditioning orderly regulation model is established
to satisfy the comfort of the user and the fairness of the air
conditioning control. From the perspective of the whole life
cycle of the REVBs, the equivalent cycle life of echelon uti-
lization batteries under different depths of discharge (DODs)
is calculated by the rain flow counting method to estimate the
life of the echelon utilization batteries. The unit capacity of
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the EUESS is estimated by the use value of echelon utilization
batteries, and the unit capacity of the annual operation cost
is calculated according to different initial capacity retention
rates and the relationship between the running and mainte-
nance unit price, in order to obtain the cost of the EUESS.
The economic evaluation model of the micro-grid system
in the commercial park based on the EUESS is established.
PSO and ABC algorithms are respectively used to solve
the model. The whole economy of the micro-grid system is
obtained through the simulation tests of the real operation
data in a certain commercial park of Shanghai in China. The
simulation results show that the EUESS can be applied for
the micro-grid system in the commercial park to coordinate
the controlled air-conditioning load and reduce the peak load
of the grid by the way of low-storage and high-generation,
thereby reducing the cost of the purchasing electricity from
the grid.

II. OPTIMIZATION CONTROL OF THE MICRO-GRID
SYSTEM IN A COMMERCIAL PARK
A. THE STRUCTURE OF THE MICRO-GRID
SYSTEM IN A COMMERCIAL PARK
A schematic diagram of the micro-grid system in the com-
mercial park is shown in Fig.1.

FIGURE 1. Schematic diagram of the micro-grid system in the commercial
park.

The micro-grid system in the commercial park (as shown
in Fig.1) includes the distributed power system, EES and
the load. The electricity load of the commercial park mainly
refers to the power supply load required by office buildings,
which is divided into the conventional load and the controlled
air conditioning load. The conventional load includes the
lighting, elevator, office appliances and so on. The cooling
load in summer and the heating load in winter cannot exist
at the same time, but both are closely related to the users
in the commercial park. Due to the fact that the users in
the commercial park are hardly affected by the seasons, the
conventional load can be considered as consistent throughout
the year. The controlled load refers to the cooling and heating
load of the air conditioning varying with the change of the

season and temperature. When the electric of the distributed
generation system in the micro-grid system is insufficient
for the load, the electric will be purchased from the power
grid; if the electric of the distributed generation system in the
micro-grid system is surplus for the load, it will be supplied
to the power grid. Thus, the distributed generation system can
act as a backup power source for critical loads when the grid
is under-powered and can save the cost by reducing the peak
demand and the diverting electricity.

According to the power balance of the micro-grid in the
commercial park, it can be described as (1).

Pline + Ppv = Pcon + Pair + Pess (1)

where Pline is the connection line power of the micro-grid
system; Ppv is the output power of the PV system; Pcon is the
conditional load; Pair is the controlled air conditioning load;
Pess is the output of the ESS.

In (1), if the micro-grid system purchases the electric from
the large power grid, then Pline > 0; if the micro-grid system
transmits the power to the large power grid, then Pline < 0;
if the ESS charges, then Pess > 0; if the ESS discharges,
then Pess < 0.

FIGURE 2. The cooling, heating and electrical load curves in commercial
park. (a) Heating season. (b) Cooling season.

According to the data coming from the commercial park in
Shanghai of China, the typical daily curves of the cooling,
heating and electrical load in the cooling season and the
heating season are shown in Fig.2.
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It can be seen from Fig.2 that as the work of the staff
begins, the cooling and heating load of the air conditioner
quickly rises to the peak from 8 o’clock, slightly decreases
at about 12 o’clock, and drops rapidly around 17:00 at the
end of the work. The electrical load varies in the same way,
but the electrical load is not zero in the whole day. After the
staff in the building leaves, that is, from 22:00 to the next
morning, the minimum electrical load is only maintained for
the building infrastructure and external lighting.

B. DYNAMIC PROCESS MODELING OF SINGLE
AIR CONDITIONING EQUIPMENT
According to the equivalent thermodynamic model of single
air conditioning, a simplified first-order response model is
used to achieve the dynamic process modeling of an air
conditioning equipment [21]. When the air conditioning is
heating, it can be described as follows:

¬ Air Conditioning is on:

Tin,t+1t = Tout,t+1t + Q× R

− (Tout,t+1t+Q× R−Tin,t )e−1t/R×C (2)

 Air conditioning is off:

Tin,t+1t = Tout,t+1t − (Tout,t+1t − Tin,t )e−1t/R×C (3)

When the air conditioner is cooling, it can be described as
follows:

¬ Air conditioning is on:

Tin,t+1t = Tout,t+1t − Q× R− (Tout,t+1t
−Q× R− Tin,t )e−1t/R×C (4)

 Air conditioning is off:

Tin,t+1t = Tout,t+1t − (Tout,t+1t − Tin,t )e−1t/R×C (5)

where Tin,t represents the indoor temperature (◦C); Tout,t rep-
resents the outdoor temperature (◦C); C represents the
equivalent thermal capacity of the air conditioner (J/◦C);
R represents the equivalent thermal resistance (◦C/W); Q rep-
resents the equivalent thermal ratio (W).
The dynamic process of the cooling and heating of an air

conditioning is shown in Fig.3.
It can be seen from Fig.3 that during the heating season,

when the room temperature is lower than the lower bound,
the air conditioner starts to heat up (S=1); when it is heated
to the upper bound of the temperature, the air conditioner is
turned off (S=0); when the temperature falls to the lower
bound of the temperature, the air conditioner is turned on
to start heating again (S=1). In the cooling season, when
the temperature falls to the lower bound of the tempera-
ture, the air conditioner is turned on to start cooling (S=1);
when the temperature rises to the upper bound of the tem-
perature, the air conditioner is turned off (S=0); when the
temperature falls to the lower bound of the temperature,
the air conditioner is turned on to start cooling again (S=1).
Here, the lower bound of the indoor temperature is 24◦C,

FIGURE 3. The dynamic process of the cooling and heating of the air
conditioning. (a) Heating. (b) Cooling.

the upper bound of the indoor temperature is 28◦C, and the
set point temperature is 26◦C.

C. OPTIMAL CONTROL MODELING OF AIR
CONDITIONING LOAD GROUPS
The improved state-queue (ISQ) control algorithm, a general
model for price response or incentive demand side manage-
ment tracking the dynamic behavior of the temperature con-
trol equipment through the temperature control equipment
‘‘switch’’ state, is used to establish the relationship between
the power of air conditioning groups and the switch state
of air conditioning aiming at regulating the air conditioning
load [22]. The ISQ algorithmmay cause the transition control
of the air conditioning so that the switching is frequent and
the life is decreased or even the air conditioning equipment
is damaged, so the restriction on the number of the air con-
ditioning switches is introduced into the ISQ algorithm here.
The purpose of the optimal control model of the controlled
air conditioning is to meet the user’s comfort requirements
and the economic efficiency of the user to participate in the
demand side management. The user’s comfort index CI is
defined as (6).

CI =

√√√√√ k∑
i=1

(T ′room,t (i)− Tset (i))2

k
(6)

where T
′

room,t (i) is the indoor temperature at time i after being
controlled; Tset (i) is the set point of the indoor temperature
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at time i; k is the total number of the switch state that the
air conditioner is on and off during the operation. From the
definition of CI, it reflects the deviation between the indoor
temperature controlled by the air conditioner and the tem-
perature set point. Therefore, the smaller the value of CI is,
the higher the user’s comfort is.

The purpose of the user’s participation in the demand side
management is to save the electric power. It can be described
as (7).

I =
∫ 24

0
eTOU (t)× Pair (t)dt−

∫ 24

0
eTOU (t)× Pobj(t)dt (7)

where eTOU (t) is the TOU price of the peak-valley each
moment; Pair (t) is the air conditioning load before the user
participates in the demand side management, that is, the air
conditioning load before being regulated; Pobj(t) is the air
conditioning load after the user participates in the demand
side management, that is, the air conditioning load after being
regulated.

The objective function of the optimization control model of
the controlled air conditioning load can be expressed as (8).

(min(CI ),min(−I )) (8)

III. THE LIFE AND COST ANALYSIS OF THE
ECHELON UTILIZATION BATTERIES
A. EQUIVALENT CYCLE LIFE ESTIMATION OF
ECHELON UTILIZATION BATTERIES
The cycle life is related to the DODs of the battery, the differ-
ent DODs will lead to different cycle life. Therefore, unifying
the cycle life at different DODs to 100% is defined as the
equivalent cycle life [23]. In this paper, the rain flow counting
method is used to calculate the DODs of the ESS [24].

According to the corresponding relationship between the
DODs of the lead-acid battery and the cycle life [25], the
function curve of the DODs corresponding to the cycle life
is obtained by (9).

Nctf = −3278 · D4
oD − 5 · D3

oD

+ 12823 · D2
oD − 14122 · DoD + 5112 (9)

It is known that the operating cycle of the battery can
be decomposed into N cycles, with the depth of discharge
DoD1, DoD2, · · · , DoDN . The DODs of the battery in the
ith cycle is DoDi, and the corresponding equivalent cycle life
is described as (10).

L (DoDi) =
Ncff (DoD1)
Ncff (DoDi)

(10)

where Nctf (DoD1) is the corresponding cycle life when the
DOD is equal to 100%; Nctf (DoDi) is the cycle life when the
DOD is equal to DoDi.

The equivalent full charge and discharge times of the bat-
tery in the running cycle (ie, one day) is calculated by (11).

Nday =
i=N∑
i=1

L (DoDi) =
i=N∑
i=1

Nctf (DoD1)
Nctf (DoDi)

(11)

B. CALENDAR LIFE ESTIMATE OF ECHELON
UTILIZATION BATTERIES
The life of the battery includes the cycle life and calendar
life. The calendar life means to the time from the begin-
ning to the end of the battery (usually taking year as the
unit) [26]. The calendar life of echelon utilization batteries
can be estimated by the capacity retention rate, the cycle life
and capacity retention at the beginning and the end of the
echelon utilization.

By performing a secondary cycle test on the REVBs, it is
estimated that the cycle life of the REVBs for the echelon
utilization can be predicted by (12).

β = −2.6043× 10−5n+ 0.8347 (12)

where β is the capacity retention rate of the REVBs, named
as the ratio of the actual capacity and rated capacity of the
battery; n is the cycle times of the battery. The relationship
between the capacity retention rate of the REVBs and the
cycle times of the battery is shown in Fig.4.

FIGURE 4. The relationship between the capacity retention and cycle life
of the REVBs.

Suppose that the capacity retention rate of the purchased
REVBs is β1 and the capacity retention rate at the end of the
EUEES is β2, the total cycle times of the REVBsnsec can be
calculated according to (12) at the stage of the echelon uti-
lization, then the calendar life of echelon utilization batteries
msec is obtained by (13).

msec =
nsec

365× Nday
(13)

where nsec is the total cycle times of the REVBs applied to
the energy storage stage; Nday is the equivalent full charge
and discharge times of the EUESS calculated by (11) during
operating period (it generally takes one day).
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C. THE COST ESTIMATION OF THE EUESS
Based on the cycle life and calendar life from Section III.A
and Section III.B, the cost estimation method of the EUESS
are calculated by (14).

C1_sec= (CE_secEsec+CP_secPsec)×
r(1+r)msec

(1+ r)msec−1
(14)

where CE_sec, CP_sec are respectively the unit capacity cost
and unit power cost (USD/kWh, USD/kW), the unit power
cost is consistent with the power convert system (PCS) unit
price of the conventional battery ESS; Esec and Psec are
respectively the rated capacity (kWh) and rated power (kW);
msec is the calendar life (Year), r is the currency discounted
value.

The operation and maintenance cost of the EUESS can be
calculated by (15).

C2_sec = KE_secEsec + KP_secPsec (15)

where KE_sec is the operation and maintenance unit capacity
(USD/kWh/Year), its value is affected by the initial capacity
retention rate of the EUESS;KP_sec is the operation andmain-
tenance unit price of the PCS (USD/kW/Year), its value is
consistent with that of conventional energy storage batteries.

It can be seen from (14) and (15) that when the EUESS
and conventional battery ESS are used to calculate the costs,
in addition to the different calendar life, the purchase cost of
the unit capacity CE_sec and operation and maintenance cost
KE_sec are also different.
The purchase cost of the unit capacity CE_sec is estimated

by the use value of the EUESS in this paper. A simple
estimation of CE_sec is calculated by (16).

CE_sec = CE_con ×
msec

mcon
(16)

where CE_con is the unit capacity of the conventional storage
battery price (USD/kWh); mcon is the life of the conventional
ESS (Year).

The operation and maintenance cost of the unit capacity
EUESS KE_sec is different when the initial capacity retention
rate of echelon utilization batteries is different. Take the
lithium ion battery as an example, the running capacity with
different initial capacity retention rates is shown in Table 1.

TABLE 1. The operation and maintenance unit price of the lithium battery
with different capacity retention rate.

The relationship between the operation and maintenance
cost of the unit capacity echelon storage battery KE_sec and
the initial capacity retention rate is obtained by exponential
function fitting. It can be described as

KE_sec = 0.05165× β−6 (17)

IV. ECONOMICAL EVALUATION MODELS OF THE
MICRO-GRID SYSTEM IN A COMMERCIAL PARK
BASED ON ECHELON UTILIZATION BATTERIES
A. THE OBJECTIVE-FUNCTION OF THE MICRO-GRID
SYSTEM IN A COMMERCIAL PARK
The net load of the micro-grid system in the commercial park
is defined as

Pnet = Pcon + Pair − Ppv (18)

If Pnet is more than 0, it indicates that the PV output power
can’t meet the load demand, and the lack electricity needs to
be purchased from the grid. If Pnet is less than 0, it indicates
that the PV output is so sufficient that it is still surplus after
meeting the load demand. It can be seen from (1) and (18) that
the power of the micro-grid tie line is equal to the net load
before the ESS is arranged, that is, Pline = Pnet . However,
the uncertainty and volatility of the net load will make the
tie line power not meet the requirements of the micro-grid
system connected to the grid, the average power of the net
load every 30min is regarded as the target power of the micro-
grid tie line Pline_obj, and the difference between Pline and
Pline_obj is made up by the ESS. If the ESS is only used to
smooth the fluctuation of tie line power and does not fully
play the role of the ESS, the optimal configuration model of
the micro-grid system in the commercial park combined with
the time-of-use price is established, in which the purchasing
electricity cost from the grid will be saved by making the ESS
low storage and high generation.

A multi-objective optimization model to estimate the eco-
nomics of the micro-grid system in the commercial park is
established.

1) OBJECTIVE FUNCTION 1
Minimize the cost of the configured ESS. The cost includes
the initial investment cost and operation cost, namely:

1) The initial investment cost composed of the power cost
and capacity cost (converted to day) are calculated
by (19).

C1 = (CEEb + CPPb)×
r(1+ r)m

(1+ r)m − 1
×

1
n

(19)

2) The operation cost (converted to day) are calculated
by (20).

C2 = (KEEb + KPPb)×
1
n

(20)

2) OBJECTIVE FUNCTION 2
Minimize the cost of the purchased electricity from the grid
(Here Day is equal to 1440 min).

C3 = (
∫ Day

1
TOU (t)×Pline(t)dt)×

1
60

(Pline(t) > 0) (21)

The objective function of the optimal allocation and eco-
nomic evaluation model can be expressed as (22).

(min(C1),min(C2),min(C3)) (22)
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B. CONSTRAINTS OF THE OPTIMAL ALLOCATION
AND ECONOMIC EVALUATION MODEL

1) The limit constraint of the micro-grid tie line power.
Limit the system to reverse power to the grid and the
power limit to be sold from the grid to the system.

Psetsell ≤ Pline ≤ Psetbuy (23)

2) The balance constraint of the charge and discharge for
the ESS: ∑Day

t=1
Pess(t) = 0 (24)

3) The SOC constraints of the ESS:

SOCmin ≤ SOC(t) ≤ SOCmax (25)

SOC(t) =


SOC(t − 1)+

Pess(t)1tηcharge
Eess

, Pess(t) > 0

SOC(t − 1)+
Pess(t)1t

Eessηdischarge
, Pess(t) < 0

(26)

where the Eess is the rated capacity of the ESS, ηcharge and
ηdischarge are respectively the charge and discharge efficiency
of the ESS.

V. CASE STUDIES
A. THE SETTING OF MODEL PARAMETERS
Taking the winter period of the micro-grid system in a com-
mercial park in Shanghai of China as an example, the goal of
regulation is to reduce at least the maximum load power to
90% of the original. Echelon utilization batteries are used to
allocate the capacity in this scenario. The PV output power,
conventional load, air conditioning load before the optimal
regulation and time-of-use (TOU) electricity pricing of the
micro-grid system in the commercial park are shown in Fig.5.

FIGURE 5. The curve of the source, load and TOU price of the micro-grid
system in the commercial park.

The required parameters of the micro-grid system in the
commercial park are given in Table 2 and the TOU electricity
price of Shanghai in China is given in Table3.

TABLE 2. The parameters required for the model.

TABLE 3. The TOU electricity price of Shanghai in China.

B. OPTIMAL CAPACITY CONFIGURATION OF THE
MICRO-GRID SYSTEM IN THE COMMERCIAL
PARK OBTAINED BY THE PSO ALGORITHM
AND ABC ALGORITHM
The purpose of the air conditioning optimization and control
is to the maximum extent to meet the user comfort require-
ments and take the maximum economy of air conditioning
users to participate in the demand side management as the
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target according to (18). The optimal allocation and economic
evaluation model of the micro-grid system is to minimize
the cost of the configured ESS and the purchase cost of
the micro-grid system in the commercial park from the grid
according to (22). The PSO algorithm is a global optimization
algorithm. The basic idea of the PSO algorithm is inspired
by the behavior of many birds [27]. Compared with other
population-based evolutionary algorithms, they are initialized
into a set of random solutions, and the optimal solution is
searched by multiple iterations. Due to its simple operation
and fast convergence, it has been widely used in the optimal
scheduling of power system and capacity configuration of
the ESS [28], [29]. The ABC algorithm is a novel global
optimization algorithm based on swarm intelligence [30],
which has widely been used in many optimization problems
without any modification with the advantage of high search
precision and strong robustness [31], [32].

For comparative analysis, the PSO algorithm and ABC
algorithm are respectively used to solve the model in this
paper. The PSO algorithm was used to solve the model,
the population size is set to 40, the number of iterations is
set to 60, the inertia factors wmax=1.2 and wmin=0.1. The
optimized result is that the rated capacity of the ESS in the
micro-grid system is 422.8301 kWh and the rated power is
239.5854 kW obtained by the PSO algorithm. The change
curve of the air conditioning temperature before and after the
optimal control is shown in Fig.6.

FIGURE 6. The curve of the air conditioning temperature before and after
the optimized regulation obtained by the PSO algorithm.

The user comfort index is 1.1110 before the regulation con-
trol and the user comfort index is 1.0793 after the regulation
control. The purchase electricity cost of the air conditioning
users before the regulation control is 814.0982 USD/day,
the purchase electricity cost of the air conditioning users
after the regulation control is 780.3610 USD/day, and the
daily electricity savings is 33.7372USD. Without affecting
the comfort of users, the economy of air conditioning users
can be improved by the optimal regulation of the controlled
air conditioning load. The curves of the controlled air condi-
tioning load and the tie line power of the micro-grid system
before and after the optimal regulation are shown in Fig.7.

In Fig.7(a), the peak load of the controlled air conditioning
after the regulation has been shifted; In Fig.7 (b), the tie

FIGURE 7. The curves of the (a) controlled air conditioning load and the
(b) tie line power before and after the optimized regulation.

line power before the regulation (actually the net load curve)
fluctuates greatly, and the tie line power satisfies the tie line
power limit of the micro-grid system after the regulation. The
power and SOC curves of the ESS are shown in Fig.8.

Fig.8(a) shows that the charge and discharge power of
the echelon utilization batteries after the regulation is higher
than that before the regulation when the electricity price is
low; during the daytime peak hours, the charge and discharge
power of the echelon utilization batteries is approached
before and after the regulation; the purpose of the adjustment
is to achievemore charging of the echelon utilization batteries
when the electricity price is lower, and more discharge when
the electricity price is high. Fig.8 (b) shows the SOC of
the echelon utilization batteries changes near 0.5 before the
regulation, and the loss of the life and performance of echelon
utilization batteries is relatively small, resulting in the waste
of the capacity space for the ESS; after the regulation, echelon
utilization batteries are charging at the lower price period,
the charging speed is improved obviously and the capacity
of echelon utilization batteries is more fully utilized.

The parameters of the ABC algorithm are set as follow:
the colony size is 100, the number of the nectar source
is 50, the threshold is 20, and the number of iterations is 50.
By optimizing the rated capacity of the ESS of the micro-
grid system in the commercial park is 436.4391kWh and the
rated power is 258.3208kW obtained by the ABC algorithm.
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FIGURE 8. The (a) charge and discharge power and (b) SOC curves of the
energy storage system before and after the optimal regulation.

FIGURE 9. The relationship between the user comfort and the daily
electricity savings obtained by different optimal algorithms.

The user comfort index is 1.0928 after the regulation control,
the purchase electricity cost of the air conditioning users
after the regulation control is 786.8486USD/Day, and the
daily electricity savings is 25.4577USD.

The relationship of the user comfort and the daily elec-
tricity savings obtained by different optimal algorithms is
shown in Fig.9 and the calculation results of different optimal
algorithms are shown in Table 4.

It can be seen from Table 5 that the fitness level reaches an
optimal level when the number of iterations reaches 60 times
under the optimization of the PSO algorithm, and the fitness

TABLE 4. The optimal results of the micro-grid system obtained by the
PSO and ABC algorithms.

TABLE 5. The optimal results obtained by PSO and ABC algorithms.

level reaches an optimal level when the number of itera-
tions reaches 50 times under the optimization of the ABC
algorithm. The convergence speed of the iteration got by the
ABC is significantly less than that got by the PSO, and the
iterative calculation time takes a long time. Combined with
the Fig.9, under the same fitness, the daily electricity savings
and comfort index of the user obtained by the PSO algorithm
are better than that obtained by the ABC algorithm.

C. THE ECONOMICAL COMPARISON OF THE
ABOVE TWO ENERGY STORAGE SYSTEMS
Based on the calculation of the equivalent cycle life of eche-
lon utilization batteries described in Section III.A, the equiv-
alent full charge and discharge times of the battery in
the typical day can be calculated according to the SOC,
Nday = 1.4021; If the capacity retention rate of the energy
storage battery entering or exiting the energy storage appli-
cation stage takes 0.8 or 0.7 respectively, the calendar life
of echelon utilization batteries is 7.5033 year calculated by
(12) and (13); The unit capacity operation and maintenance
cost of echelon utilization batteries calculated by (17) is
0.0290USD/kWh; From the point of the use value produced
by echelon utilization batteries as the energy storage equip-
ment, the purchase price of the unit capacity of echelon
utilization batteries estimated by (16) is 254.1635USD/kWh.
The economical comparison results of conventional energy
storage batteries and echelon utilization batteries are given in
Table 6 in which the cost of the ESS is converted to day and
the exchange rate is 0.145 on May 5, 2017.

It can be seen from Table 6 when the purchase cost
of the unit capacity of echelon utilization batteries CE is
equal to 254.1635USD/kWh, the purchase cost of eche-
lon utilization batteries74.8380 USD/day is lower than that
of conventional energy storage batteries 74.9180USD/day.
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TABLE 6. Economical comparison of the two energy storage systems.

The operation and maintenance cost is slightly higher than
that of conventional energy storage batteries; When CE is
equal to 254.5391USD/kWh, the total cost configured by ech-
elon utilization batteries 74.9180USD/day is the same as that
configured by conventional energy storage batteries; When
CE is equal to 217.5650USD/kWh and 145.0432USD/kWh
respectively, the total cost configuring the echelon utilization
batteries is much lower than that of conventional energy
storage.

VI. CONCLUSIONS
Although the REVBs can’t meet the requirement in the field
of the electric vehicles, it still plays a role in the field of EESs.
Based on the characteristics of ‘‘Source-Load’’ in the micro-
grid system of a commercial park and the optimal response
mode of the controlled air-conditioning load, the controlled
air-conditionings as ‘‘virtual energy storage’’ equipment are
combined with echelon utilization batteries to realize the
effects of the load shifting. The optimal configuration model
of the micro-grid system in a commercial park is established.
The conclusions are drawn as follows:

1) Taking the user comfort and fairness of the air condi-
tioning control into consideration, the economy of air con-
ditioning users is improved by the optimal regulation of the
controlled air-conditioning load. The optimal response mode
of the air-conditioning equipment as ‘‘virtual energy storage’’
to participate in demand side management is explored. The
optimized regulation not only improves the users’ comfort,
but also reduces the users’ cost of purchasing electricity from
the grid.

2) The optimal capacity configurationmodel of the ESS for
the micro-grid system in the commercial park is respectively
resolved by the PSO and ABC algorithms. Under the premise
of ensuring the user comfort index, the capacity configuration
of the micro-grid in the commercial park obtained by the PSO
algorithm has better economic than that obtained by the ABC
algorithm. The optimal capacity of the EUESS obtained by
the PSO algorithm is equal to 239.5854kW/422.8301kWh,
and the optimal capacity of the EUESS obtained by the ABC
algorithm is equal to 258.3208 kW/436.4391kWh.

3) Taking the economy of the micro-grid system into
account, when the unit capacity purchase price of eche-
lon utilization batteries CE is less than 254.5391USD/kWh,
the economy of the micro-grid system with the echelon uti-

lization batteries is better than that with the conventional
energy storage batteries. The impact of the business model
and the robustness of the proposed method will be further
analyzed.
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