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Abstract—This paper studies the user response characteris-
tic to the time of use price, and establishes the user load 
response characteristic curve to the time of use price on the 
basis of consumer psychology. Based on the optimal opera-
tion model, the paper analyses the effect of demand side. 
The paper establishes the optimal TOU model based on 
economic operation and the demand side response. The 
power supply enterprise benefit maximization is the goal in 
this model, the best time of use price and optimal scheduling 
scheme can be made according to the prediction of the load. 
The model can be used to formulate the best scheme of TOU 
in a given time period, and provides a quantitative basis for 
electricity pricing of microgrid. Example analysis results 
show that the operation cost of microgrid reduces and the 
power supply enterprise benefit increases when considering 
the demand side response, the model has important guiding 
significance on the formulation of grid electricity price and 
scheduling scheme. 
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I. INTRODUCTION 
With the development of power industry, smart grid 

attracts more and more attention. Due to load fluctuation, 
grid investment increases and energy is wasted. To save 
grid investment cost and increase energy utilization rate, 
TOU was proposed to guide users to adjust electricity 
consumption structure and smooth the load shifting curve 
from peak to valley. 

Researches on microgrid mainly include microgrid 
planning and operation. For microgrid operation, atten-
tions were mainly paid to the economic dispatch. Alt-
hough some researches on economical operation of mi-
crogrid have been reported, few of them explored effect 
of demand side response. Reference [1,2] studied user 
response to TOU based on consumer psychology. Refer-
ence [3] established a TOU model for power stations ac-
cording to their different coal consumption characteristics. 
Reference [4] studied the response behavior of TOU to 
load, established a model for optimization management of 
micro power source and demand side load, and analyzed 
effect of demand side response to the economical opera-
tion of microgrid. Other existing studied were mainly 
from the perspective of cost and took microgrid into con-

sideration [5-7]. However, the established model didn’t 
take user benefit into account. Few of the existing re-
searchers analyzed effect of demand side response on the 
economical operation of microgrid and optimized TOU of 
microgrid from the perspective of economical operation.  

Based on existing researches and consumer psychol-
ogy, this paper established a load response characteristic 
model and discussed effect of TOU on the economical 
operation of microgrid. To maximize total revenues of 
power supply enterprises, a TOU optimization model of 
microgrid was established based on demand side response 
and economical operation. This model can be used to 
make optimal TOU and corresponding optimal generation 
scheduling of microgrid.  

II. DEMAND RESPONSE ANALYSIS BASED ON 
TOU 

Consumers often choose the best time to purchase 
according to commodity price changes. When adopting 
TOU (Time of Use Price), consumers will change tradi-
tional electricity consumption structure. They may reduce 
electricity consumption at peak with higher price, but 
increase electricity consumption at valley with lower 
price. In this way, some loads at peak are shifted to valley 
period. Such user responses to electricity price generally 
can be reflected by the load shifting curve. Based on ex-
isting researches, the load curve under TOU was deter-
mined based on the principle of consumer psychology. 

Based on the principle of consumer psychology, dif-
ferent commodity prices will receive different consumer 
responses. When the external stimulate is smaller than the 
minimum level, users make no response. As the external 
stimulate succeeds the maximum level, user response 
become stable. Under this circumstance, user response is 
uncorrelated with the stimulate degree. When minimum 
level < external stimulate < maximum level, user re-
sponse increases with the increase of stimulates. Hence, 
the concept of load shifting rate was introduced. Load 
shifting rate is equal to the ratio of shifted loads from 
peak to valley and loads at peak after the implementation 
of TOU. Abundant survey results demonstrate that load 
shifting rate and electricity price difference can be ex-
pressed by piecewise linear function approximately [8]. 
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Adopted TOU, some users shift some loads from peak 
to valley. The load shifting rate from peak to valley is 
expressed by equation (1) and the corresponding load 
shifting curve is shown in Fig .1. 
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where Δppv is the electricity price difference between peak 
and valley, Δppv=pp-pv (pp is electricity price at peak and 
pv is electricity price at valley); apv is the minimum load 
shifting from peak to valley (break point of dead zone); 
bpv is the maximum load shifting from peak to valley 
(break point of saturation zone); Kpv is the slope of linear 
zone; λpv

max is the maximum load shifting rate from peak 
to valley. 

 
Figure 1. Load shifting curve from peak to valley 

B. Load shifting rate from flat to valley 
The load shifting rate from flat to valley is expressed 

by equation (2) and the corresponding load shifting curve 
is shown in Fig .2. 

 
Figure 2. Load shifting curve from flat to valley 
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where Δpfv is the electricity price difference between flat 
and valley, Δpfv=pf-pv (pf is electricity price at flat); afv is 
the minimum load shifting from flat to valley (break point 
of dead zone); bfv is the maximum load shifting from flat 
to valley (break point of saturation zone); Kfv is the slope 
of linear zone; λfv

max is the maximum load shifting rate 
from flat to valley. 
C. Load shifting rate from peak to flat 

The load shifting rate from peak to flat is expressed 
by equation (3) and the corresponding load shifting curve 

is shown in Fig .3. 
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where Δppf is the electricity price difference between peak 
and flat, Δppf=pp-pf; apf is the minimum load shifting from 
peak to flat (break point of dead zone); bpf is the maxi-
mum load shifting from peak to flat (break point of satu-
ration zone); Kpf is the slope of linear zone; λpf

max is the 
maximum load shifting rate from peak to flat.  
 

 
Figure 3. Load shifting curve from peak to flat 

TOU causes load shifting. Express load shifting rate 
under different electricity price by above mentioned 
piecewise linearity curve. The fitting loads of different 
periods are: 
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where Lt0 is forecasted load in t before the implementa-
tion of TOU; Lt is the forecasted load in t after the im-
plementation of TOU; Tv, Tf and Tp are periods of valley, 
flat and peak, respectively; vL , fL  and pL  are the 
mean load of valley, flat and peak before the implementa-
tion of TOU.  

III. EFFECT OF DEMAND RESPONSE AND MI-
CROGRID OPERATION ON ELECTRICITY 

PRICE 
TOU will stimulate users to adjust electricity con-

sumption structure. To ensure balance of electric power 
and energy of microgrid, output of micro power sources 
will be adjusted according to the changes of load shifting 
curve. As a result, microgrid dispatching can be con-
trolled by adjusting electricity prices. Considering the 
demand side response, the optimal TOU can be deter-
mined according to the optimal economic analysis. 

Load and electricity price can be expressed as: 
1( )DP f p                (5) 

where p is an electricity price variable; f1 is relationship 
between electricity price and load (See in Section II); and 
PD is load. 

Load shifting curve is closely related with the operat-
ing cost of microgrid: 
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2 ( )DC f P                (6) 
where f2 is the relationship between load and operating 
cost of microgrid, and C is the operating cost of mi-
crogrid. 

Based on equation (5) and (6), the relationship among 
electricity price, load and economical operation can be 
established. The TOU plan accompanied with optimal 
economical operation of microgrid is the optimal TOU. 

IV. TOU OPTIMIZATION MODEL BASED ON DE-
MAND SIDE RESPONSE AND ECONOMICAL 

OPERATION 
A. Service life loss model of lead-acid battery 

The service life of lead-acid battery is determined by 
various factors, such as service temperature, maximum 
charging current and charge-discharge process. Among 
them, the service temperature and maximum charging 
current are generally related with the heat dissipation and 
control system of the lead-acid battery. This paper fo-
cused on studying effect of charge-discharge process on 
the service life of lead-acid battery. 

When the depth of charge-discharge cycles of the 
lead-acid battery is R, the maximum charge-discharge 
cycles before failure (NESS) are: 

3 5
ESS 1 2 4e eR RN                (7) 

Where α1~α5 are characteristic parameters of the 
lead-acid battery, which can be acquired from service life 
test data provided by the manufacturer. 

In one charge-discharge cycle of lead-acid battery, the 
proportion of service life loss in the total service life is 
1/NESS and the equivalent economic loss cost (C1) is: 

1 initial-bat ESS/C C N              (8) 
where Cinitial-bat is the investment cost of the lead-acid bat-
tery. 

During microgrid operation, the service life loss cost 
of the lead-acid battery in one dispatching cycle (Cbat) is: 

T

bat 1,
0

N

j
j

C C


                (9) 

where NT is the charges and discharges of the lead-acid 
battery in the microgrid dispatching cycle and C1,j is the 
service life loss cost when the depth of jth 
charge-discharge cycle is Rj. 
B. Objective function 

Loads shift from peak to flat or valley after the im-
plementation of TOU, which changes the load shifting 
curve of the whole power system. Consequently, operat-
ing cost and selling cost may change. To explore effect of 
TOU on the economical operation of microgrid, an eco-
nomical operation model involving demand side response 
was established. It aims to maximize revenues of power 
supply enterprises: 

,
1

max
T

benefit sale t Dt total
t

C C P t C


         (10) 

where Cbenefit is the total revenue; Csale,t is the selling price 
of electricity of power supply enterprises (purchase price 
of users); T is the total periods in the dispatching cycle 
(In this paper, the dispatching cycle is one day, divided 

into 24 periods); PDt is the forecasted load in t after the 
implementation of TOU; Δt is the interval between two 
periods; and Ctotal is the total operating cost of microgrid. 

Calculation of Ctotal is closely related with the mi-
crogrid operation. A bi-objective TOU optimization mod-
el was established. The high-level objective is to mini-
mize the total revenue of power supply enterprises, while 
the low-level objective is to minimize Ctotal under fixed 
loads. The lower-level objective function is: 
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where Cn
t is the operating cost of conventional unit n 

(microturbine) in t; N is the amount of conventional units; 
un,t is the on-off state variable of n in t (1=on; 0=off); 
FFC,tn is the fuel consumption cost of n in t; Cbat is service 
life loss cost of the lead-acid battery; σn, δn and τn are 
start-up cost coefficients of n; Tnt

OFF is the idle time of n 
in t. 
C. Constraints 

Constraints of the TOU optimization model based on 
demand side response and economical operation include: 

1) Purchasing cost of users 
To get user supports, the TOU policy shall ensure that 

the purchasing cost of users won’t increase. 
0 1M M                 (13) 

where M0 and M1 are purchasing costs of users before and 
after the implementation of TOU. They are the product of 
electricity consumption and purchase price. 

2) Electricity consumption 
Total electricity consumption of users after the im-

plementation of TOU remains same or increases slightly. 
This paper supposed that the total electricity consumption 
of users after the implementation of TOU remains the 
same. 
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p f vT T T T                 (15) 
where Qp,t, Qf,t and Qv,t are electricity consumptions of 
peak, flat and valley in t after the implementation of TOU; 
Qt is electricity consumption in t before the implementa-
tion of TOU. 

3) Electricity price 
p f vp p p                 (16) 

2 5p

v

p
p

                  (17) 

Currently, the electricity price at peak/electricity price 
at valley ranges between 2 ~5[3][2].  

4) Economical operation of microgrid 
Constraints of economical operation include: 
a) Power balance 

, w ESS D
1

N

nt n t t t t
n

P u P P P


           (18) 

where Pnt is output of n in t; PESSt is the charge-discharge 
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power of the lead-acid battery in t (positive during dis-
charging and negative during charging); PDt is the fore-
casted load in t; and Pwt is the forecasted wind power in t. 

b) Output of microturbine 
min max

, , ,n n t nt n t n n tP u P u P u          (19) 

where min
nP and max

nP  are the minimum and maximum 
output limits of n. 

c) Lead-acid battery 
During charging,  

c
oc oc c( 1) ( ) tS t S t P t            (20) 

During discharging, 
d

oc oc d( 1) ( ) /tS t S t P t            (21) 
where Soc(t+1) and Soc(t) are residual capacities of the 
lead-acid battery in t+1 and t, respectively; c

tP  and d
tP  

are the charge and discharge power of the lead-acid bat-
tery in t; ηc and ηd are charging and discharging efficiency 
of the lead-acid battery; and Δt is interval between two pe-
riods (It defaults to 1h in this paper).  

The rated power limit of the lead-acid battery is: 
c

ch,max0 tP P               (22) 
d

dch,max0 tP P              (23) 

where c
tP  and d

tP  are the charge and discharge power 
of the lead-acid battery in t; Pch,max and Pdch,max are the 
maximum charge and discharge power. 

The residual capacity limit of the lead-acid battery is: 
ocmin oc ocmax( )S S t S           (24) 

where Soc(t) is residual capacity of the lead-acid battery in t; 
Socmin and Socmax are the minimum and maximum residual 
capacity limits of the lead-acid battery. 

Soc is fixed at the end of every dispatching cycle: 
oc oc end ocinitial(0) ( )S S T S         (25) 

where Soc(0) is residual capacity of the lead-acid battery 
at beginning of the dispatching cycle; Soc(Tend) is residual 
capacity of the lead-acid battery at end of the dispatching 
cycle; and Socinitial is the set residual capacity of the 
lead-acid battery at beginning of the dispatching cycle. 

d) Spinning reserve 
Load and wind output change during microgrid opera-

tion. To ensure the safe and reliable operation, it is nec-
essary to equip with certain spinning reserves. Spinning 
reserves in microgrid (running) are often provided by 
conventional units and lead-acid battery together. 

Spinning reserves in the power system include posi-
tive spinning reserve (positive reserve) and negative 
spinning reserve (negative reserve) [9-10]. 

The maximum positive reserve provided by conven-
tional unit is: 

up max
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The maximum positive reserve provided by lead-acid 
battery is: 

ESSt

up
d oc ocmin

dch,max ESS
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          },t

R S t S t
P P t

  

       (27) 

The positive reserve capacity provided by the 
lead-acid battery in t is restricted by the minimum capac-
ity and maximum discharge power of the lead-acid bat-
tery simultaneously. If the lead-acid battery is charging in 
t, it has to reduce charge power and even transits to dis-
charge state in order to smooth wind output and load 
fluctuations. The maximum reserve provided by the 
lead-acid battery in t still can be calculated from equation 
(27). 

The maximum negative reserve provided by conven-
tional units is:  
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The maximum negative reserve provided by lead-acid 
battery is: 

ESSt

down
ocmax oc c
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        (29) 
During the stand-alone microgrid operation, it needs 

large spinning reserve capacity to smooth all possible 
wind output and load fluctuations in the whole dispatch-
ing cycle. This will increase investment, operating and 
maintenance costs correspondingly. In fact, power grid 
seldom suffers extreme operating conditions and such 
extreme operating condition lasts far shorter than the 
normal operation. Therefore, we can consider to achiev-
ing better economical efficiency at the cost of certain 
system reliability. In this paper, the spinning reserve ca-
pacity was determined by using probabilistic constraints: 

ESSt ESSt

down down up up{ ( ) }nt t ntP R R R R R         (30) 

D wt t tR P P                  (31) 
where Rt is the spinning reserve demand of microgrid in t; 
P{} is probability; α is confidence level; ΔPDt is the load 
forecasting error in t, which is supposed obeying normal 
distribution[11](ΔPDt~N(0,(σ2·PDt)2)); ΔPwt is the wind 
forecasting error in t, which is also supposed obeying 
normal distribution[12] (ΔPwt~N(0,(σ1·Pwt)2)). 

Load and wind power were forecasted using methods 
in Reference [11-12]. Suppose that the independent wind 
power forecasting error and load forecasting error obey 
normal distribution and their sum also obey normal dis-
tribution[13] (Rt~N(0,(σ2·PDt)2+(σ1·Pwt)2)). 

Equation (30) was solved by using method in Refer-
ence [14]. The calculated probability is an approximate 
estimation. 

V. MODEL SOLVING 
Solving the established model using particle swarm 

optimization (PSO). 
Step 1: Input unit parameters, wind speed, load and 

calculating data of load shifting rate. Forecast wind power 
and load. 

Step 2: Generate the initial particle swarm (including 
Ng random particles). Each particle is a three-dimensional 
array which is used to store TOU data. 

Step 3: Adjust every particle to meet equation (16) 
and (17). 

Step 4: Adjust load by using method in Section II ac-
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cording to the TOU data of every particle. 
Step 5: Based on the load curve of every particle, use 

PSO algorithm to solve the established economical opera-
tion model of microgrid, calculating Ctotal of every parti-
cle and sales revenue of power supply enterprises. Then, 
Cbenefit under different TOU policies can be calculated. 

Step 6: Based on previous five steps, the objective 
function of every particle can be calculated. Penalty func-
tion method was used in view of purchase cost constraint 
of users. The fitness function is: 

( ) ( )benefitFitness A C x B x            (32) 

0 1

0 1

0
( )

M M
B x

M M


 



              (33) 

where A is a large positive constant; Cbenefit(x) is the ob-
jective function value of particle x; B(x) is the penalty 
term of particle x. The value B(x) is calculated from equa-
tion (33). When constraints in equation (13) are not satis-
fied, B(x) is a large positive constant (β); otherwise, 
B(x)=0. 

Step 7: Update locations and speeds of particles. 
Make cross and mutation operations. 

Step 8: Repeat Step3, Step4, Step5, Step6 and Step7 
until reaching conditions for iterative convergence.  

Step 9: Obtain the optimal TOU as well as output of 
conventional unit and charge-discharge power of the 
lead-acid battery in the corresponding dispatching cycle 
(one day). 

The flow chart of PSO algorithm is shown in Fig .4. 

 
Figure 4. Flow chart of the algorithm of optimal TOU considering de-

mand side response and economical operation of microgrid 

VI. CASE STUDY 
The case study was conducted using a stand-alone 

microgrid with 3 microturbines, 2 wind turbines and 1 
lead-acid battery. Their parameters are listed in Table 1~3. 
Residual capacity of lead-acid battery at beginning of 
dispatching cycle is: Socinitial=48 kWh. Period division: 
valley: 0:00-7:00 (8h); peak: 10:00~12:00 and 

18:00~21:00 (7h); flat: rest 9h. 
 

TABLE I. PARAMETERS OF MICROTURBINE 

Type Power/kW Set Lower limit Upper limit 
Microturbine 1(MT1) 5 35 1 
Microturbine 2(MT2) 10 45 1 
Microturbine 3(MT3) 15 65 1 

 
TABLE II. PARAMETERS OF WIND TURBINE 

Type 
Power /kW Cut-in wind 

speed /(m/s) 

Cut-out 
wind speed 

/(m/s) 

Rated 
wind speed 

/ (m/s) 
Set Lower 

limit 
Upper 
limit 

Wind 
turbine 0 30 3 25 15 2 

 
TABLE III. PARAMETERS OF LEAD-ACID BATTERY 

Type 
Power /kW 

Socmin/(kW·h) Socmax/(kW·h) ηc ηd Max 
charge 
power 

Max dis-
charge 
power 

Lead-acid 
battery 40 40 48 160 0.95 0.95 

 
For the testing stand-alone microgrid, the average 

purchase price before the implementation of TOU is 
0.65RMB/ kWh. The optimal TOU calculated by using 
the established mode is shown in Table 4. Cbenefit of one 
day before the implementation of TOU is 587.56 RMB 
(including Ctotal=1325.3RMB). Cbenefit of one day under 
the optimal TOU is 631.70RMB (including Cto-

tal=1280.33RMB), 7.5% up than that before the imple-
mentation of TOU. Moreover, the purchasing cost of us-
ers isn’t increased. Load curve before and after the im-
plementation of TOU is shown in Fig .5.  

 
TABLE VI. OPTIMAL TOU OF STAND-ALONE MICROGRID 

Periods  Price (RMB/kWh) Shifted loads (kWh) 
Peak 0.946 -130.14 
Flat 0.606 -27.17 

Valley 0.373 157.32 
 
In Fig .5, the load curve after implementation of TOU 

is much smoother than before. This is caused by load 
shifting from peak to flat and valley as users’ response to 
TOU. The generation scheduling of stand-alone microgrid 
before and after TOU implementation is shown in Fig .6 
and Fig .7, respectively.  

Comparing Fig .6 and Fig .7, we can conclude that: 
a) Some loads are shifted from peak to flat and valley 

as users make responses to TOU, thus smoothing the load 
curve. 

b) Since load fluctuates gently under TOU, the output 
of MT3 bearing basic load fluctuates gently too, remain-
ing at high output. Due to the lower operating cost of 
MT3, the operating cost of the stand-alone microgrid is 
decreased accordingly. 

c) With lower load at peak under TOU, the 
stand-alone microgrid requires smaller spinning reserve 
capacity and the charge-discharge power of the energy 
storage device decreases, thus prolonging service life of 
the energy storage device and reducing operating cost. In 
actual microgrid considering effect of demand side re-
sponse, it can reduce installed capacity of energy storage 
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device appropriately to lower equipment investment cost. 
 

 
Figure 5. Load curve before and after implementation of TOU 

 
Figure 6. Optimal generation scheduling of stand-alone microgrid under 

the unifying price 

 
Figure 7. Optimal generation scheduling of stand-alone microgrid under 

the optimal TOU 

VII. CONCLUSIONS 
Based on existing associated researches, this paper 

discusses effect of demand side response on the econom-
ical operation of microgrid, establishes the TOU optimi-
zation model considering demand side response and eco-
nomical operation, analyzes effect of users on TOU, and 
integrates demand side response into generation schedul-
ing of microgrid. TOU can guide users to adjust electrici-
ty consumption structure and narrow peak-valley load 
gap. 

The established model is solved using PSO algorithm. 
Based on a stand-alone microgrid, the optimal TOU and 
optimal generation scheduling are calculated. Results 
confirm the feasibility and validity of the established 
model. 

The established model can provide certain reference 
to short-term scheduling of microgrid in practical engi-
neering. Subsequent researches can improve the optimal 
economical operation model of microgrid considering 
demand side response, involve interruptible load and an-
alyze its effect on the economical operation of microgrid, 
and establish an economical operation model of microgrid 
considering interaction with purchase price of the main 
grid. 
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