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Abstract. In order to reduce the energy consumption cost, considering the influence of the correlation of 
photovoltaic output, load demand and peak valley TOU price in different periods on the optical storage 
capacity configuration, the system operation strategy and capacity configuration principle are determined 
based on the peak valley TOU price and energy storage charge state information and the actual size of 
photovoltaic output and load.Integrated with the historical load, time of use electricity price, state of charge, 
charge discharge power and other constraints of the energy storage system, the minimum objective function 
is utilized to optimize the output power of energy storage.The effectiveness of the model is verified by an 
example. The sensitivity analysis shows that different demand tariff rules affect the user demand declaration 
strategy. The energy storage system planning selects the light storage combination with appropriate capacity 
according to the demand tariff rules and the change of energy storage investment cost, which has practical 
engineering value. 
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1 Introduction 

The dispatching control of energy storage and peak 
electricity price on the user side of microgrid can 
effectively reduce the user peak load and reduce the 
capacity electricity charge. For the power grid, it can 
bring the reduction of peak shaving cost caused by the 
reduction of load fluctuation and the reduction of system 
capacity caused by the reduction of maximum load. 
However, limited by the cost of energy storage capacity, 
under the price policy and market environment, how to 
balance the power consumption cost and energy storage 
investment of users, minimize the power consumption 
cost of microgrid users, and realize the energy storage 
evaluation of industrial large users with demand 
management and peak valley arbitrage need to be further 
studied. 
Scholars have studied the optimal allocation and 
investment economy of energy storage applications. 
Reference [9] studies the cost and return on investment 
model of user side battery energy storage in the whole life 
cycle. Reference [10] establishes the investment, 
operation and maintenance cost of energy storage power 
station and the income model under different applications, 
and considers the charge and discharge depth and service 
life of battery. Document [11] proposed the operation 
mode of the battery energy storage system on the user side 
of the industrial park, considered the charge discharge 
operation under different energy storage strategies, and 

established the income and cost model of energy storage 
operation, but only carried out peak valley price 
difference arbitrage without considering the maximum 
demand control. Reference [12] establishes a month 
before and day before two-stage model for energy storage 
optimization, which takes the minimum total electricity 
charge and the maximum peak valley arbitrage as the 
objective function to calculate the charge and discharge 
power of output energy storage, but does not consider the 
situation that the number of cycles will affect the battery 
loss. 
To sum up, the main source of income of energy storage 
investment on the user side is the saved user electricity 
bill, but most models do not fully consider the impact of 
parameters, performance characteristics and life cycle of 
energy storage system on its cost and income value. In 
order to ensure the best economic benefit in the operation 
of energy storage, an energy storage evaluation model is 
established with the minimum comprehensive cost of 
users, to evaluate the economy of users installing energy 
storage and optimize the energy storage configuration; 
The annual and intra day optimization models of energy 
storage are constructed. In the annual optimization, 
determine the monthly maximum demand reported by the 
user; In the intra day optimization, the daily energy 
storage charge and discharge power is optimized based on 
the maximum demand constraint. At the same time, this 
paper further analyzes the return on investment and user 
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power cost of energy storage under different sensitive 
parameters, and verifies the economy of the model. 

2 Demand management 

Under the two-part electricity price, the electricity charge 
is mainly composed of basic electricity charge and 
electricity charge. The demand electricity charge belongs 
to one of the ways of basic electricity charge. The demand 
management is to reasonably control the user load so that 
the maximum power does not exceed the maximum power 
of contract electricity. Therefore, by making full use of 
the flexibility of energy storage power regulation, 
discharging at the peak of power consumption and 
controlling the maximum demand value of load, so as to 
reduce the basic electricity charge is an effective means to 
improve the income. 
The basic electricity charge to be paid by the user is the 
maximum demand reported in the current month 
multiplied by the unit price (different in different regions). 
On this basis, when the actual maximum value exceeds 
1.05 times the approved value, the part exceeding the 
approved value will be doubled. The electricity charge 
model per unit demand is: 
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Where, C is the transformer capacity; D
~

 is the actual 
maximum demand; x is the maximum demand, which 
shall not be lower than a certain distribution transformer 
capacity; k is the threshold of punitive price, k = 1.05 
according to the current regulations; p1 and p2 are the 
demand price of the actual maximum demand within 1.05 
times the reported maximum demand and the demand 
price of the part exceeding 1.05 times the reported 
maximum demand respectively. According to the current 
regulations, p2 / p1 = 2. 

3 Energy storage capacity configuration 

3.1 Minimum objective function of user power 
cost 

The objective function of energy storage capacity 
allocation is to minimize the user's power consumption 
cost in the research period T, that is, the sum of electricity 
charge and demand charge minus the minimum demand 
response income, which can be expressed as: 
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Where, C is the total power consumption cost of 
microgrid users; 1C represents the power purchase cost of 
microgrid users from the power grid; 2C represents the 
cost of photovoltaic power generation; 3C represents the 
energy storage and discharge cost. T is the number of 
periods in a research cycle and the duration interval of 
each period; 4C indicates the electricity demand of the 
user; R represents the benefit of user participation in 
demand response. 

Where, ltP represents the power grid load in period t; vtP is 

the photovoltaic power generation power in period T, 

tdistch PP ,, 、 which respectively represents the charging 
power and discharge power of energy storage battery in 

period t, and tp  is the time-of-use price of power grid. 

Where, pvC represents the overall photovoltaic investment 

cost (yuan), pvP represents the photovoltaic installed 

capacity (kw), H represents the maximum utilization 
hours of photovoltaic year, and pvN  represents the 

photovoltaic operation life. 
Where, BESSC  represents the overall investment cost of 

energy storage (yuan), BESSE represents the rated 

capacity of energy storage configuration (KWh) and 

bessn  represents the number of energy storage cycles. 

Where,  represents the maximum demand of users 

and  is the electricity charge per unit demand. 

3.2 Constraint condition 

Capacity of the previous time + charging and discharging 
power of the current period * time = capacity of the 
current time. 

dtdistchchtt PttPEE  /,,1         (3)  

Where, tE and 1tE  represent the remaining capacity of 

the battery in t period and t-1 period, and ch d are the 

charging efficiency and discharge efficiency of the energy 
storage battery respectively. 
2) The inequality constraint of the remaining battery 
power in period t is: 

BESSt EEE min                    (4)  

Where, BESSE  represents the rated capacity of energy 

storage configuration and minE is the lower limit of 

energy storage capacity. 
 
3) The charging and discharging power of energy storage 
shall not exceed the limit. 
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Where, maxP  is the maximum charge discharge power 

limit of the energy storage system. 
Regardless of the grid connection of energy storage, the 
configuration of energy storage is completely used to 
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absorb photovoltaic and reduce user load. Therefore, the 
maximum charge and discharge power of the energy 
storage system only needs to meet the power imbalance 
within a certain period T within the assessment cycle t, 
that is: 

|][| max
],1[

max vtlt
Tt

PPP 


         (6)  

4) Maximum demand constraint 
Guided by peak valley electricity price and demand 
response compensation, energy storage may form new 
load spikes, or even exceed the original maximum 
demand, resulting in the increase of demand electricity 
charge. Therefore, this paper introduces the maximum 
demand constraint. 

demandtdistchvtlt PPPPP 05.1)max( ,,       (7)  

The above model is a dynamic programming problem. 
Equations (3) to (7) constitute the constraints of the 
objective function, including the constraints of battery 
power, charging demand, charging power, etc. In the 

model, tdistch PP ,, 、 , BESSE ,  are decision 

variables, and other parameters are known quantities. 
The above model is a dynamic programming problem. 
This paper establishes the model in Python and calls the 
optimization function library to solve it. 

3.3 Evaluating indicator 

This paper uses the return on investment index of energy 
storage in the whole life cycle to evaluate whether users 
are suitable for installing energy storage. 

BESSCBR /                          (8)  

Where, R represents the return on investment, B 
represents the return on energy storage, that is, the 
electricity saved before and after energy storage, and 

BESSC  represents the overall investment cost of energy 

storage (yuan). 

4 Analysis of case 

4.1 Basic data 

Taking the power consumption data of an industrial user 
as an example, the typical daily power load is shown in 
Figure 1. 
According to the available photovoltaic sites, the 
maximum installed capacity of photovoltaic is 
4.5342mwp. According to the calculation, the typical 
output curve of photovoltaic is shown in Figure 2. The 
annual photovoltaic power generation is 5562mwh and 
the annual utilization hours of photovoltaic are 1235.9h. 
The photovoltaic investment cost is 3500 yuan / kW, and 
the operation and maintenance cost is not considered. 
 

 

Fig. 1. Typical daily load curve 

 

 

Fig. 2. Typical output curve of four seasons photovoltaic 
 
The peak valley time division of Shandong Province is 
shown in Table 1. The time of use electricity price is: peak 
electricity price of 1.0102 yuan / kWh, peak electricity 
price of 0.8948 yuan / kWh, normal electricity price of 
0.6062 yuan / kWh and valley electricity price of 0.3177 
yuan / kWh. The maximum demand electricity price of 
Shandong power grid is 38 yuan / kW · month. 
The type of energy storage battery is lithium iron 
phosphate, and the battery price is 900 yuan / kWh. The 
battery cycle life is 1500 times, and the battery charge / 
discharge efficiency is 92%. 

4.2 Simulation analysis 

Combined with the actual load power data of the user, this 
paper calculates the optimal energy storage capacity 
configuration of the user, considers the impact of lithium 
iron phosphate battery charge and discharge on capacity 
loss, and uses the objective function in Section 2.1 to 
evaluate the economy of energy storage after participating 
in demand management. 
The scheduling interval is 1 hour. Assuming that the 
output power of photovoltaic and load is constant within 
1 hour, the fluctuation of four typical days in spring, 
summer, autumn and winter represents the change of one 
year, and 8760 hours of the whole year are analyzed in 
combination with the days of different typical days. 
When energy storage participates in peak valley arbitrage 
under TOU price, the optimal operation scheme is solved. 
Take the load data from June 29 to July 28 for the test, and 
set the equivalent charge and discharge times M = 2. 
Figure 3 shows the load curve comparison before and 
after typical daily energy storage participating in peak 
valley arbitrage. The abscissa is the sampling point with a 
sampling interval of 15min. Solve the model to obtain the 
energy storage operation strategy with the minimum 
electricity charge. The optimal configuration of energy 
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storage is 2347.5kwh and the reported maximum demand 
is 2235.5kw. 
 

 

Fig. 3. Typical daily energy storage in spring and equivalent 
load curve after peak valley TOU price optimization 
 
It can be seen from the figure that under the optimized 
energy storage charge and discharge strategy, the energy 
storage is attracted by the price difference between peak 
and valley. It is selected to charge and discharge in valley 
and peace periods and peak periods. By reducing the peak 
load, the final power consumption curve is smoothed as 
much as possible while earning the income from peak 
cutting and valley filling. 
It can be seen from the analysis in Figure 4 that the rated 
power of energy storage and the monthly comprehensive 
cost of users tend to decrease first and then increase, while 
the expected income is on the contrary. This is because 
after the energy storage is increased to a certain capacity, 
the growth rate of monthly electricity saving is not enough 
to offset the growth rate of energy storage cost, resulting 
in the increase of comprehensive cost and the decrease of 
expected income. It can be seen intuitively from the figure 
that when the energy storage power is 998kw, the 
comprehensive cost of users is the lowest and the 
expected income is the largest. 

 

 

Fig. 4. Impact of energy storage allocation on users' economic 
benefits 

4.3 Sensitivity analysis 

Under different demand electricity prices, analyze the 
declaration of maximum demand. As shown in Figure 5, 
the four demand electricity tariff curves are the electricity 
tariff curves when P1 = [42,39,33,30] from top to bottom. 
The optimal solution of the maximum contract demand is 
marked at the bottom of each curve. It can be seen from 
the figure that the change of unit demand electricity price 
can not affect the user's contract maximum demand 
declaration strategy, but can only affect the user's demand 
electricity fee expenditure, and this impact is in direct 
proportion to the unit demand electricity price. 

 

 

Fig. 5. Demand tariff curve under different demand tariff 
 

In the current regulations, the part where the actual 
maximum demand exceeds 1.05 times of the contract 
maximum demand will be doubled, that is, the threshold 
of punitive charge is k = 1.05. In this section, users in the 
same case are simulated under the same other conditions 
and only the punitive charging threshold K changes, so as 
to intuitively show the impact of the change of punitive 
charging threshold on users' demand declaration. The 
simulation results are shown in Figure 6. 
 

 

Fig. 6. Demand electricity charge curve under different penalty 
rates 
 
The four demand tariff curves are the tariff curves of k = 
[1,1.05,1.1,1.2] from top to bottom. The optimal solution 
of the maximum contract demand is marked at the bottom 
of each curve. It can be seen from the figure that the 
adjustment of punitive charge threshold K can affect the 
declared value of users and the minimum value of 
electricity demand. The greater the punitive charge rate, 
the smaller the declared value of the user's maximum 
contract demand, and the smaller the corresponding 
minimum demand electricity charge. 

5 Conclusion 

Taking the minimum comprehensive cost of users as the 
objective function, this paper establishes an energy 
storage evaluation model. The example shows that it is 
suitable to install energy storage for large industrial users 
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with load peak and large peak valley difference in the 
daytime; For users with relatively flat load curve, it is not 
suitable to install energy storage. 
A two-stage energy storage optimization model is 
established in this paper. In the pre month optimization, 
the minimum total electricity charge of users is taken as 
the objective function to determine the reported maximum 
demand. In the intra day optimization, the maximum peak 
valley arbitrage of users is taken as the objective function 
to optimize the energy storage charge and discharge 
power and further improve the economic benefits of users. 
At the same time, through sensitivity analysis, this paper 
discusses the impact of the adjustment of demand tariff 
rules on users' declaration strategy and demand tariff from 
the perspective of power companies, and discusses the 
changes of demand tariff rules parameters including unit 
demand tariff and punitive charge threshold, which 
provides valuable conclusions and suggestions for the 
formulation and adjustment of demand tariff rules of 
power grid companies. 
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