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Abstract: Battery storage provides an effective solution to alleviate the burden of the intermittent 

photovoltaic production on the grid and increase photovoltaic penetration in residential houses. 

Despite several existing work dedicated to the evaluation of photovoltaic battery system, the research 

on system sizing and operation strategy of the household system still has substantial areas to be 

explored such as techno-economic analysis under different electricity tariffs and comprehensive 

parametric analyses. In this paper, the mathematical model of a photovoltaic battery system is 

developed to investigate system performance, based on the various economic and technical indicators. 

This study demonstrates that the integration of battery energy storage could increase the value of self-

consumption and self-sufficiency rates while making payback period longer. Substantial photovoltaic 

battery systems have been simulated under practical dynamic electricity tariffs in a typical electricity 

market. Eight cases with different technical performances from the recommended reference 

combinations are compared and studied in detail. The energy flows among battery bank, grid and 

household user are discussed, revealing that systems with high self-sufficiency rate lead to more 

schedulable photovoltaic production, sold electricity and lower battery usage rate than those with 

high self-consumption rate. Besides, the entire lifecycle economic analysis indicates that a higher 

self-sufficiency rate refers to higher initial investment but shorter payback period and larger profit. 

The revenues breakdown of the cases shows that subsidies have a significant impact, especially for 

cases with high self-sufficiency rate. The levelized cost of electricity of photovoltaic and photovoltaic 

battery systems ranges from 0.373 to 0.628 CNY/kWh, demonstrating the possibility of partial grid 

parity under the current situation in Shanghai.  
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Nomenclature  

Cannual total annual cost of the whole PV battery system (CNY) 

Cbou annual bill of electricity bought from the grid (CNY) 

Cinitial initial cost of the construction of PV battery system (CNY) 

CO&M annual operation and maintenance cost of PV battery system (CNY) 

Creplace annual replacement cost of PV battery system (CNY) 

E electricity (kWh) 

Eusa maximum usable electricity of battery discharge or charge for one hour 

(kWh) 

fpv derating factor of PV production (%/yr) 

I solar radiation (W/m2) 

Is solar radiation of the horizontal plane at STC condition, 1000 W/m2 

i simulation time (hr) 

L whole system lifetime (yr) 

m the minimum year the system starts net benefit (yr) 

n year (yr) 

ncyc battery discharge and charge cycle number 

nsto-life maximum cycle number of battery when selected a typical DOD 

P power (W) 

Rb ratio of direct solar radiation between inclined and horizontal planes 

Rdu revenue saved by electricity directly supplied by PV production (CNY) 

Rsold revenue earned by the electricity sold back to the grid (CNY) 

Rsub revenue earned by PV production subsidies (CNY) 

T temperature (K) 

t lifetime (yr) 

tbattery the lifetime of battery considered both calendar life and cycle life(yr) 

tcal-life calendar life of the battery designed by the manufacturer (yr) 

tstep time step of the simulation, assumed as 1 hour 

UL loss coefficient including all steps of heat transfer loss (W/(m·K)) 

Ypv rated installed capacity of PV array (Wp) 
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Greek numbers  

𝛼 absorbance of the PV cell surface 

𝛽 inclination angle of PV array (deg), 0≤β≤90° 

γ discount rate (%) 

𝜏 transmittance of the PV cell surface 

𝜌 reflectance of the ground  


 efficiency (%) 

𝛿 coefficient for the load profile 

Subscripts  

a ambient 

b diffuse radiation on the horizontal plane 

bou electricity bought from the grid 

c solar cell 

ch electricity used to charge the battery 

cyc battery charge and discharge cycle 

d direct radiation on the horizontal plane 

dis electricity discharged by the battery at AC side 

dis,dc electricity discharged by the battery at DC side 

load household load 

loss electricity loss due to transmission, rectification, and inversion 

pv photovoltaic 

sf-dis self-discharge power of the battery 

sold electricity sold to the grid 

T typical plane with the slope of the system 

Tot total radiation of the horizontal plane 

0 total radiation outside the atmosphere 

Abbreviations  

DOD depth of discharge 

FIT feed–in-tariff 

IRR internal rate of return 

LCOE levelized costs of electricity (CNY/ kWh) 

MPPT maximum power point tracking 

NOCT normal operating cell temperature (℃) 

NPV net present value (CNY) 
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PBP payback period (yr) 

PVB photovoltaic battery 

SCR self-consumption rate 

SOC state of charge 

SSR self-sufficiency rate 

STC standard test conditions 

TOU time-of-use 

 

1 Introduction  

The energy crisis, together with the serious environmental problems, accelerates the deployment of 

renewable energy sources, especially photovoltaic (PV) with an average increasing installation rate 

of 57.6% during the last five years [1]. Also the PV global weight-average levelized cost of electricity 

(LCOE) has reached 0.085 USD/kWh, a 77% reduction from 2010 to 2018 [2]. PV has several 

advantages including of low cost, eco-friendliness, and relatively high efficiency compared to other 

renewable energies and can be utilized practically [3], while the intermittency and fluctuation of PV 

output increase the burden on the electric grid, hence the installation of self-consumed distributed PV 

systems in residential houses is paid more and more attention in recent years. In China, distributed 

PV systems, taking up 47.3% of the 2018 PV market [4], were recommended in the 13th five-year PV 

plan (2016-2020) compared to the centralized PV systems. With the judgment that PV electricity is 

on the verge of grid parity from user side [5] as well as the threat from the subsidy money shortage 

and curtailment problem [6], the state subsidy reduced rapidly to 0.180 CNY/kWh for distributed PV 

systems in 2019 in China [7]. 

The distributed PV production can alleviate the burden on the grid via reducing the household demand, 

while the large amount of PV production which fluctuates dramatically may cause problems on 

transmission and even curtailment. For instance, Xinjiang province registered a curtailment rate of 

16% and Gansu province reached 10% in 2018 [8]. Hence, the addition of a flexible energy storage 

system for self-consumed PV household system is of great importance, which not only buffers the 
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mismatch between load and PV production, but also reduces the interaction between the grid and end-

user [9]. The distributed rooftop PV system with utility-scale battery is also emphasized in the major 

trends that drive the energy transition, according to the report on variable renewable energy from the 

International Energy Agency (IEA) [10]. 

Photovoltaic battery (PVB) system has received increasing attention in recent years both in the 

academic and industrial sectors under the hot topic of the distributed energy system in smart grid. 

Nevertheless, more possibilities for the reformation of the traditional electricity grid and research 

on the PVB system are under development.  

It is widely acknowledged that the LCOE is a reliable indicator to examine whether the grid parity of 

grid-connected PV systems could be achieved (from PV side) [11-13] or to calculate the average cost 

of electricity demand from different sources (from the end-user side) [14]. In Ref. [12], the definitions 

of LCOE for electrical energy storage (EES) were reviewed, indicating that EES could alleviate the 

mismatch between the diurnal stochastic PV production and the uncertain load demand. Ref. [11] 

discussed the assumptions, justifications, and degree of completeness to calculate LCOE. The study 

conducted by Espinoza et al. [13] demonstrates that the LCOE from PV side is less influenced by 

external factors, including consumption profiles, level of self-consumption and feed-in tariffs (FIT), 

than other economic indicators. The LCOE for the end-users was discussed in Ref. [14], in which 

grid injection fee was considered in the cost and the load demand was taken as the numerator instead 

of the renewable production. Both two methods for LCOE calculation consider the system lifecycle 

cost and residual value of the devices. Moreover, the grid parity has become the focus with the 

reduction of PV installation cost and the ebbing of subsidies. 

As the revenue of the system is not considered in LCOE, other indicators should be considered to 

perform a comprehensive economic analysis. Branker et al. [11] concluded the recognized 

indicators for economic analysis of PV system, including net present value (NPV), internal rate of 

return (IRR) and LCOE. Payback period (PBP) represents the first year when the NPV reaches zero 
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[14]. Based on various economic and technical indicators, substantial research has been conducted 

on system sizing and energy dispatch strategies of PVB system.  

In literature, the combination of economic or technical indicators is usually taken as a separate target 

when optimizing system sizing. A PV sizing approach based on self-consumption rate (SCR) and 

self-sufficiency rate (SSR) was proposed by Talavera et al. [15] to maximize the direct self-

consumption and reduce the grid injection without consideration of economic factors. The research 

in Ref. [16] simulated different battery sizes for a PV charging station based on PBP and energy 

balance equations. The optimization model based on the technical and economic (LCOE) indicators 

was developed to seek the ideal system combination under different scenarios of grid tariffs [17]. A 

cost-optimal model was proposed to improve the systematic configuration design of PVB system [18]. 

The optimal size of battery energy storage system in household PV system was calculated by Olazi 

et al. [19] via minimizing LCOE under different discharge strategies. The PV size in the residential 

building facades and rooftops was optimized by Fresitas et al. [20] via maximizing self-sufficiency 

and minimizing net load variance, while neglecting the economic influences. The study in Ref. [21] 

discussed the sizing of residential PV system based on cost optimization, whereas the technical 

indicators were not considered. In Ref. [22], three economic indicators including NPV, IRR, and PBP 

were considered and the optimal PV and battery size with corresponding economic performance were 

calculated only under the flat electricity tariff. However, limited attention has been paid to the techno-

economic sizing of the PVB system. 

Although many efforts have been dedicated to the research on energy dispatch strategies, the 

improvements are dynamic and specific based on different technical contributions. The study 

conducted by Hassan et al. [23] utilized the advanced interactive multidimensional modelling system 

to optimize the energy flow of the PVB system under FIT. Ref. [24] employed the forecasting 

methods of PV system to compare the performance of different predictive control strategies. The 

asynchronous advantage actor-critic algorithm was utilized in Ref. [25] to control the energy flow 

intelligently of multiple sub-grids, for restricting the bi-directional energy with the energy internet 
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and the grid, whereas the economic influence was not considered. In Ref. [26], based on an aging-

aware model predictive control approach, the control strategy for PVB system was optimized for 

minimizing the utility and battery life-cycle costs, however, authors did not consider the scenario of 

energy sold back to the grid. Despite the various energy dispatch strategies, the strategy that utilizes 

the load fulfillment priority (PV, battery, grid) and battery charging priority (PV, grid) works as the 

basic one in literature for comparison with other strategies.  

Despite existing work by research activities in systematic design and energy dispatch improvement 

for household PVB system, this topic still remains in the infant stage. And limited attention has been 

paid on the techno-economic analysis of grid-connected household PVB system as well as the 

universal sizing methods, that can be widely applied without considering the weighting factors of 

different indicators. Besides, few studies took the dynamic electricity tariffs into consideration when 

sizing the PVB system. In addition, some efforts have also been devoted to the dynamic energy 

dispatch strategies, whereas a basic strategy is commonly used for comparison.  

In this paper, the mathematical model of PVB system is developed to investigate the comprehensive 

system techno-economic performance, considering the external factors including weather conditions, 

battery self-discharge and seasonal load variance. Substantial system combinations of PV/ PVB 

systems have been simulated under the TOU, block and feed-in tariffs practically in a typical area in 

China, and two common-used reference combination figures of sizing are obtained. Eight cases with 

typical performance of the technical indicators from the reference combination figures have been 

studied in detail.  

The major novelty and contributions of this paper are summarized as follows: 

 The relationship between the combination of PV and battery capacities and the techno-economic 

performance represented by various technical indicators (SCR and SSR) and economic indicators 

(LCOE and PBP) are quantitatively evaluated under practical dynamic electricity price system, 
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which combines TOU, block pricing tariffs, FIT as well as the existing subsidies without feed-in 

limit.  

 A simple method is proposed to provide the two reference combination figures for sizing PVB 

systems based on the techno-economic performance of PVB system. This method is applicable 

to various application contexts. 

 The mechanism that determines the techno-economic performance of PV/PVB system is 

comprehensively understood in detail, through lifecycle analyses and comparison of case studies 

which have typical combinations of PV and battery capacities with optimal performance in the 

technical or economic performance.  

 Grid parity based on the current electricity market and policy context of Shanghai has been 

analyzed with the comparison to the practical tariffs, providing effective suggestions for sizing 

the distributed PV/ PVB systems of policy-makers in this typical area. 

2 System description 

In this study, the grid-connected photovoltaic battery (PVB) system contains photovoltaic (PV) 

modules, energy storage system, converter, load, and power grid, as illustrated in Fig. 1. The PV 

system injects electricity into the household load, battery system, and the grid through the grid-

connected converter which integrates with battery controllers and converter. Besides PV production, 

the load can also be satisfied by battery discharge and grid electricity injection. The lithium-ion 

battery bank is selected as the energy storage system in this study. Among various types of battery, 

although lead-acid battery has the lowest price, its lower energy density and fewer charging/ 

discharging cycles than lithium-ion battery make the lithium-ion battery a more attractive choice for 

household users [19]. To obtain a higher roundtrip efficiency, the lithium-ion battery is connected at 

DC side [27]. 
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When it comes to the grid, the system is simulated based on the hypothesis that there is no electricity 

transmission limit, eliminating the probability of the curtailment of renewable production acceptance 

and the failure of power supply. 

PV array

GridElectric 

meter

Household load

Bi-directional 

converter & 

controller

Battery 

bank

Epv

Esold

Ebou

Ebc

Ebd

Eload

DC

AC

DC

DC

AC

AC

 

Fig. 1 System configuration of a grid-connected household PVB system 

3 Modeling and simulation  

3.1 Mathematical Modelling and dynamic electricity market 

Energy balance is the core part of any renewable energy based system. As expressed in Eq. (1), the 

left side of the equation is the electricity conversion, including PV energy Epv (kWh), grid injection 

Ebou (kWh) and battery discharge Edis (kWh), the right side of the equation is the electricity 

consumption, containing household load demand Eload (kWh), battery charge Ech (kWh), electricity 

sold back to the grid Esold (kWh), and energy loss in different electricity conversion steps Eloss (kWh). 

 
pv bou dis load ch sold lossE E E E E E E        (1) 

In this study, the time step of the simulation is one hour due to the time step of the available weather 

and load data and the relatively long simulation period. The time step of the simulations could be 

modified according to the various application and different requirements by the decision makers. 
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3.1.1 PV array 

The weather data in Shanghai is provided by SolarGIS [28]. The raw solar radiation data is processed 

using the radiation conversion model proposed in Ref. [29], which can calculate the solar radiation 

intensity at an inclined slope based on the global radiation and diffuse radiation of the horizontal 

plane.  

In this study, the PV system is assumed to be installed at 22° which is considered as the optimal angle 

for grid-connected PV systems in Shanghai [30]. The total radiation on the inclined PV module can 

be described as:  

T b b d

1 cos 1 cos

2 2
I I R I I

 


    
     

   
                            (2) 

where IT is the solar radiation intensity at the inclined slope (W/m2), Ib is the direct solar radiation 

intensity at the horizontal plane (W/m2), Rb is the ratio of direct solar radiation of inclined horizontal 

planes, Id is the diffuse solar radiation intensity at the horizontal plane (W/m2), 𝛽 is the inclination 

angle of PV array (deg), 0≤ 𝛽 ≤ 90°, I is the global solar radiation intensity at the horizontal plane 

(W/m2) and 𝜌 is the reflectance of the ground which is assumed as 0.2. 

As the weather data only provides the ambient temperature, the temperature of PV module cell Tc (K) 

is calculated based on the NOCT model [31], as shown below: 

c a T a T

L

20
1 1

800

NOCT
T T I T I

U

  

 

   
        

   
              (3) 

where Ta is the ambient temperature (K), 𝜏  is the transmittance of the PV cell surface, 𝛼  is the 

absorbance of the PV cell surface, UL is the loss coefficient of heat transfer loss (W/(m·K)), η is the 

efficiency of PV generation (%) and NOCT is the nominal operating cell temperature (℃). 

It is assumed that 
LU

 is constant and   equals to 0.9 in order to simplify the calculation [32].  
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After obtaining the solar radiation on the PV module surface, the PV production is simulated using 

the following equation [33]: 

 T
pv pv pv

s

I
P f Y

I
   (4) 

where Ppv is the PV power (W), fpv is the derating factor (%/yr) including the effects of temperature 

rise, dust accumulation, wire loss, and PV attenuation, Ypv is the rated installed capacity (Wp), and Is 

is the solar radiation of the horizontal plane at standard test condition, set as 1000 W/m2.  

3.1.2 Battery bank 

The lithium-ion battery is selected as the energy storage system. The state of charge (SOC) of a battery 

bank is be described as follows: 

        
   

 dis dis

ch ch ch sf-dis

dis

1
P i t i

SOC i SOC i P i t i P i


       (5) 

where SOC is the state of charge of battery (%), i is the time iteration for almost all of the parameters 

in the equation (hr), 1≤i≤8760, Pch is the battery charging power (W), tch is the battery charging 

duration (hr), assumed as 1 or 0, ηch is the battery charging efficiency (%), Pdis is the battery 

discharging power (W), tdis is the battery discharging duration (hr), assumed as 1 or 0, ηdis is the 

battery discharging efficiency (%), and Psf-dis is the battery self-discharging power (W). 

It is acknowledged that the battery could not be charged and discharged at the same time, the battery 

charging and discharging duration are limited as follows: 

 
ch dis stept ( ) ( )i t i t    (6) 

where tch(i) is the battery charging duration (hr), assumed as 1 or 0 in this study, tdis(i) is the battery 

discharging duration (hr), assumed as 1 or 0 in this study and tstep is the time step of the simulation 

(hr), assumed as 1 in this study. 
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To prevent the over-charging and over-discharging for a longer lifetime, some constraints are made 

for the upper and lower limits of SOC [34]: 

  min maxSOC SOC i SOC    (7) 

where SOCmin and SOCmax are the lower and upper limits of SOC. It is assumed that SOCmin is 0.2 and 

SOCmax is 1.  

Battery charging/ discharging power has to be limited as well so as to prevent over-heating [35]. In 

this study, based on the parameters of the battery provided by the manufacturer [36], the charge and 

discharge current is assumed to be 25 A. The battery life is not only constrained by the calendar life 

provided by the manufacturer, but also influenced by the usage condition including cycle number. 

The cycle number of the battery can be described as follows [18]: 

 
dis,dc

cyc

usa

E
n

E
   (8) 

where ncyc is the equivalent cycle number for the battery bank, Edis,dc is the battery charging energy 

on DC side (kWh) and Eusa is the maximum battery usable energy during an entire roundtrip (kWh). 

Then battery lifetime is the minimum lifetime constrained by calendar life and cycle number [18]: 

 sto-life
battery cal-life

cyc

min ,
n

t t
n

 
   

 
  (9) 

where tbattery is the minimum lifetime of battery bank (yr), nsto,life is the maximum cycle number of 

battery bank provided by its manufacturer, tcal-life is the calendar life of battery bank (yr). 

3.1.3 Specification of components 

For the convenience of verification of the simulation, the market available products are chosen for 

the practicability of household users. The typical parameters of components including PV module, 

inverter, and lithium-ion battery bank are provided in Table 1and Table 2. 
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Table 1 Parameters for PV and inverter system [37, 38] 

PV Array  Grid-connected Inverter  

Parameters Values Parameters Values 

Pmax (Wp) 255 Nominal output power at AC side (Wp) 3000 

Voc (V) 37.8 Maximum input current of single string (A) 12 

Isc (A) 8.95 Voltage range of MPPT (V) 150~550 

η (%) 15.67 MPPT efficiency (%) 99.5 

Kpmax (%/℃) -0.41 Maximum efficiency (%) 97.5 

NOCT (℃) 44 Voltage range of connected battery (V) 42~59 

Lifetime (yr) 25 Lifetime of inverter (yr) 10 

 

Table 2 Parameters for battery system [36, 39] 

Battery parameters  

Parameters Values Parameters Values 

Nominal voltage (V) 48 Calendar Life (yr) 10 

Nominal capacity (Ah) 50 Charge voltage range (V) 52.5~54 

Discharge voltage range (V) 45~54 Cycle number >6000 (80% DOD) 

Working temperature (℃) 0~50 Battery price ($/kWh)  176 

3.1.4 Load profile 

The load profile is simulated based on a basic daily load profile with the coefficient considering some 

daily and monthly randomness. The daily average demand is 11.89 kWh. The coefficient of the 

load 𝛿𝑙𝑜𝑎𝑑 is synthesized based on the following equation [40]: 
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 1load day month       (10) 

where 𝛿𝑑𝑎𝑦  is the daily randomness and 𝛿𝑚𝑜𝑛𝑡ℎ  is the monthly randomness of the load profile, 

assumed as 10% in this study. 

The load demand also takes the seasonal variation into consideration on the assumed HVAC load 

(part of the total load and affects the time people have activity at home) and the load profiles for one 

typical day and the whole year are displayed in Fig. 2.  
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Fig. 2 Load profile: (a) for one typical day; (b) for the whole year. 

3.1.5 The electricity market in Shanghai  

Due to the local subsidy and dynamic electricity tariffs, Shanghai is considered as a case study in 

China because its electricity market is representative and relatively developed. 

The electricity tariff in Shanghai is dynamic, based on the TOU and block tariffs, as listed in Fig. 3. 

Usually the consumed electricity during one year in the case study is within the first and second 

blocks of electricity prices, because less grid electricity is required with the installed PV system. 
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Fig. 3 Electricity purchase prices for residential customers in Shanghai 

Besides, for the distributed PV system in Shanghai, the surplus electricity sold to the grid is based on 

the FIT, and it also receives subsidies from local and central government, as shown in Table 3.  

Table 3 State and local subsidies and sell back price for electricity in Shanghai [7, 41] 

Electricity price 

(CNY/ kWh) 

Type Duration 

0.180 National whole electricity subsidy price for 

distributed PV system  

2019-2039 

0.400 Whole electricity subsidy price for distributed 

PV system in Shanghai  

2019-2022 

0.4155 FIT: Electricity sell back price for Shanghai 2017-~ 

3.2 Indicators for system evaluation 

In this study, various technical and economic indicators are utilized to evaluate the performance of 

the system with different sizes of PV and battery bank. Specifically, technical indicators can describe 

the system technical performance improvements, such as reliability with the addition of renewable 

production and energy storage system, while economic indicators focus on the lifetime costs and the 

revenue of renewable system. Usually these two types of indicators are tradeoff during the decision-
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making process, hence the paper studies the relationship of the different indicators as well as the 

impacts on different sizes of PV and battery systems, and summarizes them in a figure as two 

references for PVB system sizing.  

3.2.1 Technical indicators 

Self-consumption rate (SCR) and self-sufficiency rate (SSR) are the commonly used technical 

indicators that demonstrate the time compatibility between renewable production and household 

usage. 

SCR is the ratio of the sum which includes PV production directly used as well as PV production 

used to charge the battery bank, and total PV generation, focusing on the usage of PV production. 

SCR can be presented as [42]:  

 du ch

pv

E E
SCR

E


   (11) 

where Edu is the PV direct-used production (kWh), Ech is the PV production injected into the battery 

bank (kWh) and Epv is the total PV production (kWh).  

SSR emphasizes the load demand side, which equals to the proportion of the load demand satisfied 

by PV power production in total load consumption, as described [43]:  

 du dis

load

E E
SSR

E


   (12) 

where Edis is the load covered by battery discharge (kWh) and Eload is the total load demand (kWh). 

3.2.2 Economic indicator 

The levelized costs of electricity (LCOE) and payback period (PBP) are two acknowledged and 

different indicators to evaluate the economic performance of renewable systems.  

While the definition of LCOE may vary in different systems and for various purposes [44-46], to 

discuss the cost of electricity of solar PV and storage system of different sizes, the LCOE for the PV 

production [12], which includes all parts directly used, sold to grid and stored in battery bank, is 
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selected, instead of the LCOE for end-users [47]. As a result, in this paper the LCOE is the cost of 

electricity per kWh provided by the PVB system, considering the costs of construction, replacement, 

operating and maintenance. To calculate it more accurately, the costs of the components are 

depreciated at the end of the simulation lifetime to prevent overestimation. The LCOE can be 

calculated through the following equations: 

      annual O&M replaceC n C n C n    (13) 

where n is the year number, Cannual (n) is the annual cost of the renewable system excluding the grid 

purchase bill for year n (CNY), CO&M (n) is the annual operation and maintenance cost of the 

renewable system for year n (CNY), and Creplace (n) is the annual replacement cost of the renewable 

system for year n (CNY). 
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  (14) 

  

where Cinitial is the investment of PV and battery systems (CNY), γis the annual interest rate (%), n 

is the year number, Csal is the depreciated salvage value of the components (CNY), Edu,annual (n), 

Esd,annual (n), and Ebc.annual (n) is the annual energy of direct-used PV production (kWh), sold electricity 

to the grid (kWh), and battery charge (kWh) for year n with consideration of the degradation of PV 

generation respectively.  

While the LCOE only focuses on the cost of electricity production, another indicator, PBP, that 

regards both cost and revenue of the whole system, becomes the crucial one to conduct a 

comprehensive life cycle analysis of the PVB system. The annual revenue equals to the sum of the 

revenues caused by the saved electricity cost from the direct-use PV electricity, the production 

subsidies from China and Shanghai, as well as the revenue of electricity sold back to the grid. The 

PBP (yr) can be presented as follow:  

E
n

er
ar

X
iv

-p
re

p
ri

n
t



18 

 

        annual du sold subB n R n R n R n     (15) 

where Bannual (n) is the annual total revenue for PVB system for year n (CNY), Rdu (n) is the revenue 

saved by electricity directly supplied by PV production for year n (CNY), Rsold (n) is the revenue 

earned by the electricity sold back to the grid for year n (CNY) and Rsub (n) is the revenue earned by 

PV production subsidies for year n (CNY). 
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  (16) 

where m is the minimum year the total revenue of the system is larger than the total cost (yr). 

3.3 Energy dispatch strategy 

Energy dispatch is the core part for the energy system with intermittent renewable energy resource 

and various dispatch components [48, 49]. In this study, a basic energy dispatch strategy is employed 

and the flow chart of operation principle is depicted in Fig. 4.  

When PV generation is higher than the load demand, it will supply the load first, and then the surplus 

production after meeting the load will charge the battery bank if it is not fully charged. In the end, 

any further surplus electricity will be sold to the grid based on the FIT policy. When the PV generation 

cannot meet the load demand, the first priority will be given to the battery discharge if there is 

available energy, otherwise the household user will purchase electricity from the power grid to cover 

the net load and maintain the energy balance of the whole system.  

It is widely acknowledged that there are other control strategies for the grid connected PVB, such as 

charging battery using the off-peak grid electricity and optimizing typical indicators from technical, 

economic and environmental aspects. For better clarity on the various parametric analyses without 

the impact of different strategies, this study only focuses on this basic strategy (Fig. 4) and more 

control strategies will be discussed in our future work.  
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Fig. 4 Flow chart of the energy dispatch strategy in this study  

4 Results and discussions 

4.1 System simulation and the resultant indicators 

Based on the basic energy dispatch strategy depicted in Section 3.3, the yearly simulation and 

simulation throughout the lifetime of different system combinations of PV and battery bank are 

conducted, to examine the influence of technical and economic indicators on system sizing. With the 

consideration of the degradation of PV panels, only the first-year performance of the PV alone or 

PVB systems is studied in the yearly simulation.  
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Fig. 5 Performance for different system combinations (rainbow cubes): (a) Self-sufficiency rate 

performance; (b) Self-consumption rate performance; (c) Payback period performance 

Fig. 5 displays the performance matrixes of indicators, SSR, SCR, and PBP, with the variance of PV 

and battery sizes. SSR and SCR have the same upper limitation, while their trends tend to be different. 

SSR (Fig. 5 (a)) tends to represent the users’ side, which climbs up rapidly with the increase of battery 

systems under low PV installation, but easily achieves 100% which means the load can be fully 

covered by PV power output directly or indirectly, when PV and battery systems surpass 2,550 Wp 

and 8,160 Wh respectively. When it comes to size the system from the user’s viewpoint, PV system 

is recommended to be higher than 2,550 Wp to increase the SSR based on the relatively small increase 

of PV or battery size, for the insufficient PV production provided by undersized PV system makes 

the battery bank invaluable and unfavorable with the additional economic consideration.  
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SCR, as shown in Fig. 5 (b), focuses more on the usage of PV production, which even has the inverse 

trend with SSR when PV size is too large, meaning the two indicators have their own characteristics 

from different points of view. By varying the battery size, the relationship between SCR and PV sizes 

tends to be similar to that of SSR and PV sizes. The upper limitation is reached by the systems with 

the PV size smaller than 3,825 Wp. The SCR varies more significantly with the PV size increase when 

battery size is relatively low. From the side of renewable production better usage, the larger battery 

size is required with the PV size increase to raise the PV production usage, whereas the impact of the 

battery size increases with the reduction the PV system. 

When it comes to the economic indicator, PBP (Fig. 5 (c)), the results can be distributed into two 

regions, one is from 4.8 years to 9.0 years with intensive system combinations and the other one is 

from 14.6 years to 19.0 years with decentralized distribution, due to the subsidy change after 15 years. 

The local subsidy only lasts for 5 years, which is much higher than the subsidy from the central 

government, and the calendar lifetimes of the battery bank and inverter is 10 years. Thus, if the total 

cost of the system could not be covered by the total revenue in the first 10 years, the PBP of the 

system combinations could not be reached within 20 years when the salvage value is not subtracted. 

The lack for the PBP (rainbow cubes) of some system combinations in Fig. 5(c) represents the 

scenario that the systems could not earn profit within the assumed lifecycle time, 20 years. The limited 

increase of revenue caused by increasing battery size could not offset the additional cost of a battery 

system, as demonstrated by the non-convex lines for each battery size.  

System sizing tends to find the systems with best performances both technically or economically, 

whereas the method based on techno-economic analysis is rarely studied in the previous papers. The 

common method is to integrate the typical economic and technical indicators with weighting factors, 

whereas the results of the optimal system sizes vary dynamically and are influenced by the assumed 

weighting factors to a large extent. Hence, the objective of the system sizing in this paper based on 

the techno-economic method is to achieve the lowest PBP, based on the targeted SCR or SSR, 

neglecting the influence of weighting factors.  
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4.2 System sizing with technical and economic indicators  

In this section, the optimal system configurations are discussed, based on the techno-economic 

evaluation of PBP and SCR/SSR ranging from 0.01 to 1.00 with an interval of 0.01. As shown in Fig. 

6 and Fig. 7 respectively, due to the discrete simulation with an interval of the PV and battery systems, 

some system combinations, which satisfy the typical technical performances, lack the corresponding 

PBP target, meaning that no payback time is achieved during their life cycle. 
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Fig. 6 Optimal sizes under the evaluation of lowest PBP under different targeted SSR 

From the household users’ point of view, the most cost-efficient system combination in terms of SSR 

tends to have some patterns, especially when SSR is over 0.28. Based on SSR in Fig. 6, the pattern 

could be roughly sorted into three regions: chaotic low SSR region (SSR= 0.05-0.28), fast-rising PV 

region (SSR= 0.29-0.49), and orderly-rising battery region (SSR= 0.50-1.00).  

In the first region, low SSRs are hard to find suitable PV and battery sizes because the small PV 

production fails to make the cost and revenue even, the PV and battery sizes of the system 

combinations distribute disorderly, and for some SSR values, even no combination of PV and battery 
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bank can be found. Whereas for the second region, SSR climbs quickly with the sharp increase of PV 

size from 1,530 Wp to 19,635 Wp and the battery size remains 0 for the sake of better economic 

performance. When SSR should be further increased, the battery bank is added to further raise the 

proportion of renewable production in the entire household demand in the third region. Battery, 

though improves the technical performance, the additional cost of step-by-step battery size increase 

leads to the steadily climbing PBP, in order to match the incremental SSR.  
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Fig. 7 Optimal sizes under the evaluation of lowest PBP under different targeted SCR 

As for the self-consumption of PV production, the technical performance is strongly influenced by 

the household demand, which is assumed as constant in this study for better comparison. The limited 

demand constraints the PV size which directly impacts the PV output, the denominator of the SCR. 

The SCR figure (Fig. 7) could also be separated into two regions: PV rapid decline region (SCR= 

0.01-0.30) and disorder PBP region with various battery sizes (SCR= 0.31-1.00).  

In the first region, low SCR prefers PV alone system to have better economic performance by 

increasing the direct-use part of PV production, and the PBPs of the systems fluctuate slightly from 

6.50 year to 6.8 year, under the low self-usage demand of PV production. Along with the SCR 
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increase, PV size tends to be reduced to satisfy the higher self-consumption requirement. When it 

comes to the second region, the improvement of SCR through increasing direct use of PV output 

might not be so effective; instead, it could be achieved by the addition of a battery storage system, 

which can offset the time mismatch of load and PV production. However, the addition of battery bank 

in the system will increase total cost and sacrifice economic performance. In order to fulfill the 

targeted SCR, battery size increases with almost the same PV size but decreases with the reduction 

of PV size, which leads to PV and battery size varying, therefore there is great fluctuation in PBP.  

In summary, when sizing the PVB system, the optimal PV and battery sizes can be found from Fig. 

6 or Fig. 7, based on the users’ point of view or better self-consumption of PV production, respectively.  

4.3 Case study 

To examine the system performance from technical and economic views, eight systems with different 

SCR/ SSR performances are selected to demonstrate the energy flow and economic results based on 

the two reference combination figures taken from section 4.2. The eight systems are categorized based 

on four SSR and SCR values, as displayed in Table 4 and Table 5.  

According to Table 4 about the characteristics of the optimal sizes considering SSR and PBP, four 

typical sizes are selected including one PV alone system and one PV system with the lowest battery 

size in the second region of Fig. 6, and two PVB systems with moderate battery sizes in the third 

region of Fig. 6. For a better comparison of two reference combination figures, the sizes of the 

selected system combinations have similar battery capacities and values of SCR/ SSR.  

Table 4 Optimal system combinations based on different SSR and lowest PBP  

SSR PBP (year) PV size (Wp) /no. 

of PV modules 

Battery bank size 

(Wh) 

LCOE 

(CNY/kWh) 

0.31 5.8 2,550/10 0 0.354 

0.50 6.9 16,575/65 480 0.373 
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0.68 7.7 21,930/86 2,880 0.385 

0.92 8.7 21,165/83 6,720 0.407 

 

Table 5 Optimal system combinations based on different SCR and lowest PBP 

SCR PBP (year) PV size (Wp) /no. 

of PV modules 

Battery bank size 

(Wh) 

LCOE 

(CNY/kWh) 

0.30 6.5 4,335/17 0 0.354 

0.50 6.7 2,550/10 480 0.392 

0.69 17.6 2,550/10 2,400 0.478 

0.95 16.8 1,275/5 1,440 0.500 

 

4.3.1 Technical simulation result for typical sizes of the systems in Shanghai  

(a). Technical performance of the selected systems  

As for the hourly technical performance of eight cases, the two cases with the highest values of 

SCR/SSR from the selected cases are studied for further discussion. The hourly energy flow during 

one year is depicted in Fig. 8 and Fig. 9. The direct-used energy of renewable system for the typical 

two cases is presented in Fig. 8, demonstrating that PV size is the crucial factor. E
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Fig. 8 Direct used energy flow under different SCR and SSR cases  

With the extremely high PV production in the high SSR value case (SSR=0.92), the direct-used 

energy of the case converges typical platforms (the line segments that orange points constitute) for 

each month, which are almost the same as the load demand in the daytime. Several energy flows of 

the case (SSR=0.92) scatter below the orange line segments set by the load demand, due to the 

insufficient solar radiation at night or typical hours in daytime. The higher direct-used energy flows 

are usually provided by larger PV capacities leading to higher SSR value, while higher SCR value, 

which emphasizes the higher consumption rate of PV production, may not lead to the increase of 

direct-used energy. Hence, the direct-used energy of the other case (SCR=0.95) assemble mostly 

under 0.20 kWh and spread between 0.20 and 1.00 kWh.  

Although it is acknowledged that PV production has a definite relationship with solar radiation, the 

converging platforms for each month in Fig. 8 are mainly due to the assumed load demand for PV 

production of case SCR=0.95 is far more than the total load.  

The mutual energy flows between the prosumer and the grid of the two cases in the first year without 

the consideration of degradation are depicted in Fig. 9. 

E
n

er
ar

X
iv

-p
re

p
ri

n
t



27 

 

0.00 -0.15 -0.30 -0.45 -0.60 -0.75 -0.90 -1.05 -1.20 -1.35 -1.50 -1.65
0

50

100

150

200

250

300

350

400

450

500

550

 

 

P
re

s
e
n

c
e
 n

u
m

b
e

r

Ebou of SSR=0.92 (kWh)

 Jan

 Feb

 Mar

 Apr

 May

 Jun

 Jul

 Aug

 Sep

 Oct

 Nov

 Dec

(a)

0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0 -2.2
0

50

100

150

200

250

300

350

 

 

P
re

s
e
n

c
e
 n

u
m

b
e

r

Ebou of SCR=0.95 (kWh)

 Jan

 Feb

 Mar

 Apr

 May

 Jun

 Jul

 Aug

 Sep

 Oct

 Nov

 Dec

(b)

 

0 2 4 6 8 10 12 14 16 18 20
0

50

100

150

200

250

300

350

400

450

500

550

600

 

 

P
re

s
e
n

c
e
 n

u
m

b
e

r

Esold of SSR=0.92 (kWh)

 Jan

 Feb

 Mar

 Apr

 May

 Jun

 Jul

 Aug

 Sep

 Oct

 Nov

 Dec

(c)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

750

 

 

P
re

s
e
n

c
e
 n

u
m

b
e

r

Esold of SCR=0.95 (kWh)

 Jan

 Feb

 Mar

 Apr

 May

 Jun

 Jul

 Aug

 Sep

 Oct

 Nov

 Dec

(d)

 

Fig. 9 Technical performance of SCR and SSR cases of energy flow with the grid: (a) Ebou of case 

SSR=0.92; (b) Ebou of case SCR=0.95;(c) Esold of case SSR=0.92; (d) Esold of case SCR=0.95.  

With the sufficient PV production and relatively large battery storage, the grid injection of case 

(SSR=0.92) has been cut down sharply and the distribution lines of each month reach the summit 

before 0.20 kWh, while the distribution lines of the other case (SCR=0.95), with less PV and battery 

capacity, reach the summit at around 0.40 kWh with the consideration of monthly load demand and 

PV production variation. The hourly purchased electricity of the case with SCR value of 0.95 

distributes more evenly and in a larger region than that of the other case (SSR=0.92).  

Moreover, the sold electricity to the grid of the case (SSR=0.92) displays the monthly variance of the 

surplus renewable production after load satisfaction and battery charge. While the insufficient solar 

radiation in June prevents it from more sold electricity to the grid, the months in spring and summer 
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with better radiation conditions are prone to sell more energy to the grid, thus gaining higher revenues. 

Due to the low PV production as compared to the consumption, the other case (SCR=0.95) does not 

present the energy flow sold back to the grid obviously and the distribution lines reach the summit 

before 0.10 kWh in autumn and winter months. 

The hourly energy flows in two typical days (sunny and cloudy) of the case with 0.92 SSR value are 

presented in Fig. 10. 
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Fig. 10 Hourly energy flows for two typical summer days of case SSR=0.92: (a) sunny day; (b) 

cloudy day. 

It can be seen that the hourly energy flows including PV production (Epv), direct-used PV production 

(Edu) and energy sold to the grid (Esold) of the two days are obviously different, especially after 10 am. 

However, the daily PV production of the cloudy day is still plentiful, for the two selected days both 

have adequate solar radiation and the PV size (21,165 Wp) of the case SSR=0.92 is extremely large. 

As the total PV production is plentiful, the curves of the two battery SOC are similar and the 

difference of the two energy flows bought from the grid (Ebou) is not significant.  

To further analyze the technical performance of the two typical systems, the average daily energy 

flows have been plotted in Fig. 11. With higher PV installation, the average daily PV production of 

the case with high SSR is much larger than that of the other case (SCR=0.95), providing more 

schedulable surplus electricity after satisfying the load. However, due to the smaller PV size of the 
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case with high SCR, the battery charge and discharge flows are sharply reduced compared to that of 

the other case (SSR=0.92). Meanwhile, the sold electricity of the case with 0.92 SSR value is much 

higher than the other one (SCR = 0.95), which may unfortunately increase the burden on transmission 

with the grid.  

 

 

Fig. 11 Average daily energy flow of the representative cases: (a) SSR = 0.92; (b) SCR = 0.95.  

(b). Battery bank SOC  

The SOC performance of the six PVB systems is compared in Fig. 12. For SSR focuses on the 

satisfaction of load demand, the battery size tends to decrease and thus the usage frequency of the 
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battery prone to increase compared with the systems with different SCRs. If the system is designed 

from the viewpoint of renewable production usage (higher SCR value), the over-sized battery size 

will be recommenced, therefore the battery bank will have a lower depth of charging/discharging 

under the assumed constant household demand. With the increase of SCR, the battery bank SOC 

grows lower which is more easily to be influenced by the lack of solar radiation and the battery usage 

rate tends to drop.  
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Fig. 12 SOC rainbow of the typical systems  

(c). Energy balance analysis  

The yearly energy flows of the eight cases including Epv, Edu, Ebc, Ebd, Eload, Ebou, and Esold is depicted 

in Fig. 13, especially presenting the comparison of Epv and Eload.  
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Fig. 13 Yearly energy flow for the selected systems  

It can be seen that with the increase of PV capacity, the sold electricity (grey part) increases 

dramatically and the purchased electricity (blue part) decreases sharply, while the direct-used 

energy increases until the value meets load demand together with the selected battery storage. 

When it comes to the performance of battery system, the system emphasizes the renewable energy 

usage (SSR over 0.31) tends to have larger battery storage flows (red and pink parts) to fulfill the 

electricity need that does not match the PV profile. On the other hand, the SCR of systems 

recommended for the satisfying self-consumption (SCR over 0.30) can be even raised both 

through increasing the battery size and decreasing PV production. 

4.3.2 Economic analysis  

4.3.2.1 Cash flows for typical PV alone and PVB systems 

To illustrate the economic performance of PV alone and PVB systems, the net present value (NPV) 

and the discounted cash flows, are commonly utilized. The larger value of NPV represents larger 

economic profits [50]. The discounted cash flows and NPV for the selected systems throughout the 

system lifetime are presented in Fig. 14. The first cross point of the discounted cash flow curve with 

the zero line demonstrates when the total cost could be completely covered by the total revenue at the 

first time, namely PBP. The cash flows not only take the initial cost and the costs of operation, 

maintenance as well as replacement into consideration, but also consider the revenues from subsidies, 

reduction of electricity bill and sold electricity. Therefore, the sizes of PV and battery systems, which 
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influence the lifecycle costs and various revenues largely, become the dominant factors under the 

typical practical electricity market.  
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Fig. 14 Cash flow for selected PV alone and PVB systems: (a) four SSR cases; (b) four SCR cases. 

As for the different cases selected based on the indicator of SCR or SSR with the lowest PBP, the 

cash flows of the cases vary dramatically. Moreover, the eight cases can approximately be divided 

into two groups according to the curves of discounted cash flow. The first group includes the systems 

with large PV size and relatively large battery storage (SSR=0.50, SSR=0.68, SSR=0.92) and the 

other one contains small PV size and small or none battery addition (SSR=0.31, SCR=0.30, 

SCR=0.50, SCR=0.69, SCR=0.95).  

The first group invests higher initial capital to purchase a larger PV system as well as the matched 

battery bank, at the same time they can receive higher revenues, therefore achieving lower PBP and 

more competitive NPV. In contrast, although the later one invests much lower initially, the lower PV 

size and battery capacity of the second group make the discounted cash flows within the lifetime 

much lower and PBP differs depending on the matching rate of battery and PV sizes.  

With the consideration of the local subsidy in Shanghai in the first five years, the curves of NPV 

climbs quite quickly in this duration, narrowing the values of PBPs (the cross points with zero line) 

of PVB systems with small battery bank. 
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4.3.2.2 Revenues breakdown of representative PV alone and PVB systems 

A detail breakdown of the revenues from various sources, including those from the saved electricity 

bill (Rsaved), the sold electricity (Rsold), and the subsidy from local (first 5 years) and central (20 years) 

governments which contains the subsidy earnings in the first 5 years (Rsub5yrs) and the latter 15 years 

(Rsub15yrs) is given in Fig. 15. The size of the pies reflects the total amount of revenues. 
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Fig. 15 Revenues breakdown for selected PV and PVB systems  

The revenue earned by selling electricity to the grid is largely impacted by the PV size, and its share 

varies from 6.9% to 51.7% with different SCR and SSR. Generally, larger share of this part leads to 

higher SSR or lower SCR. 

As for the revenue by saving electricity bill via PV directly consumption, the PV size also influences 

the share largely while the household load limits the bill within 26,629 CNY despite the further 

increase of PV size. The share of this part decreases with the increase of SSR (usually PV size also 

climbs up), whereas this share increases when SCR rises as PV size decreases and battery size 
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increases, leading to the further fulfillment of load demand that cannot be covered by direct PV 

production.  

When it comes to the remaining shares of the revenue, the subsidy has a direct positive relationship 

with the PV installation. The subsidy for the first five years, which is mainly contributed by the local 

subsidy in Shanghai, takes larger share than that of the rest fifteen years contributed rarely by the 

lower state subsidy, demonstrating the obvious influence of the subsidy change in the current situation. 

For PV size has a larger impact on SSR value than SCR value, the subsidy change acts as a more 

dominant factor of SSR. 

4.4 Grid parity of PV generation for different sizes of systems 

To describe the grid parity in the current market situation of Shanghai, the LCOEs for different system 

combinations are displayed in Fig. 16. The LCOE in this paper focuses on the cost of renewable 

conversion, which contains the lifecycle cost and renewable production for PV and battery systems. 

 

Fig. 16 LCOE for different sizes of PV alone and PVB systems 

Taking the lowest block tariff of grid electricity price system as the boundary, that is 0.617 CNY/kWh 

(middle blue plane) and 0.307 CNY/kWh (lower purple plane) in the practical TOU tariff, the results 

of the LCOE for different PV and PVB systems are compared with the boundaries vividly. In addition, 
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the average electricity price for the assumed load demand, which is 0.628 CNY/kWh, is presented as 

the upper green plane in Fig. 16. The minimum LCOE for the all system combinations is 0.354 

CNY/kWh for the PV alone system, meaning that the production cost of PV output is still less 

economical compared with the lowest valley grid electricity price. Most of the LCOEs range from 

0.373 to 0.628 CNY/kWh and vary stepwise with the growth of PV installation and battery addition, 

except for the LCOEs that are over the blue plane (0.617 CNY/kWh) with relatively high battery size 

(larger than 480 Wh) and low PV size (smaller than 5,610 Wp). The LCOEs of the selected systems 

are displayed in Table 4 and Table 5.  

Under the current situation of the electricity market in Shanghai, the LCOEs for PV and PVB systems 

tend to be competitive with the peak electricity price but not so profitable compared to the valley 

electricity price. This means that the grid parity could be partly achieved and the PV production could 

be more attractive with the gradual increase in grid electricity price and decrease of the system costs 

in the near future. 

5 Conclusions 

In this paper, the grid-connected photovoltaic battery (PVB) system is simulated under the dynamic 

practical electricity tariffs to analyze the performance of different system combinations on various 

technical and economic indicators, which could be a comprehensive reference of sizing optimization 

based on the various parameters.  

Two applicable reference combination figures of sizing, obtained from the viewpoints of energy 

sufficiency (self-sufficiency rate (SSR)) and renewable energy usage (self-consumption rate (SCR)), 

considering the lifecycle economic profit, have been discussed. As for the decision makers, PVB 

system could be obviously more favorable in terms of the technical performance than photovoltaic 

(PV) alone system whereas less profitable especially with small PV installation. The influence of the 

battery bank on the SSR/SCR is largely related to the PV size.  
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Eight detailed cases with different technical performances have been studied to analyze the energy 

flows and cash flows throughout the system lifecycle. The results demonstrate that high SSR seekers 

tend to have the opportunity to schedule more renewable production, more battery storage electricity, 

sell more electricity and obtain higher lifecycle profits, whereas leading to higher transmission burden 

on the power grid and higher initial investment than high SCR seekers. The analyses also indicate 

that decision makers focus on the renewable energy consumption prone to have relatively high battery 

usage rate and long payback period.  

When it comes to the subsidy impact, the decision makers emphasize the sufficiency of the load 

demand will be more influenced compared with those focus on better renewable energy usage. 

Besides, the local subsidy in the short period of the typical area affects the profits to a large extent.  

The battery bank increases the levelized cost of electricity (LCOE) of the PV system continuously 

with the increase of the battery size, whereas the increasing rate is lowered by the increased PV size. 

The grid parity for the residential sector has been partially achieved with the LCOEs ranging mostly 

from 0.373 to 0.628 CNY/kWh in the current electricity market of Shanghai. Systems with a relatively 

small battery size (smaller than 480 Wh) and high PV size (larger than 5,610 Wp) can compete with 

the peak electricity price of the first grade easily, while the valley electricity price of the first grade 

remains a challenge.  

The improvement of energy dispatch strategies, such as strategies under optimization routine and 

taking predictive data into consideration, as well as the sizing optimization based on smart algorithms 

such as genetic algorithm will be studied in future work. 
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