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 This paper present on the analysis of an energy storage sizing for a small 
grid-connected PV system. This project is to study the proper sizing of 
energy storage (battery) in a grid-connected PV system for consumers whom 
purchase and sell electricity from and to the utility grid. The goal is to 
minimize the total cost of the operation for a consumer with a PV system 
with a battery storage system. This is to make sure that minimizing the total 
annual operating cost while maintaining an efficient system. This study uses 
typical consumer load consumption, and solar irradiance data throughout a 
year, while varying the type of battery storage (study lead acid and Lithium 
ion battery) as an energy storage for a similar system. Since lithium ion is not 
the main options to be integrated with PV system, this study will then reveal 
the data in terms of cost on why it is not a popular choice.  
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1. INTRODUCTION  

Renewable energy is common nowadays. REN21 report 2018 shows that annual investment in 
renewable rose up to 279.8 billion USD in 2017 compared to previous years [1]. This number is an increment 
form 2017 GW to 2195 GW of generation including hydro power. From this figure, 402 GW is being 
generated by Solar PV. This makes PV solar continued to be the fastest growing power technology with a 
70% increase in existing capacity from 13 GW in 2008 to 303 GW in 2016. This is an increment of more 
than 95% within 8 years [2]. The excitement of utilizing the PV solar hence restricted due to the disturbance 
of the solar waves caused by weather variations and grid power outages. This is where the energy storage is 
used as a backup in the system. Therefore, to have an efficient PV system, it is desirable to have properly 
sized energy storage [3].  

Battery energy storage systems (BESS) is the most common energy storage that can be integrated 
into grid connected PV system. Battery is used to store energy when the PV power is not available.  
By adding battery storage to Grid-connected PV system, it will increase load consumption and reduce the 
dependence on the grid. A battery system must have the capacity to supply consistent power when the PV 
system is generating less power output. Since the battery is being made out of chemicals, the way of they 
utilized the battery will affect its performance, lifetime and cost. Having battery for energy storage in PV 
system means the power is guaranteed even in cloudy days. Thus, choosing the batteries in PV system have 
to meet the demand of the load. The requirement to choose the batteries includes cost, life-cycle, installation 
and services [4, 5]. 

With a multiple choice of battery in the market nowadays, this paper will be discussed specifically 
on the performance and sizing for Lithium-ion (Li-ion) and lead-acid battery. Li-ion battery is the most 
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common energy storage that used for other few technologies (UPS, recreational vehicle power, etc.). It has 3 
times higher energy density than the Lead acid battery and it can deliver more cycles in their lifetime than the 
Lead Acid battery. This will make Li-ion as the best choice for energy storage in PV system. Even the cost of 
Li-ion battery will be slightly higher, it still can make more profit after including the battery lifetime. In the 
year 2016, Li-ion battery is becoming more important in RE generation [6]. The ultimate advantage of Li-ion 
battery is higher charge and discharge rate. Thus, it will increase the product efficiency. Thus, it will be 
beneficial to compare the sizing of the Li-ion and lead acid battery. Based on the end results, it will be a 
significant reason to compare the same PV system with different type of battery [7]. 

To make the simulation looks appropriate with different grid price at different time. The Time-of-
use (TOU) data is used. Time of use or TOU is the isolation of energy rates based on time of the energy 
being consumed. TOU is a way for utility providers attempt to reduce demand during peak periods by 
enforcing tariff structures that impose an increased rate in typical peak period usage. In current years, the 
TOU tariff based on peak and off-peak pricing have become one of the most successful strategies to reduce 
load consumption during peak hour [8]. Basically, electric price during peak hour is higher than off-peak. 
The period of peak hour is set from 7 a.m. to 1 p.m. and 4 p.m. to 8 p.m. The implementation is to control 
consumer behaviour and to ease the energy usage needed most demand time. The consumer will try to use 
energy efficiently in order to avoid to pay higher electric bills. 

The load data used in this paper is an operational load from an average small house with an area of 
154m2. The roof area is approximately less than 50m2. The price data is taken from Pacific gas and electric 
company (San Francisco, California). There are a few key assumptions and limitations due to lack of data 
and the difficulties of collecting real data. Regarding the cost, the maintenance cost of the grid connected PV 
system with battery storage is assumed as zero. The author has fixed the installed sixe of PV on the house is 
5kWp system and the tilting angle of the PV panel is ignored [9, 10].  
 
 
2. METHODOLGY 

To find the sizing of the energy storage, the simulation is run by using MATLAB software.  
The simulation starts by inserting PV data, electric price data and load consumption data, hence the data are 
crucial to be loaded into the MATLAB simulation.  
 
2.1.   PV Data 

PV data is the detail information about the PV system. The data includes the PV system size data 
(kW) and global irradiance data. The PV system size is assumed as 5kW and installed at residence.  
The relevant size of PV panel is then calculated by using PV watts calculator of the National Renewable 
Energy Laboratory and the inputs. PV Watts Input as shown in Table 1.  

The input power is 4.25kW/m2 based on annual calculated solar irradiance. Then, the approximate 
size of PV panel area suitable for this specific residence is 6.5m2. Figure 1 shows the average PV output 
profile of the system throughout the year. The highest annual monthly average peak PV output is 
approximately 258.2403 kW in June. The average daily PV output is 20.69kWh which is 75% of the average 
daily energy consumption.  
 
 

Table 1. PV Watts Input [11] 
PV system size (kW) 5 

Array type Fixed-roof mount 
DC to AC derate factor 0.77 

Tilt angle (deg) 37.8 
Azimuth (deg) 180 

 

 
 

Figure 1. Average monthly PV output profile 
 
 

2.2.   Electric Price Data 
Table 2 shows the electrical tariff rate depending on time of use (TOU) that will be used in this study. 

The purchase and export rate are equivalent. 
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Table 2. Time of Use Rates 
 Summer Winter 

Peak hour Off- Peak hour Peak hour Off- Peak hour 

Charge 0.35146 0.10330 0.13695 0.10691 

 
 

This tariff price is a random price, but it is still based on an average energy price where they have a 
significant change for tariff during winter and summer. Then it is divided into off-peak and peak hours. This is 
not suitable for a country with no significant winter or no winter at all, e.g tropical country [12]. 
 
2.3.   Load Consumption Data 

The annual average daily consumption for the data is 27.315kWh. Figure 2 shows average hourly 
load consumption data that been used in simulation. Base data is in hourly, and Figure 2 is plot based on 
average daily data. However, for the MATLAB simulation the actual hourly data is being used. This load 
data is based on an average house with a size of 154m2 in a country with a significant winter and summer 
temperature.  

 
 

 
 

Figure 2. Average hourly load consumption data 
 
 

2.4.   Battery Storage 
In this study, there are 2 types of battery that being simulated. Based on the simulation the most 

efficient and economical can be determined. The selected battery type are Lead-Acid battery and Li-ion 
battery. The specifications of Lead-acid battery are shown as in Table 3. This type of battery is considered as 
valve regulated lead acid (VRLA) deep cycle batteries [13, 14]. This type of battery is mainly used for deep 
cycle with deep discharge applications like in sail boats and electrical vehicles.  

For Li-ion battery, it is well known that this battery has 3 times higher energy density than the Lead 
acid battery. Because of that, this paper will analyse this and the conclusive result can be executed in the end. 
Specification of Li-ion battery that is used in the simulation is shown in Table 4 [15, 16].  

 
 

Table 3. Specification of Lead-Acid Battery 
Specification Value 

Nominal Voltage 12V 
Self-discharging factor 5% per month 

SOC min 30% 
SOC max 90% 

Min charging rate 10 hours 

Charge/Discharge efficiency 90% 
Battery inverter cost $606 

Lifetime of battery inverter 10 years 
Battery investment cost $200 

 

Table 4. Specification of Lithium-ion Battery [17-19] 
Specification Value 

Nominal Voltage 12V 
Self-discharging factor 2% per month 

SOC min 30% 
SOC max 90% 

Min charging rate 10 hours 

Charge/Discharge efficiency 96% 
Battery inverter cost $606 

Lifetime of battery inverter 10 years 
Battery investment cost $780 

 

 
 
3. SIMULATION 

Table 5 shows the input parameter that will be used in MATLAB files to determine the optimum size 
of the battery [20, 21]. 
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Table 5. Input Parameter Values for MATLAB Optimization  

Variable Notation Value 

Ageing coefficient Z 5×10-4 
Minimum state of charge SOCmin 30% 
Maximum state of charge SOCmax 90% 

Self-discharging factor a 2.5% per month 
Minimum charging/discharging time 𝑡𝑚𝑖𝑛 10 hours 

PV inverter efficiency 𝜂𝑖𝑛𝑣 97% 

Battery inverter efficiency 𝜂𝑏𝑎𝑡  94% 

Battery charging efficiency 𝜂𝑐ℎ𝑎  90% 

Battery discharging efficiency 𝜂𝑑𝑖𝑠𝑐 90% 

Nominal battery voltage V 12V 

Sampling time interval Δt 1 hour 
Capital recovery factor CRF 0.1233 
Real interest rate i 4% per annum 

Inverter lifetime N 10 years 
Battery investment cost rate  $200/kWh 

 
 
When the load power is greater than PV power, it can describe as Netload. NetPV is describes as when the PV 
power is greater than Load power. The variables are defined in (1) and (2) [22-24]. 
 NetLoad(d, t) = Pload(d, t) − PPV(d, t) (1) 
 NetPV(d, t) = PPV(d, t) − Pload(d, t) (2) 
 

To calculate the battery capacity loss cost per hour, it describes as in (3) [25] 
 BCLcost(d, t) = Closs(d,t)×Binvest,cost1−SOHmin  (3) 

 

Where, 𝐵𝐶𝐿𝑐𝑜𝑠𝑡 is the battery capacity loss cost ($), 𝐵𝑖𝑛𝑣𝑒𝑠𝑡,𝑐𝑜𝑠𝑡  is the battery investment cost ($/kWh) and  

SOHmin is the minimum state of health which considered as zero. 
 

 

4. RESULT 
The simulation results are taken separately from MATLAB for grid-connected PV with Lead Acid 

battery and Lithium-ion battery. The simulation runs in optimum energy flow with peak shaving. In this case, 
the main consideration is to reduce purchasing the energy from the utility grid during peak hour. This is 
because electrical tariff during peak hour is slightly higher than during off-peak hour. 
 
4.1.   Lead acid Battery 

Figure 3 shows the energy flow schedule for lead acid battery. Energy flow schedule consist of E-PV, 
E-load, E-grid and E-battery. The highest amount of PV power generated is 4.12kWh at 1100 (X: 11, Y: 4.12). 
Sequence of activities for lead acid battery shown in Table 6. 
 

 

 
 

Figure 3. Energy transfer sequences of PV system 
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Table 6. Sequence of Activities for Lead Acid Battery 
Period Activities 

0000 - 0500 Energy from the grid is supplied to the load. 
0500 - 2000 PV starts to generate power from 0500 to 2000. 
0700 - 1700 The energy is sold to the utility grid during this period. The highest amount of energy has been sold is 2.848kW at 1100. 

1100 The highest amount of PV power generated is 4.12kW. 
1100 - 2000 The PV power slightly decreasing until zero. 

 
 

Figure 4 represent the optimum battery capacity with respect to minimum operating cost for lead-acid 
battery. Battery size with minimum operating cost is obtained after battery size is inserted into MATLAB 
program from 0Ah to 1500Ah. The selected battery capacity for Lead-Acid is 1200Ah with a cost of $ 279.20.  
 
 

 
 

Figure 4. Optimum battery capacity with minimum operating cost 
 
 

The expected calculated lifetime for this battery is 13 years. With that, the capital recovery factor 
(CRF) can be calculated by using [25]: 
 𝐶𝑅𝐹(𝑖,𝑁) = 𝑖(1+𝑖)𝑛𝑖(1+𝑖)𝑛−1 (4) 

 
Where, N is the lifetime and i represent the interest rate. From that, the annualized battery cost can be 
obtained by using: 
 

Annualised battery cost = battery capital cost × CRF (5) 
 

It can be seen Table 7, the annualized operating cost of PV system with lead acid battery is $ 346.85. 
By using all related equations, the annual operating cost and profit by using lead acid battery inclusive the 
cost the inverter are: 

 
 

Table 7. annual operating cost and profit for PV system with Lead Acid battery 
Operation cost/profit (per year) Cost/profit ($ per year) Cost/profit after including CRF ($ per year) 

Electricity profit +48.74 +48.74 
Cost of battery capacity loss -220.39 -288 

Inverter cost -107.59 -107.59 
Total (Annual operating cost) -279.24 -346.85 

 
 
4.2.   Li-ion Battery 

Figure 5 shows the energy flow schedule for Li-ion battery in the same system as before.  
The required energy to operate the load is supplied by utility grid during early hours of the day. The highest 
amount of PV power generated is 4.12kWh at 1100 hours. The activities for the energy transfer sequences of 
grid-connected PV system with a lithium-ion battery in particular hour as in Table 8. 
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Figure 5. Energy transfer sequence of PV system 
 
 

Table 8. Sequence of Activities for Li-ion battery 
Period Activities 

0000 -0700 Energy from the grid is supplied to the load. During this time, the battery is charging with maximum charging rate. 

0500 – 2000 PV starts to generates energy from 0500 until 2000 
0700 – 1600 The energy is sold to the utility grid 

1100 The highest PV power generated 4.12kWh 

2200 The E-grid during this time is 1.022kW 

 
 

Figure 6 represent the optimum battery capacity with respect to minimum operating cost for Lithium-
ion battery. The selected battery capacity for Lithium-ion is 100Ah. The minimum annual operating cost is 
$353.1 if the battery size is 100Ah (X: 100, Y: 353.1). 
 
 

 
 

Figure 6. Optimum battery capacity with minimum operating cost 
 
 

The annualized operating cost of PV system with Li-ion battery is $1471.24. This can be seen as in 
Table 9. the battery lifetime estimation is 12 years. 
 
 

Table 9. Annual Operating Cost and Profit for PV System with Li-ion Battery 
Operation cost/profit (per year) Cost ($ per year) Cost after including CRF ($ per year) 

Electricity profit -265.042 -265.042 
Cost of battery capacity loss -79.0572 -1197.3 

Inverter cost -8.9557 -8.9557 
Total (Annual operating cost) -353.0721 -1471.24 

 
 
4.3.   Comparison 

Based on the simulation with the same PV system and tariff, hence with different type of battery. 
The significant difference can be seen based on the total annual operating cost for both type of battery.  
The overall cost is tabulated in Table 10. 
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Table 10. Total Annual Operating Cost and Battery Capacity 
Operation cost / profit (per year) Lead-Acid battery Li-ion battery 

Electricity profit +$48.74 -$265.042 
Cost of battery capacity loss -$288 -$1197.3 

Inverter cost -$107.59 -$8.9557 

Total (Annual operating cost) -$346.85 -$1471.24 

 
 

5. CONCLUSION  
The sizing of energy storage has been carried out by using two types of batteries which is Lead-acid 

battery and Lithium-ion battery. For both batteries, the same amount of PV output, similar load and same cost 
is used in the simulation. The manipulated variables for this simulation is the data for each type of batteries. 
As a result, there is a major difference of the minimum cost between the lead-acid battery and Li-ion battery. 
This can be seen in Table 10.  

This project has achieved the objective by minimizing the cost of the consumers. The result is able 
to minimize the total cost of the operation. By comparing two types of energy storage, the ideal capacity 
value for both type of battery can be determined when the operational cost goes to its minimum. For lead-
acid battery, the capacity of battery selected is 1200Ah and the lifetime of the battery is approximately 13 
years. While lithium-ion battery resulted as 100Ah and the lifetime of the battery is calculated as 12 years. 
The minimum annualised operating cost for lead-acid battery and lithium ion battery was analysed as 
$346.85 and $1471.24 respectively. 

Since the selected capacity of Li-ion battery was literally small, the calculated cost of electricity is 
high unprofitable for the bills. When compared the electricity cost for both type of battery, the lead-acid 
battery resulted as +$48.74, which is accepted. While the result for Li-ion is -$265.42 which is the battery 
doesn’t meet the objective for installing PV system to reduce the cost of electricity. 

These results represented that, the total annualised minimum operating cost tremendously depends 
on the size of the battery and the investment cost of the energy. Therefore, by considering the minimum 
operating cost for both battery, this study can conclude that Lead-acid battery is more suitable to minimize 
the total annualised operating cost than Li-ion. 
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