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A B S T R A C T   

Grid-connected renewable energy systems are considered a viable solution for satisfying the swiftly growing 
demand. Nevertheless, the intermittent nature of renewable energy sources (RESs) hinders their performance and 
can not be efficiently utilized, rather imposes power quality and instability problem on the grid system. To 
alleviate this challenge, it is common practice to integrate RESs with efficient battery energy storage technol-
ogies. Lead-acid batteries were playing the leading role utilized as stationary energy storage systems. However, 
currently, there are other battery technologies like lithium-ion (Li-ion), which are used in stationary storage 
applications though there is uncertainty in its cost-effectiveness. In this paper, a state-of-the-art simulation model 
and techno-economic analysis of Li-ion and lead-acid batteries integrated with Photovoltaic Grid-Connected 
System (PVGCS) were performed with consideration of real commercial load profiles and resource data. The 
Hybrid Optimization Model for Electric Renewables (HOMER) was used for the study of the techno-economic 
analysis. Besides, the performance of these batteries is greatly affected by the rate of charge and discharge 
cycling effects which gradually degrades the capacity of the battery. This effect was also investigated with Matlab 
using a simplified equivalent circuit model by considering a typical stationary application datasheet. The techno- 
economic simulation output provided that the system with Li-ion battery resulted in a Levelized Cost of Energy 
(LCOE) of 0.32 €/kWh compared to the system with lead-acid battery with LCOE of 0.34 €/kWh. Besides, the Net 
Present Cost (NPC) of the system with Li-ion batteries is found to be €14399 compared to the system with the 
lead-acid battery resulted in an NPC of €15106. According to the result found, Li-ion batteries are techno- 
economically more viable than lead-acid batteries under the considered specifications and application profile.   

1. Introduction 

To satisfy the swiftly increasing load demand, countries started to 
utilize resources of renewable energies. But, because of the inconsis-
tency of these renewable energy resources (RESs), instability and power 
quality problems might be imposed on the grid. To solve these chal-
lenges, energy storage technologies including battery storage systems 
were proposed. So far, lithium-ion (Li-ion) and lead-acid are the 
commonly used batteries being utilized in stationary applications 
including load following, area regulation, and management of energy by 
adding or absorbing power to/from the grid [1]. The feature of having a 
low-cost and simple charging property makes lead-acid batteries popu-
lar to be used in renewable energy sources (RES) power smoothing and 
other stationary applications. 

On the other hand, due to its high initial cost requirement, there is 
controversy on the efficient and extensive utilization of Li-ion batteries. 
Both batteries have their pros and cons in terms of technical and eco-
nomic aspects. 

Researchers have investigated the techno-economics and character-
istics of Li-ion and lead-acid batteries to study their response with 
different application profiles [2-5]. The charge and discharge charac-
teristics of different batteries were studied using a method of periodo-
gram with simulink model and applying different capacities of batteries 
resulted in different power output. Battery technologies provide services 
from small to large power requirement application areas of residential 
and industrial applications including load peak shaving, frequency 
control, and stability enhancement application areas. According to the 
studies, Li-ion batteries have advantages of high power and energy 
density, low maintenance requirement, a high number of cycles as 
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compared to lead-acid battery technology [6-8]. The characteristics 
study of batteries is essential to identify the dynamic behavior of battery 
cells. Among different mechanisms of battery cell characterization 
methods, the more accurate and somehow complex method of electro-
chemical impedance spectroscopy [4] was used to study the electro-
chemical property of Li-ion cells and to determine the impedance of the 
battery cell as well. Besides, the electrochemical property, internal 
resistance, State of Charge (SoC) of hybrid Electric Vehicle (EV) models 
are studied further with the help of the Luenberger Observer Method 
(LOM), Kalman filter method, sliding mode Method, and the Propor-
tional Integral Observer (PIO) method [9,10]. 

So far, different techniques were reviewed for the estimation purpose 
of State of Health (SoH) of Li-ion batteries including both adaptive 
battery models and experimental techniques [11]. The experimental 
techniques are mainly classified as direct measurement and model-based 
measurements. Direct measurement includes electrochemical imped-
ance spectroscopy and ohmic resistance, whereas the model-based 
measurements include coulomb counting, big data, sample entropy, 
parity relation, support vector algorithm, probabilistic methods. On the 
other hand, adaptive battery models include least squares, Kalman fil-
ters, observers, neural networks, fuzzy logic, and other methods. Energy 
storage batteries’ performance is degraded as their capacity fades 
because of the cycling of charge-discharge effects with different aging 
factors. The cycling aging is commonly caused by the rate of 
charge-discharge profile at different Current rates (C-rates), Depth of 
Discharge (DoD), and temperature factors [12]. Beyond the factors 
which affect the performance of these batteries, currently, Li-ion tech-
nology is intensively being utilized in automotive applications [13]. For 
effective utilization of these batteries accurate predictions of their life 
need to be defined using machine learning-based SoH estimations which 
enable to quantify the ability of a battery to store energy relative to its 
initial or ideal conditions [14]. However, studying the SoH of battery 

systems is not in the scope of this study and will be presented in another 
paper. 

In addition to the technical aspects, Podder [15] presented the eco-
nomic advantage of Li-ion and lead-acid batteries used in the solar home 
system of Bangladesh. The economics of the batteries was presented in 
terms of their Net Present Cost (NPC) value. The capability of fast 
charging rate, high energy density, extended cycle life, low maintenance 
requirement are advantages of Li-ion batteries as compared to lead-acid. 
The result of the analysis shows that for solar applications having a 
longer lifetime of more than five years, the use of Li-ion batteries pro-
vides NPC value comparable with a lead-acid battery. The authors 
suggest that introducing Li-ion batteries in substitution of lead-acid 
batteries in the solar home system results in environmental benefits 
and reduce consumer’s maintenance work. Currently, in addition to the 
utilization of new battery energy storage systems, the second life battery 
systems are also getting active involvement as stationary energy storage 
applications in micro-grid systems, which enables for reduction of the 
Levelized Cost of Energy (LCOE) of the system [16]. 

Researchers stated that Li-ion batteries beat over that of lead-acid 
batteries in terms of economical aspect. However, it is still controver-
sial for the dominant advantages of Li-ion batteries while applied for 
stationary applications. So far, different studies indicate that the battery 
as an energy storage device has played a major role in renewable energy 
generation-based power system applications. But it has been observed 
that lead-acid batteries take priority for being utilized in different sta-
tionary applications as shown in Table 1. So, it is of having great 
importance to perform technical and economic investigations on the Li- 
ion battery used in renewable-based generation applications by 
considering their cost and important technical parameters. In this paper, 
the use of the two types of energy storage batteries with Photovoltaic 
Grid-Connected System (PVGCS) is considered. 

The main contribution of this paper includes the simultaneous 

Nomenclature 

AC Alternating current 
BESS Battery energy storage systems 
COE Cost of energy 
CRF Capital recovery factor 
DC Direct current 
DG Distribution generator 
DoD Depth of discharge 
ECM Equivalent circuit model 
ESS Energy storage systems 
HOMER Hybrid optimization model for electric renewables 
LCOE Levelized cost of energy 
LOM Luenberger observer method 
NASA National aeronautics and space administration 
NPC Net present cost 
NPSP Niagara Project Simulation Program 
O&M Operation and Maintenance 
PIO Proportional integral observer 
PV Photovoltaic 
PVGCS Photovoltaic grid-connected system 
SoC State of charge 
SoH State of health 
STC Standard temperature conditions 
TCO Total cost of ownership 
WTG Wind turbine generator 
A Exponential voltage (V) 
Ah Ampere hour 
B Exponential capacity (Ah)− 1 
Bbat.0 Initial battery charge 

Bbat Final battery voltage 
CA Total annual cost 
E No-load voltage(V) 
ES Yearly energy supplied 
f Yearly inflation rate 
fPV Derating factor of PV 
GPV PV rated capacity in kW 
I Battery current (A) 
IT Solar radiation incident on the PV array in kW/m2 
IT,STC Solar incident radiation at standard temperature 

conditions (STC) 
Imax
bat Maximum charging current of the battery in (A) 

inom Nominal interest rate 
K Polarization constant voltage (V) 
it Extracted capacity (Ah) 
Nbat Number of battery cells connected in series 
Pmax

bat Maximum charge/discharge power of the battery 
Pmax

L Peak load demand 
R Internal resistance (Ohm) 
t Discharge time (h) 
TC Cell temperature of the PV in ◦C 
TC,STC Cell temperature of PV under STC (25 ◦C) 
Q Maximum battery capacity (Ah) 
Vbatt Terminal voltage of the cell (V) 
Vbus Bus voltage of the micro-grid system 
Vbat Voltage rating of a single battery cell 
αP Temperature coefficient of power (%/◦C) 
ηinv Inverter efficiency  
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utilization of the new Equivalent Circuit Model (ECM) used for technical 
and Hybrid Optimization Model for Electric Renewables (HOMER) 
software was used for techno-economic analysis of the two battery 
storage systems. Where the ECM model is built-in using electrical 
components, which respond to the battery electrically. On the other 
hand, HOMER is software used for the optimization of the components 
to be used in the grid-connected electrical power system. HOMER uses 
the method of load following and cycle charging strategies for energy 
management strategies in the system. The net present cost and cost of 
energy contributions are among the key parameters used for the eval-
uation of the batteries’ economic advantages. The performance rate of 
the two batteries was also studied using their cycling charge-discharge 
characteristics with the help of the Matlab-based ECM model. The eco-
nomic and technical performance results found from this study can be 
used as valuable input for the identification of the appropriate type of 
energy storage battery system to be used in commercial and industrial 
application sectors. 

The rest of the sections in the paper are organized as follows: Sec-
tion 2 discussed a state-of-the-art review on techno-economic analysis 
of energy storage batteries. Section 3 describes the proposed method-
ology on the charge-discharge characteristics and techno-economic 
analysis of batteries. Section 4 describes the analysis and model-based 
simulation results. Section 5 presents the discussion part. Finally, the 
conclusion and recommendations are offered in Section 6. 

2. State of the art review on techno-economic analysis of energy 
storage batteries 

For the installation of an optimized and reliable energy supply sys-
tem, renewable energy sources integrated with Energy Storage Systems 
(ESS) are found to be the best solutions in this modern era. Energy 
storage sources can be integrated into the grid using various energy 
storage technologies according to the characteristics of the application 
type installed. In terms of the form of stored energy, storage technolo-
gies can be broadly classified as Mechanical (pumped hydro, com-
pressed air, flywheel), electrical (capacitor, super capacitor, 
superconducting magnetic energy storage), electrochemical (secondary 
battery consisting of lead-acid, nickel-cadmium, sodium sulfate, Li-ion, 
etc. and flow battery consisting of redox flow batteries), thermal (heat 
storage and latent storage), thermochemical (solar fuels and solar 
hydrogen) and chemical (hydrogen fuel cell). Different types of ESS 
technologies can be used in stationary application sectors, however with 
certain technologies to be more favorable to meet the power (electric), 
others the energy (batteries), and other the discharge time and lifetime 
(thermal) requirements. After identifying the application’s needs and 
based on all the economical, geographical, and performance variables, 
many studies propose a hybrid solution, based on the combination of 
various storage devices. A research and development sector is focusing 
on the hybridization of electrical and electrochemical principles, and 
hybrid supercapacitors have also emerged with increased energy density 
capabilities. In electrochemical storage systems, current studies focus on 
meeting the higher energy density demands with the next-generation 

technologies such as the future Li-ion, Lithium-Sulphur (Li-S), 
Lithium-Air (Li-Air), Metal-Air, and solid-state batteries [17]. Moreover, 
the hybrid super capacitors and Latent-phase change material storage 
technologies are currently showing future advancement of ESS fulfilling 
the power quality and renewable energy integration requirements. 

Among ESS systems, electrochemical storage technologies fulfill the 
requirement for the stationary application area under study, provided 
that high energy and power densities are found. Furthermore, among the 
battery storage technologies, Li-ion batteries are found to be more 
suitable for large-scale stationary applications with long discharge time 
characteristics [18] explored with new materials and chemistries. 
Future Li-ion cells are also expected to increased temperature range and 
are safer and more reliable throughout the whole lifetime with increased 
fast charging capabilities and lower cost. So far, different studies were 
conducted regarding the optimal sizing and economic effectiveness of 
energy sources installed with battery storage systems. For 
techno-economic analysis purposes, HOMER software was used by 
different researchers. In addition to renewable energy sources, Battery 
Energy Storage Systems (BESS) are essential as it is stated in different 
studies reviewed as follows. The advantage of BESS technologies was 
significantly observed in different applications including power quality 
improvement, area regulation, smoothing of voltage-frequency devia-
tion, efficiency improvement, and grid stability enhancement [19,20]. 

In line with the techno-economic study of batteries, Keshan et al. 
[21] performed a comparative analysis of lead-acid and Li-ion batteries 
by considering different aspects including the evaluation of charge/di-
scharge performance characteristics. Based on the analysis result, 
lead-acid batteries show a dramatic capacity loss when the discharge 
current rate is increased. On the contrary, Li-ion batteries were less 
affected. The authors were also proved that Li-ion batteries are prefer-
able to lead-acid batteries in terms of price when the upfront cost is 
divided over the entire operational lifetime. The economic feasibility of 
Li-ion batteries applied with distributed generation system was also 
studied by Marchi et al. [22] and the Total Cost of Ownership (TCO) has 
been estimated with the proposed techno-economic model being applied 
in real-world application scenarios. Numerical sensitivity analysis was 
performed to evaluate the effects of the variability in the parameters on 
the total cost of ownership. For effective utilization of renewable energy 
sources, the feasibility of the plant combination needs to be studied 
before implementation. With this regard, Hiendro et al. [23] presented 
the techno-economic feasibility analysis of a Photovoltaic (PV)/wind/-
battery hybrid system intended to supply the demand in Indonesia. For 
optimal size determination and cost minimization, HOMER software 
was used and the result shows that wind turbine and battery are the most 
important components in the proposed hybrid system. The simulation 
result shows that the wind turbine with the battery considered can 
produce electricity of 496 kWh/Year, while the PV panel with a battery 
of the same size generates electricity of 2079 kW per year. 

Mohamed et al. [24] proposed a methodology for maximizing the 
energy production and minimize the price of the generated power for a 
standalone hybrid system with the flooded type of batteries using iter-
ative optimization. To meet the load requirements, the method used 

Table 1 
Summary on COE and application of energy storage battery systems.  

Location Year Configuration Type Type of Battery Application COE Reference 

Indonesia 2013 PV/Wind hybrid lead-acid small village in west Indonesia 0.89 €/kWh [23] 
Turkey 2013 PV/WTG/Diesel Flooded lead-acid Residential (50 Houses) 0.57 €/kWh [26] 
Saudi-Arabia 2015 PV/WTG/DG Flooded battery Remote Area 0.84 €/kWh [24] 
Tamil-Nadu, India 2016 PV/WTG/Hydro Flooded lead-acid Household load 0.093 € per [25] 
Estrella,Colombia 2016 PV/DG/WTG lead-acid batteries off-grid village n Colombia 0.73 €/kWh [27] 
Kohmak Island, Thailand 2017 PV/DG Flooded lead-acid Hotel 0.32 €/kWh [28] 
Bangladesh 2017 PV/DG lead-acid Village 0.24 €/kWh [29] 
New Delhi,India 2017 PV/WTG/DG Flooded lead-acid Electrical faculty load, New Delhi 0.1 €/kWh [30] 
Europe (Greece, Italy, Denmark, and Finland) 2018 PV/Battery/grid Li-ion Residential  [31]  
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changes the penetration ratio of the renewable energy sources in certain 
increments. From the Niagara Project Simulation Program (NPSP), the 
optimum size of each component of a hybrid renewable energy system 
for the lowest price of the generated energy and lowest value of dummy 
energy at the highest reliability was found. Accordingly, the best site for 
installation of the hybrid system with 33.65 cents/kWh for 50% for 
contributions of PV and wind energy with the battery were found. Be-
sides, Amutha et al. [25] estimated the different types of load re-
quirements for the installation of optimal hybrid off-grid energy sources 
with a lead-acid battery system. HOMER software was used for 
techno-economic evaluation of the system with consideration of grid 
extension effectiveness. However, it is found that grid extension of the 
selected rural site was not economical as the initial construction and 
maintenance costs were high. The simulation result also shows that the 
Solar/Wind/Hydro/Battery and Solar/Wind/Battery system has a 
zero-carbon emission and reduced NPC and Cost of Energy (COE). The 
result also demonstrates that energy storage facilities combined with 
renewable energy systems are used to meet the load demand and lowers 
the COE and carbon emissions. 

The effectiveness of renewable energy sources as compared to the 
conventional sources was investigated by Dursun et al. [26] in which the 
techno-economic feasibility of a hybrid renewable energy source with a 
lead-acid battery over that of a standalone diesel system to supply a load 
at a remote location in Turkey was performed. HOMER software was 
used for the analysis by considering solar and wind data sources of the 
hybrid system over the diesel system utilizing different solar global ir-
radiances, wind speed, and diesel price. The result suggested that the 
hybrid system with a battery reduces the total NPC and COE and the 
dependency on the diesel systems. With the introduction of this hybrid 
system, the COE decreased by almost 25%. In addition to the 
grid-connected energy sources, off-grid energy supply systems play a 
role in the provision of electricity to remote areas. Mamaghani et al. [27] 
presented an evaluation of an off-grid energy supply system consisted up 
of a diesel generator, solar panels, wind turbine units, and energy 
storage battery. A dynamic model of the plant was developed with 
HOMER software to perform a complete parametric analysis on the 
system configurations and to select the most convenient one from the 
economic perspectives. Accordingly, the NPC value, initial capital cost, 
and COE were used as economic indicators to define the 
techno-economic feasibility of battery integrated hybrid energy supply 
system. 

With increased utilization of photovoltaic resources integrated with 
a lead-acid battery system, a comparative analysis with a diesel-based 
hybrid energy system was analyzed by Peerapong [28] for studying 
the impact on the reduction of the cost of electricity generation and 
decreasing the harmful emissions from fossil fuels. The study used the 
method of NPC estimation to evaluate the optimum hybrid system. The 
result shows that the hybrid system with a lead-acid battery reduces NPC 
and COE. The hybrid system can also reduce all air pollutants for sus-
tainable electricity in rural islands. COE decreases from €0.36/kWh to 
€0.32/kWh when compared to the existing diesel-based system and can 
decrease emissions both carbon dioxide of 796.61 tons/year and other 
gasses of 21.47 tons/year. The hybrid PV/battery/diesel system also 
reduces the diesel fuel consumption of 302,510 liters per year as a result 
of an optimal of 41% PV resource shares in the system. Besides, Das B. K. 
et al. [29] conducted a feasibility study of a standalone hybrid power 
generation system for a remote community in Bangladesh. The study 
proposed a design method for implementing the PV/batter-
y/wind/biogas/diesel hybrid system with the existing one in terms of 
their relative techno-economic advantages. Based on the simulation 
result, the proposed hybrid system is economically and environmentally 
more feasible compared to the existing solar home system. Accordingly, 
the NPC, capital costs, operating costs, and fuel costs of the optimized 
system are €515,738, €63,753, €97,709, and €272,500, respectively. 
Besides, the optimized configuration is economically more feasible as 
compared to the solar home system, and a reduced COE value of 

€0.24/kWh is found. 
The effect of having different levels of renewable resources pene-

tration on the techno-economic contribution of hybrid energy supply 
system was also performed by Usman et al. [30], where different con-
figurations are compared for supplying electricity to a modeled load 
comprising of grid alone, grid, and solar PV and diesel generator, battery 
banks and solar PV systems using HOMER. The optimization was per-
formed based on the techno-economic analysis of renewable as well as 
grid-connected hybrid systems. A grid-connected PV system integrated 
with a battery was found to be more economical with the lowest cost of 
energy of 0.1€/kWh. Moreover, the advantage of the integration of 
batteries with residential PV in a micro-grid system was also demon-
strated in four European countries of Greece, Italy, Denmark, and 
Finland [31]. The significance of using PV with battery solution has been 
observed through minimization of NPC in the micro-grid system under 
the net-metering scheme. 

Under the scope of stationary application area, it has been found that 
the total average energy capital cost of lead-acid battery is €/kWh 253.5, 
whereas Li-ion provides energy cost of €/kWh 1555. Besides, the lead- 
acid battery has a total average power cost of €/kW 333.5 whereas Li- 
ion has an average power cost of €/kW 2210 [32-36]. Furthermore, 
the environmental impact of lead-acid is categorized as having a high 
impact, whereas Li-ion has a medium/low environmental impact [33, 
37]. The summary of the above literature reviews is presented in 
Table 1. 

As it is explained in the literature reviews, the above-reviewed pa-
pers mainly focused on the operation of energy sources integrated with 
lead-acid battery energy storage systems. However, Li-ion batteries are 
also currently getting attention to be used in different stationary appli-
cations. In addition to the COE evaluation of lead-acid and Li-ion bat-
teries, the identification of their technical features and advantages is 
crucial to assure their feasibility in stationary energy storage applica-
tions. Table 2 presents the technical characteristics of both types of 
batteries by using the average values of different performance variables. 

As shown in Table 2, the Li-ion battery possesses better technical 
features and advantages. This shows that Li-ion batteries can be an 
alternate viable solution for stationary energy storage application areas. 
Apart from its technical advantages, for efficient utilization of Li-ion 
battery technology, its economic impact needs to be evaluated as well. 
Therefore, this paper intended to identify the techno-economic advan-
tage of Li-ion batteries as stationary energy storage systems and provide 
a comparative justification. 

To perform the analysis of both battery systems, the batteries com-
bined with a grid-connected photovoltaic system were modeled using 
HOMER-Pro-software. The contribution of this study also includes the 
optimization of the micro-grid system with integration of Li-ion battery 
resulting in the least COE and total NPC of the system. Besides, though 
different researchers have conducted the techno-economic comparison 
of the two battery systems, the charge and discharge cycling impact on 
the batteries capacity degradation was not studied together with their 
economics aspect simultaneously. Therefore, this paper proposed an 
ECM-based model for the analysis of the charge and discharge rate in-
fluence on the storage batteries performance under typical application 
conditions. 

In general, this paper considers the features of the above-reviewed 
articles and proposes a new ECM and hybrid optimization-based 
model for the techno-economics study of energy storage batteries inte-
grated with micro-grid systems considering typical stationary applica-
tion scenarios. 

3. Methodology 

3.1. Summary of methodological steps for the proposed study 

A summary of the methodology used for conducting the performance 
evaluation of both energy storage battery technologies integrated with 
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the micro-grid system is presented in Fig. 1. The performance analysis of 
these batteries in terms of their charge-discharge cycling impact was 
investigated using the ECM model. On the other hand, techno-economic 
optimization analysis was performed using HOMER-Pro-simulation 
environment providing a typical dataset of load profile, solar radia-
tion, detail of component economics, and others as input variables. 

3.2. Charge-discharge characteristics of batteries 

The BESS which will be applied for a different type of applications 
should pass through charge and discharge cycles as far as it is connected 
to the load. According to the different algorithms applied, in grid- 
connected PV applications, priority should be given to charging the 
battery next to supplying the load as far as it is empty. Then the battery 
will discharge when it is connected to the load.The parameters consid-
ered during the study of a battery operation and integration primarily 
includes the SoC and DoD, where the purpose of these parameters in-
cludes monitoring of the battery status and maintaining its safety 
operation. SoC is a measure of how full battery energy is reserved, while 
DoD measures how deeply the battery is discharged usually expressed as 
a fraction or percentage of the capacity that has been discharged relative 
to the overall capacity of a fully charged battery. It is obvious that the 
SoC for a fully charged battery is considered as 100% and for an empty 
battery is 0%. The SoC can be calculated by [56]. 

SOC(t)= SOC(t0)− 1 /Q(

∫t

t0

i(t)dt) (1) 

For effective analyses of the batteries’ charge and discharge char-
acteristics, the knowledge of voltage source, internal resistance, and 
current are essential parameters. Depth of discharge can be described as 
how much load current i(t) in a certain time divided by maximum bat-
tery capacity (Q). DoD can be given as: 

DOD(%)= 100

⎡

⎣1
Q

∫t

0

i(t)dt

⎤

⎦ (2) 

SoC and DoD have an opposite relationship to each other and can be 
related as: “DoD= 1- SoC”. The voltage at the no-load condition and the 
terminal voltage of the battery can be expressed as [57]. 

E = E0− K
Q

Q − it
+Ae− Bit (3)  

Vbatt= E − I.R (4) 

Where, I= Battery current (A), it= Extracted capacity (Ah), 
t=Discharge time (h), E= No load voltage(V), E0= constant voltage (V), 
K= Polarization constant voltage (V), Q= Maximum battery capacity 
(Ah), A= Exponential voltage (V), B= Exponential capacity (Ah)− 1, 
Vbatt= Terminal voltage (V), R= Internal resistance (Ohm). 

As it can be seen from the above equations, as the internal resistance 
(R) of the battery increases, the terminal voltage of the battery will 
decrease during discharge time. This implies that the higher discharge 
current rates will increase the internal resistance and this, in turn, 
produces a higher internal voltage drop. Eventually, the capacity of the 
battery will degrade before the expected lifetime. Therefore, to avoid 
unnecessary voltage drop, to utilize the usable capacity efficiently, to 
ensure each battery cells age at the same rate, and to maintain the safe 
operation of the system, the battery management system (BMS) is 
crucial. A BMS is an electronic regulator that monitors and controls the 
charging and discharging of rechargeable batteries, keeping a check on 
the key operational parameters of voltages, currents, and temperature 
during charging and discharging [58]. Compared to other battery 
technologies, Li-ion batteries fulfills the high energy and current density 
requirements, and therefore are being widely used in electric vehicle 
applications. However, these batteries are very dangerous, unless it is 
controlled to their safe operation limits with an efficient BMS system 
[59,60]. Hence, the key functions of BMS include monitoring the 
voltage, current, and temperature, balancing the voltage and capacity of 
storage cells, estimating the SoC and SoH of each cell, and protecting the 
overall system [60,61,62]. The operating temperature, current, and 
voltage are among the important parameters that determine the per-
formance of battery cells. 

BMS design systems can be categorized as conventional and 
advanced/modular balancing systems. The conventional BMS systems 
use either passive or active balancing circuits, where the passive 
balancing method was mainly applied to balance the voltage and ca-
pacity using multiple resistors for discharging of excess amount of en-
ergy [63,64,65]. However, this technique has the drawback of wasting 
energy and hence causes undesirable temperature rise resulting in the 
requirement of extra power for cooling purposes. The other method is 
the active balancing method, which is a relatively complex system but 
can decrease energy loss [66,67]. The drawbacks of this active balancing 
method are caused by extra components of capacitors, inductors, and 
resistors needed to transfer the energy from higher energy cells to lower 
energy cells [64,65]. The cost and reliability should be carefully 
considered to make the active balancing method more competitive, 
including, reduction of the components, simplifying the structure of the 
topology, and reducing the control circuit complexity [68]. 

Existing research on BMS shows advancement by improving the 

Table 2 
Technical characteristics comparison of Li-ion and lead-acid batteries.   

Type of batteries 
Performance 
Indices 

Li-ion 
(Average 
value) 

Samples and 
References 

Lead-acid 
(Average 
value) 

Samples and 
References 

Specific Energy 
(Wh/kg)  151 

200 [38], 
75–200 [39,40], 
90–170 [41], 
80–200 [42], 
100–200 [43], 
207 [44], 
90–200 [45]  

30.58 
30–50 [38, 
40,42,46] 
25–32 [32, 
41], 20–35 
[43,47], 
15–40 [45], 
20 [48] 

Specific Power 
(W/kg)  229 

150–315 [39, 
40], 80–250  
[49], 350 [48]  

181 
75–300 [39, 
40], 
180–200  
[42], 
25 [43], 
74–415 [45] 

Round trip 
Efficiency (%)  87.37 

95 [38], 80–90  
[50], 
78–88 [42], 85  
[51], 
85–98 [40]  

76.36 
65–80 [38], 
70–90 [39], 
85 [52], 
72–76 [41], 
70–80 [42, 
43], 70–82  
[40] 

Service Life 
(Years)  12.67 

5–15 [39,40], 
14–16 [42], 
6–20 [45]  

8.75 
5–10 [38], 5 
− 15 [39,42]  

Daily Self 
Discharge 
Rate (%)  

0.17 
0.1–0.3 [39,40], 
medium [43], 
0.17–0.33 [53], 
0.036–0.0833  
[54]  

0.2666 
0.1–0.3 [38, 
39,42], low  
[43], 
0–0.6 [55], 
0.033–0.3  
[40]  

Energy density 
(kWh/m3)  311.67 

200–500 [20, 
39], 
200–500 [41], 
170–300 [42]  

65.00 
50–80 [33, 
39] 

Power Density 
(kW/m3)  1250.00  500–2000 [55]  75.00  10–400 [33, 

39] 
Environmental 

Impact 
Medium/ 
Low 

[33] High [33]  
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conventional BMS techniques in terms of balancing the energy distri-
bution, protection, and effective thermal management of the system. So 
far, various types of distributed topology, centralized topology, and 
modular topologies were used in the design of the BMS system. Recently, 
smart modular BMS systems are being developed for protecting, 
balancing, and testing the batteries without using extra components of 
inductor or capacitor or DC/DC converters. Pulse width modulation- 
based control strategies were used in smart modular BMS systems 
which are used to identify and control the operating modes of the BMS 
system [59,67]. The current challenges of evaluating a BMS system and 
proposed strategies to evaluate the BMS in terms of battery capacity 
estimation, impedance estimation, optimal charging and discharging, 
balancing, and protections are investigated with the development of 
robust BMS systems [58,64,69,70]. The authors also developed an 
intelligent battery management system equipped with a battery pack 
thermal management mechanism that balances the battery cells based 
on innovative battery pack modularization architecture of single 
switched capacitor control strategy [64]. Further investigations were 
also performed on the development of the multifunctional integrated 
battery management system, combining with other onboard controllers 
and intelligent technology, to form a complete idea from multiphysics 
modeling simulation to multifunction integrated technology [71]. 
Therefore, the development of an efficient BMS system is critical to 
manage the battery operation by monitoring its state, calculating 
required data, reporting the data, protecting the battery, controlling its 
environment, and/or balancing it. 

3.3. Determination of basic input parameters 

To analyze the cycling characteristics of both lead-acid and Li-ion 
batteries, input parameters was identified and analyzed using a simpli-
fied electric circuit model developed with Matlab/Simulink environ-
ment. For the developed model the input parameters considered include 
the rated capacity, SoC, number of cells, and charge/discharge time and 
the outputs of the model are updated SoC, voltage, and current versus 
time. Table 3 and Table 4 shows the charge and discharge input pa-
rameters of lead-acid and Li-ion batteries by considering similar speci-
fications, but with less capacity and number of Li-ion cells. The analysis 
is performed both at the cell level and pack level of batteries. The 
nominal voltage, rated current, capacity and SoC are battery charac-
teristic parameters used to know the response and behaviours of the 
battery under loading conditions. Through voltage and current inputs, 
different load profiles can be introduced to the battery and then the 
output response of the battery can be reproduced electrically interms of 

Fig. 1. Flowchart for performance evaluation of BESS integrated with the micro-grid system.  

Table 3 
Charge input parameters of lead-acid and Li-ion batteries [57].  

Parameter (Unit) Battery Type  
Cell Battery Pack 

Battery type Lead-acid Li-ion Lead-acid Li-ion 

Nominal voltage (V) 2 3.2 48 48 
Rated Capacity (Ah) 80 40 160 80 
SoC (%) 0 0 0 0 
Number of cells 1 1 24 15  
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SoC, discharge capacity and terminal voltage. Therefore, through these 
parameters the battery performance, remaining capacity and operation 
status can be monitored. 

3.4. Charging characteristic’s simulation model of lead-acid and Li-ion 
battery at cell and pack level 

The charging characteristics circuit model and the respective 
response at the cell and pack level are demonstrated using the ECM 
model shown from Fig. 2 to Fig. 7. From the circuit, it is shown that the 
charging voltage (Voch) value was settled in line with the datasheet 
considered [57]. Also, the charging current of 0.5C rate has been 
selected according to the considered voltage and rated capacity value 
specifications. In this section, the main purpose of the simulation dia-
gram is to present the response of both lead-acid and Li-ion batteries 
with simplified simulink model using input-output parameters 
explained in section 3.3. The function of the model developed is to 
predict and optimize runtime and circuit performances of both batteries. 

In Fig. 2, C represents the cell nominal capacity, Tscale represent the 
time scale and SoC represent the state of charge (initial capacity level of 
battery cell). Ns stands for number of cells in series, which is used when 
the lead-acid and Li-ion cells are connected in series to increase battery 
voltage level. 

Fig. 3, shows the output of SoC, voltage, and current versus time of 
lead-acid battery cell which is simulated at 0.5C rate (reference). The 
capacity of the battery cell is considered as 80Ah, at an empty state of 
charge and a single cell with a nominal voltage of 2Vdc. The simulation 
output is provided with reduced convergence error and simulation time 
resulted from the development of an optimized model.  

The output of SoC, voltage, and current versus time of Li-ion cell 
which is presented in Fig. 5. Considering a cell capacity of 40Ah, the 
output terminal voltage of the cell is found to be 3.2 V when the battery 
cell is fully charged. The output curve found from the simulation is 
almost coherent with the manufacturer’s datasheet. 

In addition to the cell level analysis, the charging characteristics of 
lead-acid and Li-ion batteries at a pack level has been evaluated. A ca-
pacity of 160Ah with series connection of 24 cells were considered for 

evaluation of lead-acid battery charging characteristics output. The 
output curve of the simulation diagram are shown in Fig. 6. 

The capacity of 160Ah, empty state of charge, and nominal voltage of 
48 Vdc with 24 number of cells connected in series were considered and 
a result of SoC, voltage, and current versus time of lead-acid battery are 
presented in Fig. 6. A terminal voltage output of approximately 48V is 
found while the battery is reaching at full operating capacity. Besides, 
the Li-ion battery charging characteristics at pack level is also shown 
below. 

Fig. 7, shows the charging characteristics output curve of Li-ion 
battery resulted from series connection of 15 cells with capacity of 80 
Ah and nominal voltage of 3.2 V per cell. The simulation output curve of 
SoC, voltage, and current versus time of Li-ion battery is found to be 
promising showing the efficient performance of the battery evaluated 
under specified operating parameters. 

3.5. Discharge characteristic’s simulation model of lead-acid and Li-ion 
battery at cell and pack level 

Cell level discharge characteristics analysis of lead-acid battery were 
modeled as per the specifications of the input parameters listed in 
Table 4. In this case, initially, the battery was assumed to be fully 
charged and the SoC value of100% is considered. 

Fig. 8. 
The voltage versus time characteristic curve of Fig. 9, illustrates that, 

the larger the c-rate magnitude implies that, the voltage drops with a 
short period due to high internal resistance. Relatively, the discharge 
hour is higher when the discharge current rate is as small as 0.1C as 
observed in the Figure. The simulated output voltage on the Figure is 
coherent with the manufacturer datasheet specified for a single cell. 

From Fig. 10, it can be seen that the usable capacity discharged faster 
at higher c-rate (1.0C) and gets longer duration at small c-rate (0.1C). A 
160Ah capacity lead-acid battery pack formed with a series connection 
of 24 cells were used for the study and evaluated at different discharge 
rate. The graph shows that the larger the c-rate magnitude implies that; 
the voltage drops with a short period. The simulated output voltage on 
the graph is 48V which is equal to the magnitude mentioned at the 
datasheet. 

From Fig. 10 it is shown that, if the battery is discharged at a very 
slow rate using a low current rating (0.1C), more energy can be 
extracted from the battery and the battery capacity utilized is high. The 
discharge characteristics of the Li-ion battery at the cell level and pack 
level are also presented in Table 4 with respective input parameters. 

Fig. 11. 
The voltage versus time characteristic curve of Fig. 12, illustrates 

that the larger the c-rate magnitude implies that, the voltage drops with 
a short period and vice versa. The discharge hour is higher when the 

Table 4 
Discharge input parameters of lead-acid and Li-ion batteries [57].  

Parameter (Unit) Battery Type  
Cell Battery Pack 

Battery type Lead-acid Li-ion Lead-acid Li-ion 

Nominal voltage (V) 2 3.2 48 48 
Rated Capacity (Ah) 80 40 160 80 
SoC (%) 100 100 100 100 
Number of cells 1 1 24 15  

Fig. 2. Charge_time characteristic’s circuit model of lead-acid cell.  
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discharge current rate is as small as 0.1C as observed in the graph. The 
simulated output voltage on the graph is approximately 3.2 V for a single 
cell. It is also shown that if the battery is dischsrged at low current 
rating, more energy can be extracted from the battery for longer dura-
tion and vice versa. 

The discharge characteristic curve of Li-ion battery at pack level is 
presented in Fig. 13,with rating of 80Ah capacity and voltage of 48 V 

resulted from series connection of 15 cells. The voltage versus time 
characteristics output illustrates that the larger the c-rate magnitude 
implies that, the voltage drops over a short duration. Relatively, the 
discharge hour is longer when the discharge current rate is as small as 
0.1C and vice versa. Besides, the Figure shows that the battery is being 
discharged quickly due to the high discharge current and this resulted in 
small amount of energy extracted from the battery and rapid capacity 

Fig. 3. Charging characteristics curve of a lead-acid cell.  

Fig. 4. Charge_time characteristic’s circuit model of Li-ion cell.  

Fig. 5. Charging characteristics curve of Li-ion cell.  
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degradation. From the result, it is observed that Li-ion and lead-acid 
batteries have almost comparable charge and discharge properties. 
Moreover, from the discharge characteristics curve, it can be proved that 
the length of operational life in which the total number of charge- 
discharge cycles is found to be comparable for both Li-ion and lead- 
acid batteries. Furthermore, with a smaller number of cells and 
smaller amp-hour capacity, the discharge characteristics response of Li- 
ion battery is found to be equal or greater than lead-acid battery 

providing longer lifetime characteristics. 

3.6. Modeling and techno-economic analysis of batteries connected with 
micro-grid 

3.6.1. Micro-grid modeling and parameters formulation 
The PVGCS which is already installed in the city of Bahir Dar, 

Ethiopia [72], is the micro-grid system selected for studying the 

Fig. 6. Charging characteristics curve of the lead-acid battery.  

Fig. 7. Charging characteristics curve of Li-ion battery.  

Fig. 8. Discharge_time characteristic’s circuit model of lead-acid cell.  
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Fig. 9. Voltage Vs time output characteristics curve of 80Ah lead-acid cell at different discharge rates.  

Fig. 10. Voltage Vs time output characteristics curve of 160 Ah lead-acid battery.  

Fig. 11. Discharge_time characteristic’s circuit model of Li-ion cell.  
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techno-economic analysis of the lead-acid and Li-ion batteries. In the 
micro-grid system under study, there are three energy sources: the PV, 
grid, and battery storage system. The load with a 4–5 kVA rating is 
connected to the system and gets its power primarily from the PV and 
battery [73]. 

3.6.2. Solar photovoltaic arrays and power generation 
The photovoltaic array installed at the plant is consisted up of two 

separate arrays, where each array consists of 14 modules connected in 
parallel with 2 seriously connected arrays. A total of 56 modules were 
installed at the plant providing a total capacity of 10kWpeak. The PV 
array is installed at an optimal inclination angle of 16◦ and an azimuth 
angle of 0◦ The power output of this photovoltaic plant is dependent on 
the atmospheric and geographical conditions [74]. The PV array power 

output (PPV), can be calculated as: 

PPV = GPV fPV

(
IT

IT ,STC

)

[1+αP
(
TC − TC,STC

)
(5) 

Where, IT is the solar radiation incident on the PV array in kW/m2, 
GPV stands for PV rated capacity in kW, fPV represents derating factor of 
PV, IT,STC represents the solar incident radiation at standard temperature 
conditions (STC) which is considered as 1 kW/m2, TC is the cell tem-
perature of the PV in ◦C, αP is the temperature coefficient of power 
(%/◦C), TC,STC is the cell temperature under STC (25 ◦C) of the PV [74]. 

For modeling the grid-connected photovoltaic system under study, 
HOMER-Pro-software was used. The system consisted up of a 10kWp 
photovoltaic array, a grid-connected converter of 5 kW capacity, 83 Ah 
lead-acid battery storage, and a Li-ion battery of 167Ah [13,15] with a 

Fig. 12. Voltage Vs time Output characteristics curve of 40 Ah Li-ion cell at different discharge rates.  

Fig. 13. Voltage Vs time output characteristics curve of 80 Ah Li-ion battery at different discharge rates.  
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load having a 4–5 kVA rating. The PVGCS with respective components is 
shown in Fig. 14. 

3.6.3. Load profile and solar resource data 
The load profile of the area under study is based on the consumption 

of nearby computer laboratory installed for postgraduate students’ fa-
cility. According to the collected real data at the plant, the commercial 
load demand is having a maximum of 16 kWh/day energy consumption 
with a 4.97 kW peak demand. The load gets its power primarily from the 
PV array and partially from the grid when the shortage of power occurs 
from PV and battery storage systems. Based on the daily load profile data 
found at the site under study, the average load profile is as shown in 
Fig. 15 [73]. 

The solar radiation data were taken from the plant data logger at the 
site and NASA [75] as well. Based on the data’s collected from the plant 
and analysis made, average annual solar radiation of 5.8 kWh/m2/day 
and clearness index of 0.6 is obtained as shown in Fig. 16. The clearness 
index is a measure of the clearness of the atmosphere which is expressed 
by the fraction of the solar radiation that is transmitted through the 
atmosphere to strike the surface of the Earth [73]. 

3.6.4. Battery energy storage system modeling 
The excess electricity production in the micro-grid is stored with 

battery energy storage systems and provides power to the load when 
energy shortage occurs from the photovoltaic plant. The energy stored in 
the battery is given by [29]. 

Bbat = Bbat.0 +

∫t

0

VbatIbatdt (6) 

Where Bbat.0 denotes the initial battery charge, Vbat and Ibat are the 
voltage and current of the battery respectively. 

The number of battery cells connected in series to attain the required 

voltage [29]. 

Nbat =
Vbus

Vbat
(7) 

Vbus is the bus voltage of the micro-grid system and Vbat is the voltage 
rating of a single battery cell. Besides, the maximum charge/discharge 
power of a single battery is described as: 

Pmax
bat =

NbatVbatImax
bat

1000
(8) 

Where, Imax
bat represents the maximum charging current of the battery 

in amperes [76]. The technical descriptions of the batteries used in this 
study are given in Table 5. 

3.6.5. Grid system 
The PVGCS under study is operating with a grid system to increase 

the reliability of the supply system. Therefore, the load is supposed to 
get its power whenever necessary, though it is working mostly during 
the daytime. The average availability of electricity in a daytime is almost 
12 h. The electricity prices of the grid are considered as € 0.084/kWh in 
the simulation for the case under study. 

3.6.6. Converter system 
The converter considered in this system is used as a bi-directional 

converter changing DC to AC electric power and vice versa. Its effi-
ciency is assumed to be 95% for the size considered and the lifetime is up 
to 15 years. The size of this converter mainly depends on peak load 
demand (Pmax

L ) [29]. The rating of this converter is given as: 

Pinv =
Pmax

L

ηinv
(9)  

Where, ηinv stands for inverter efficiency [76]. 

3.7. Parameter formulation for economics of the system 

The economic viability of batteries and micro-grid systems were 
evaluated based on the LCOE and the total NPC of the system. 

3.7.1. Estimation of NPC 
The total sum of initial, replacement, operation, and maintenance 

costs including fuel cost minus the revenue provides the value of NPC. 
The total NPC is calculated as, 

NPC =
CA

CRF(i, n)
(10) 

Where, CRF (i,n) represents the capital recovery factor, n and i 
represent the number of years and the real annual interest rate, 
respectively [29]. The capital recovery factor is also defined as: 

CRF(i, n) =
i(1 + i)n

(1 + i)n
− 1

(11) 

Fig. 14. Schematic diagram of the grid integrated PV system.  

Fig. 15. Daily average load profile.  
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Where, i =
inom − f
1+f , inom stands for the nominal interest rate and f repre-

sents the yearly inflation rate. 

3.7.2. Estimation of COE 
The COE is among the main parameter used for evaluating the eco-

nomic effectiveness of a given energy system. The COE is defined as the 
annual cost of all system components divided by total generated energy 
[78]. The COE is given by, 

COE =
CA

ES
(12) 

ES is the yearly energy supplied and CA is the total annual cost [29]. 
The total annual cost is the sum of operation and maintenance cost, 
capital cost, and replacement cost. 

4. Results 

In this paper, the impact of charge-discharge profile on batteries 
capacity degradation behavior at different current rate levels were 
analyzed using a Matlab-based simplified ECM model. Besides, the 
performance and techno-economic analysis of Li-ion and lead-acid bat-
teries integrated with PV-based grid-connected micro-grid systems were 
also evaluated using HOMER-Pro-software. The study was conducted 
using real solar energy resource and load profile data. The power output 
of the PV and grid system together with battery SoC output with typical 

load consumption is presented in Fig. 17. HOMER-Pro-provides the 
optimization results of the micro-grid system with consideration of 
shortage of power from PV and battery, the load gets its power from the 
grid as well. The most optimal result of the system considered is ranked 
based on the total NPC and LCOE. 

4.1. PV power generation and SoC of battery 

The output of load demand, grid sales and purchases, PV power, grid 
annual power generation, and state of charge of the battery are illus-
trated in Fig. 17. The relations between PV array output and battery SoC 
are also presented. 

From Fig. 17 it is observed that to evaluate the maximum and min-
imum energy production of the system, the months of maximum 
(March) and minimum (August) energy production periods of the year 
with a sample of one-week profiles are presented. 

4.2. Photovoltaic and grid electricity production 

A comparison between the PV and grid energy contribution to meet 
the load demand is presented in Fig. 18. Accordingly, it is shown that the 
PV system provides the highest share of electricity production. 

4.3. Battery state of charge 

As can be seen in Fig. 19, the output of Li-ion battery SoC was 
illustrated in terms of an hour of the day, day of the year, and month of 
the year. The result shows that the operating SoC is kept within the 
specified limit of 20–100%. Besides, the maximum utilization of the 
battery storage is also observed in August (Fig. 19b). 

Fig. 20 presented the output of lead-acid battery SoC illustrated in 
terms of an hour of the day, day of the year, and month of the year. The 
result shows that the operating SoC is kept within the specified limit of 
20–100%. For the case of lead-acid batteries, August and September are 
found to be months where more electricity has been provided from the 
battery (Fig. 20b). 

5. Discussion 

As indicated from Fig. 3 to Fig. 13 of the output curve of simplified 
electric circuit models, it is observed that Li-ion and lead-acid batteries 
have almost comparable charge and discharge properties. Besides, from 

Fig. 16. Global Horizontal Radiation.  

Table 5 
Cost of the batteries and respective parameters used for simulation [13,15,77].  

Parameters Type of Battery  
Lead-acid Li-ion 

Capacity of the battery (Ah) 83 167 
Nominal cell voltage (V) 12 6 
Nominal capacity (kWh) 1kWh 1kWh 
Number of strings 1 2 
Cycle number at maximum DoD 800 3000 
Initial SoC in (%) 100 100 
Round trip efficiency (%) 80 90 
Cost (€/kWh) 104.43 463.22 
Replacement cost (€/kWh) 104.43 412.68 
Operation & Maintenance cost (€/kWh/Year) 8.42 0 
Installation and other charges (€/kW) 25.27 16.84  
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Fig. 17. PV Power Generation and SoC of battery for a load of (a) First week of August, (b) Third week of March.  
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the discharge characteristics, it can be proved that the length of opera-
tional life in terms of the charge-discharge cycles is found to be com-
parable for both Li-ion and lead-acid batteries. Furthermore, with a 
smaller number of cells and less capacity, the discharge characteristics 
response of Li-ion battery is found to be equal or greater than lead-acid 
battery providing longer lifetime characteristics. Economic and tech-
nical analysis of batteries were also performed by using HOMER-Pro, 
with consideration of nearly equivalent ampere-hour capacity of batte-
ries as the input used for simplified electric circuit model simulation. 
Accordingly, the simulation result of HOMER-Pro-shows that the PVGCS 
having a lead-acid battery as energy storage requires 10 units of batte-
ries. On the other hand, the system with a Li-ion battery requires only 6 
units of batteries. Table 6, shows the cost summary for different com-
ponents used in the PVGCS system. 

The cost elements presented in Table 6 includes the capital, opera-
tion and maintenance, replacement, and salvage costs. The capital cost is 
the total initial cost invested to install the plant whereas the operation, 
maintenance, and replacement costs are expenses invested during the 
operation period. From Table 6 it can be observed that the optimized 
simulation output provides that, the operation and maintenance (O&M), 
replacement and salvage costs of Li-ion battery are found to be much less 
than lead-acid battery under the typical application scenario considered. 

According to the optimization result of HOMER, the replacement cost of 
the converter with both Li-ion and lead-acid battery are found to be 
small compared to the capital cost result for the specified 15 years 
lifetime service. 

The load demand gets it power from the grid, whenever there is 
insufficient power from renewable energy source and battery. The 
excess power from the PV plant is also sold to the grid based on the 
annual net metering system, which in turn reduces, the average cost of 
electricity. The result also demonstrated that the PV system together 
with the battery satisfies the total energy demand. The demand and 
output power delivered by the PV and grid are shown in Fig. 17 for 
typical months. Besides, the power supplied by the PV and the battery 
SoC are also illustrated. The sufficient capacity of the PV array makes the 
battery acquire increased life span and reduced replacement cost with 
the provision of power to the load at will and as needed and hence 
maintain the battery SoC to permissible limits throughout operational 
periods. The energy production of the components considered in the 
PVGCS system is also presented in Fig. 18. Due to the high irradiance 
availability at the site where the plant is installed, the PV array takes the 
lead for electricity production throughout the year. The average SoC of 
both Li-ion and lead-acid batteries is also illustrated in Fig. 19 and 
Fig. 20 respectively on an hourly, daily, and monthly basis. Based on the 

Fig. 18. Monthly average electricity generation of PV and grid.  

Fig. 19. SoC output of Li-ion battery (a) Hours of the day vs. day of the year, (b) SoC vs. month of the year.  
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cost summary of Table 6 and Table 7, the net present cost of the system 
with Li-ion batteries is found to be €14,399. On the other hand, the 
system with a lead-acid battery is around €15,106. Besides, the grid sale 
provides revenue to the system and the total COE is also reduced. The 
reduction in the COE varies according to the battery energy storage type 
used in the system. Hence, the PVGCS system equipped with a Li-ion 
battery results in a Levelized cost of energy of 0.32 €/kWh. On the 
other hand, the system with a lead-acid battery provides COE at 0.34 
€/kWh. The COE mainly depends upon the renewable fraction, types of 
batteries used, and grid connection. In general, the COE result of the 
present study is found to be promising when compared to the result of 
state-of-the-art reviews summarized in Table 1. The graphical repre-
sentation of the required number of batteries and the respective cost of 
energy of the two batteries is illustrated in Fig. 21. From the chart, it is 
observed that the number of Li-ion batteries required is less than the 
number of lead-acid batteries. The reduced number of batteries affects 
the per-unit COE and therefore the COE of the micro-grid system with Li- 
ion batteries is lower as compared to lead-acid batteries. The renewable 

fraction is one of the parameters used as a performance indicator of the 
system, which shows the fraction of energy supplied from PV to the load. 
The PVGCS system with a higher renewable fraction has a higher COE 
and the system with a lower renewable fraction has a lesser COE. Hence, 
the system with a higher renewable fraction requires a higher number of 
batteries for storing excess energy generated by the PV and vice versa. 
The variation of the cost of energy to a renewable fraction is shown in 
Fig. 22. 

The total cost of energy and net present cost result of the system 
shows that, the PVGCS system is highly dependent on the type and 
number of batteries used to store energy. As it is seen from the result in 
Table 7, in terms of quantity, the requirement of batteries is reduced to 
40% when Li-ion batteries are used as storage systems. Similarly, Li-ion 
batteries have lower lifetime costs than lead-acid batteries when used in 
PV systems having intermittent nature, which in turn resulted in an 
average of 5% reduction in the COE. The overall study shows that the 
use of Li-ion batteries as stationary energy storage applications is found 
to be economical and technically viable. 

Fig. 20. SoC output of lead-acid battery (a) Hours of the day vs. day of the year, (b) SoC vs. month of the year.  

Table 6 
Cost summary of components of PVGCS optimized system.  

Component Capital (€) O&M (€) Replacement (€) Salvage (€) Fuel (€) Total (€) 

PV array 8400 784.3 0.00 0.00 0.00 9184.3  
Battery Li-ion 3300 0.00 1026 − 101 0.00 4225  

lead-acid 1600 784 2606 − 70.6 0.00 4919.4 
Converter with Li-ion 832 21.75 152 − 16.3 0.00 989.45  

lead-acid 842 22 154 − 16.5 0.00 1001.5 
Total system with Li-ion battery 12,532 806 1178 − 117.6 0.00 14,398.4  
Total system with lead-acid battery 10,842 1590.6 2759.9 − 87 0.00 15,105.5   

Table 7 
Comparison of lead-acid and Li-ion batteries based on different performance indicators.  

Components PV (kW) Number of Battery (units) Converter (kW) Total NPC (€) COE (€) Operating Cost Renewable Fraction (%) 

System with Li-ion battery 10 6 5 14,399 0.32 806 90 
System with lead-acid battery 10 10 5 15,106 0.34 1591 91  
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As shown from Table 8, in terms of energy production, losses, and 
expected lifetime, Li-ion is found to be better than lead-acid battery 
provided that, Li-ion has a longer life and low losses compared to lead- 

acid battery. The reason behind the COE reduction of the system with Li- 
ion battery is also due to the advantage of having reduced losses. Be-
sides, Li-ion battery is found to be cost-effective when the upfront cost is 
further divided over the entire operational lifetime. The methods of 
techno-economic analysis used in this paper can further be used for large 
commercial sectors while considering the respective resource and de-
mand profiles available at the site to be investigated. 

Conclusions and recommendation 

In this paper, a simplified electric circuit model was used to evaluate 
and compare the impact and level of charge/discharge rate of lead-acid 
and Li-ion batteries. For both types of batteries with the same input 
parameters provided, the terminal voltage, SoC, current, and lifetime 
characteristics output of Li-ion batteries were found to be better than a 

Fig. 21. Number of battery and COE comparison of batteries.  

Fig. 22. RF and COE comparison of lead-acid and Li-ion batteries.  

Table 8 
Energy Production, Losses and expected life comparison of lead-acid and Li-ion 
batteries.  

Quantity/Parameters Li-ion battery lead-acid battery 

Energy In (kWh/Year) 1897 2128 
Energy Out (kWh/Year) 1711 1706 
Storage Depletion (kWh/Year) 3.7 4.1 
Losses (kWh/Year) 190 426 
Annual Throughput (kWh/Year) 1803 1907 
Expected Life (Year) 11 4  
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lead-acid battery. Besides, it is found that the discharge characteristics 
response of Li-ion battery is better than lead-acid providing a longer 
lifetime for extraction of usable capacity. So, it can be taken as an 
indication for Li-ion batteries to be utilized in renewable generation 
based stationary application area with better energy capability. In 
addition to the charge and discharge cycling effect, the techno-economic 
analysis of lead-acid and Li-ion batteries integrated with PVGCS was 
performed by using HOMER-Pro-software with consideration of realistic 
commercial load profiles and resource data. Accordingly, the system 
with a Li-ion battery resulted in a LCOE of 0.32 €/kWh compared to the 
system with a lead-acid battery providing a COE of 0.34 €/kWh. On the 
other hand, an NPC of the system with Li-ion batteries is found to be 
€14,399 compared to the system with lead-acid battery resulted in an 
NPC of €15,106. The COE result of the present study is found to be 
promising as compared to the result of state-of-the-art reviews summa-
rized in Table 1. Besides, the grid sales provide revenue to the system 
and the total COE is also reduced. 

From the investigations, it can be concluded that, the PVGCS system 
with Li-ion batteries requires 40% lesser batteries as compared to lead- 
acid batteries and supporting in provision of reliable power supply with 
lower cost. Moreover, Li-ion batteries provided lower NPC and COE and 
the system that have a higher renewable fraction requires a higher 
number of batteries and vice-versa. In general, considering the typical 
application scenario under study, Li-ion batteries are found to be prof-
itable in both technical and economic aspects, and therefore, recom-
mended as alternate viable solution in the area of renewable generation 
based stationary application. 

As a recommendation, further studies need to be performed for 
solving the issue of economic feasibility and environmental benefits 
under different application scenarios. Besides, batteries retired from 
their first-life EV applications can also be used as second life storage 
units in various stationary applications as a mitigating solution to the 
economic aspect. Therefore, the feasibility of these second-life energy 
storage batteries needs to be investigated further using different sta-
tionary application profiles. 
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