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ABSTRACT 

  
Stationary battery storages become a promising 

solution for improving flexibility of renewable energy 
system to balance the fluctuating of power production 
and demand. However, each application has a specific 
operational strategy, consequently a specific dynamic 
operational profile which leads to a different estimated 
battery lifetime due to the degradation of battery 
capacity over its operation in the application. An 
accurate knowledge about battery lifetime, and battery 
state of health at different operational conditions is 
important to ensure a feasible techno-economic 
assessment. This paper deals with the techno-economic 
evaluation of a battery system integrated into a 
residential grid-connected PV system considering two 
battery models with and without battery degradation. 
The battery life cycle cost, the self-sufficiency ratio and 
battery lifetime are analyzed for techno-economic 
assessment of a residential grid-connected hybrid PV-
battery system. The results show that the simulation 
without battery degradation gives 31.43% lower life 
cycle cost and 7.4% higher self-sufficiency ratio, 
compared to the modeling with battery degradation. 
This proves the importance of battery aging model for 
assessing a battery integrated into a renewable PV 
system.  
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1. INTRODUCTION 
 
A transition towards long-term sustainability in 

global energy systems based on renewable energy 
resources can mitigate several increasing threats to 
human civilization [1]. With growing the intermittent 
renewable resources such as solar, stationary energy 
storage systems play indispensable role in boosting 
power quality and reliability, to improve the flexibility of 
renewable energy system to balance the fluctuating of 
power production and demand [2]. Compared to other 
types of battery technologies, lithium-ion batteries are a 
helpful technology for grid-applications due to the cost 
reduction potential and characterized with features of 
high round trip efficiency, high cycle lifetime and 
flexibility for charging and discharging. [3, and 4]. The 
achievable lifetime and also capacity degradation of 
batteries are among of the most important parameters 
for analyzing the operation and techno-economic 
profitability of stationary battery systems integrated into 
renewable system applications [5-7]. However, each 
application has a specific operational strategy, 
consequently a specific dynamic operational profile 
which leads to a different estimated battery lifetime due 
to the degradation of battery capacity over its operation 
in the application. An accurate knowledge about battery 
lifetime, and battery state of health at different 
operational conditions is important to ensure a feasible 
techno-economic assessment. Therefore, battery 
lifetime models are indispensable to predict the 
degradation behavior and to estimate the corresponding 
lifetime when a battery is operated under a wide range 
of possible loads in different applications [8]. In order to 
assess the impact of battery degradation on the 
profitability of stationary battery applications, 
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superposition model which is a combination of calendar 
and cycle aging should be accurately estimated.  

This paper deals with the techno-economic 
evaluation of a battery system integrated into a 
residential grid-connected PV system considering two 
battery models with and without battery degradation. 
Model 1 does not consider the impact of the degradation 
of battery capacity in modelling of a battery integrated 
into residential PV system and uses the data provided by 
the battery manufacturer. By contrast, Model 2 
considers a realistic battery aging model, which is able to 
accurately estimate battery lifetime and total capacity 
fade. A straightforward operational strategy is employed 
for the simulation and techno-economic assessment of a 
residential grid-connected hybrid PV-battery system. The 
battery life cycle cost, the self-sufficiency ratio and 
battery lifetime are analyzed in the paper.  

   

2. METHODS  
 
Section 2.1 describes the studied system. Sections 

2.2 and Section 2.3 introduce the battery modelling and 
problem definition, respectively. Section 2.4 presents 
case study.  

 
2.1. System description  

The schematic view of the studied hybrid energy 
system is shown in Fig.1. This system is composed of PV 
panels, a battery bank, an energy management system; 
a grid, a load, and DC/AC inverter. In brief, the system is 
supposed to electrochemically store the extra power 
electricity produced by the PV system through charging 
battery bank. During high demand hours when the PV 
power cannot meet loads, power is taken from the 
battery to meet the load, and in case of unmet load, 
electricity is purchased from the grid to satisfy the unmet 
load. 

 

 

2.2. Battery modelling  

In this study, Lithium-ion battery with specification 
listed in [9] is considered. Two battery models with and 
without degradation are considered for techno-
economic evaluation of a battery system integrated into 
a residential grid-connected PV system. 

  
2.2.1. Battery performance model 

In this study, the battery current-voltage 

characteristics is estimated under various operating 
conditions such as state of charge (SOC), load current, 
charge and discharge modes as described in Eqs. (1) and 
(2). More information about the battery performance 
model employed in this study is found in the authors 
previous publication [6].  

𝑉𝑉𝑐𝑐ℎ,𝑘𝑘(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘,𝑇𝑇, 𝐼𝐼𝑘𝑘) = 𝑂𝑂𝑂𝑂𝑂𝑂𝑐𝑐ℎ(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 ,𝑇𝑇, 𝐼𝐼𝑘𝑘)+ 𝐼𝐼𝑐𝑐ℎ,𝑘𝑘 ×

𝑅𝑅𝑐𝑐ℎ(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘,𝑇𝑇, 𝐼𝐼𝑘𝑘)                               (1) 

𝑉𝑉𝑑𝑑𝑑𝑑ℎ,𝑘𝑘(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 ,𝑇𝑇, 𝐼𝐼𝑘𝑘) = 𝑂𝑂𝑂𝑂𝑂𝑂𝑑𝑑𝑑𝑑ℎ(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘 ,𝑇𝑇, 𝐼𝐼𝑘𝑘) + 𝐼𝐼𝑑𝑑𝑑𝑑ℎ,𝑘𝑘 ×

𝑅𝑅𝑑𝑑𝑑𝑑ℎ,𝑘𝑘(𝑆𝑆𝑆𝑆𝑆𝑆𝑘𝑘,𝑇𝑇, 𝐼𝐼𝑘𝑘) 
(2) 

2.2.2. Battery model without capacity degradation  

Battery model without capacity degradation, which 
is further referred to Model 1, does not consider the 
impact of the degradation of battery capacity in the 
simulation of a battery integrated into residential PV 
system and only uses the lifetime data provided by the 
battery manufacturer.  

 
2.2.3. Battery model with capacity degradation 

Battery model with capacity degradation, which is 
further referred to Model 2, considers a realistic battery 
aging model which is able to accurately estimate battery 
lifetime and capacity fade. The model is a combination of 
calendar and cycle aging under dynamic operational 
conditions. Calendar aging and cycle aging in this study 
are modeled through Eqs. (3) and (4). The influencing 
parameters on calendar aging are the temperature T, 
storage SOC, and passed time t since beginning of life. 
Moreover, the possible influence factors on cycle aging 
are the cell temperature T, C-rate, depth of cycle (DOC) 
and the average SOC of cycle. The parameters 

 
 

Fig 1. Schematic of the studied hybrid PV-battery system. 
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𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
, 𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶

, 𝛼𝛼𝐶𝐶−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
 and 

𝛼𝛼𝐷𝐷𝐷𝐷𝐷𝐷,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
 in Eqs. (3) and (4) are calculated through 

methods in ref. [8].  
 

𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶(𝑇𝑇, 𝑆𝑆𝑆𝑆𝑆𝑆, 𝑡𝑡) = 𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
(𝑇𝑇).𝛼𝛼𝑆𝑆𝑆𝑆𝑆𝑆,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶

(𝑆𝑆𝑆𝑆𝑆𝑆). 𝑡𝑡0.5 (3) 

𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷,𝐹𝐹𝐹𝐹𝐹𝐹)

= 𝛼𝛼𝐶𝐶−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
(𝐶𝐶

− 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟).𝛼𝛼𝐷𝐷𝐷𝐷𝐷𝐷,𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶
(𝑇𝑇).𝐹𝐹𝐹𝐹𝐹𝐹0.5 

(4) 

To evaluate the aging effects of battery cells under 
operation, a superposition of calendar and cycle aging is 
calculated to estimate total aging.   
 

𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(𝑇𝑇, 𝑆𝑆𝑆𝑆𝑆𝑆, 𝑡𝑡,𝐶𝐶 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝐷𝐷𝐷𝐷𝐷𝐷,𝐹𝐹𝐹𝐹𝐹𝐹)

= 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝐶𝐶𝐶𝐶𝐶𝐶 

(5) 

  

2.3. Problem definition 
 

Battery life cycle cost (LCC), the battery system’s self-
sufficiency ratio (SSR)_ as shown in Eqs. (6) and (7) _and 
battery lifetime are analyzed for techno-economic 
assessment of a battery system integrated into 
residential grid-connected PV system. In this study, 
according to the current loan rate in Sweden, a 2% 
discount rate is considered in this study. It is considered 
that project lifetime is 30 years. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = �1 −
∑ (𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖𝑖𝑖,𝑡𝑡 + 𝑃𝑃𝑃𝑃𝑃𝑃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑡𝑡
8760
𝑡𝑡=1

∑ 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙,𝑡𝑡
8760
𝑡𝑡=1

� . 100 (6) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝐼𝐼𝐼𝐼𝐼𝐼 + �
𝑎𝑎𝑛𝑛

(1 + 𝑖𝑖)𝑛𝑛

𝑁𝑁

𝑛𝑛=1

+ �
𝐼𝐼𝐼𝐼𝐼𝐼𝑐𝑐

(1 + 𝑖𝑖)𝑟𝑟𝑙𝑙𝑐𝑐 −
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
(1 + 𝑖𝑖)𝑁𝑁

𝑅𝑅

𝑟𝑟=1

 

(7) 

 

2.4.  Case study 

The study implemented for a single-family house in 
Västerås (N59.62⸰, E16.53⸰). The building is equipped 
with 12 kWp PV panels. The hourly PV power production 
and hourly electricity consumption are recorded from 
the building owner. It is worth mentioning that the 
annual self-sufficiency with PV system is 11.9%.  

3. Results and discussion 

In this section, the simulation results of the hybrid PV-
battery storage system, which are obtained considering 
two battery lifetime scenarios i.e., scenarios considering 
battery degradation model and without battery 
degradation, are compared and discussed on techno-
economic performances.  

Table 1 compares the obtained self-sufficiency, life 
cycle cost and battery lifetime related to two different 
battery lifetime models for a specific battery capacity of 
12 kWh. From economic point of view, Table 2 shows 
that simulation considering battery capacity degradation 
(Model 2) results in a 45.9% higher LCC compared to the 
simulation without degradation (Model 1). The reason is 
that the estimated battery lifetime through the 
simulation with Model 2 is 9.7 years which means more 

Table 1. Comparison of the simulation results under two lifetime models  

 Model 1 
(Without degradation) 

Model 2 
(with degradation) 

Change to 
Model 1(%) 

PV size 12 kWp 12 kWp - 
Battery pack size 12 KWh 12 kWh - 

Predicted battery lifetime until 20% capacity fade 15 years 9.7 years -35.3% 

SSRbattery 19.54% 18.19 % -7 % 
LCCbattery (€) 11,135 € 16,240 € +45.9% 

Contribution of calendar aging until 20% capacity fade - 12.2 %  

Contribution of cycle aging until 20% capacity fade - 7.8 %  
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replacements are required during project lifetime 
compared to Model 1, in which battery lifetime is 15 
years without any changes with operational condition. 
From technical point of view, as shown in Table 1, the 
simulation considering battery capacity fade (Model 2) 
leads to 7% lower self-sufficiency ratio in comparison 
with Model 1 (without degradation). This is because that 
Model 2 considers a capacity fade model, which is able 
to accurately estimate both calendar and cycle aging and 
respective lifetime under dynamic operating condition, 
in contrast to Model 1, which ignores the impact of 
battery degradation and uses manufacturer data which 
is valid only for specific battery operational condition.  

 

 

Fig. 2 presents the time variation of PV power 
production and demanded power over one-year period. 
Fig. 3 shows the battery power during both charge 
(negative power) and discharge (positive power) 
processes under two battery lifetime models. Fig. 4 gives 
battery SOC and state of health (SOH) over battery 
lifetime under two battery lifetime models with and 
without degradation. It is observed from Fig. 3 that 

although the electricity consumption and PV power 
production data are the same for both models (as 
depicted in Fig. 2), battery power output/input are 
decreasing each year because battery SOH is steadily 
decreased over the operational conditions in contrast to 
Model 1, as shown in Fig. 4a, which battery SOH is 

assumed to be 100%.  
 
4. Conclusion 

 
The results showed that the simulation without 

degradation leads to an unrealistic and too optimistic 
results which gives 31.43% lower life cycle cost and 7.4 % 
higher self-sufficiency ratio in comparison with the 
modelling with battery degradation.  

This study proves that battery capacity fade plays 
important role in operation of battery and is a key 
parameter in assessing techno-economic profitability of 
a stationary battery integrated into renewable PV 
system. 

 
 

Fig. 2. PV power production along with the electricity 
consumption power over one-year 

 
 

Fig. 3. Time variation of battery charge power (negative power) 
and discharge power (positive power) relating to battery capacity 

of 12 kWh, under two different battery aging models 

 
(a) 

 
 

(b) 
Fig. 4. Time variation of battery state of charge (SOC) and state of 
health (SOH) until EOL (a) without considering battery degradation 
model (Model 1); (b) with considering realistic battery degradation 

model (Model 2), relating to the 12-kWh battery operated in PV 
system   
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