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ABSTRACT
Battery storage is increasingly important for improving flexibility
and supporting renewable integration in future energy systems, yet its
deployment depends on evolving economic and technical
characteristics. This study evaluated historical, contemporary, and
projected cost and performance dynamics across six battery storage
technologies using longitudinal techno-economic data spanning
2015–2050. Capital expenditure, efficiency, lifetime, and related
operational indicators were assessed through descriptive statistics,
temporal and cross-technology comparisons, cost–performance
correlations, and technology-adjusted regression models. The results
showed significant long-term reductions in capital costs, with
adjusted annual declines of 4.94% for USD/kWh and 1.61% for
USD/kW. Lithium-ion LFP and NMC exhibited comparatively
favorable cost-efficiency characteristics and high efficiency, while
vanadium redox-flow demonstrated lower efficiency but relatively
long lifetime. Significant inverse associations were identified
between USD/kW capital cost and efficiency and between USD/kWh
capital cost and lifetime. Historical and projected models further
demonstrated variation in the magnitude of cost reduction across
periods. These findings indicate improving economic
competitiveness of battery storage while highlighting removal.
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Introduction
As electricity systems evolve towards a low-carbon mix, energy storage is becoming more relevant
in the power network as the demand for variable renewable energy grows.As the electricity system
moves towards a low carbon mix, energy storage is becoming more relevant as power networks
have to accommodate increasing shares of variable renewable energy. There is substantial
decarbonisation potential in solar and wind resources, but they are also intermittent which leads to
mismatch between electricity generation and demand. Imbalances can be minimized by storing
excess electricity to provide it when needed, reducing fluctuations, and contributing to system
flexibility and reliability. Battery energy storage systems (BESS) are especially appealing due to
their modularity, scalability, and ability to respond quickly, as well as their use across various scales
of the grid (Sayed et al., 2023). Renewable penetration also alters the balancing requirements, as
well as the interactions between electricity network, electricity storage, and generators (Laugs et al.,
2020).
Battery storage offers several operational services other than energy shifting. These include
frequency regulation, voltage support, peak-load management, smoothing of renewable energy,
reserve provision and grid stabilization. These features are of great importance for renewable-
integrated power systems (RIPS) making BESS more relevant (Datta et al., 2021). Furthermore, the
battery systems can reduce the time-varying voltage and power oscillations from solar and wind
generation (Alam et al., 2021). As storage technologies continue to develop, the spectrum of
solutions becomes wider for such applications, and the efficiencies, lifetimes, costs and operational
features of various storage technologies have an impact on their suitability for particular energy
system requirements (Wei et al., 2023). New technologies also suggest ongoing advancements in
storage technologies and applications (Liu et al., 2025).
Economic performance is an important factor in determining the scalability and competitiveness of
battery storage. The technical characteristics determine the value that storage can provide over its
operational life, and capital expenditure, fixed operation and maintenance costs influence
investment decisions. There are significant differences in cost and performance across energy-
storage technologies, so that a combination of economic and technical factors should be considered
(Mongird et al., 2020). Technological competitiveness is also important and can be enhanced by
developments in materials and fabrication, which are also improving storage efficiency and
performance (Admase et al., 2025). Commercialization and diversification of stationary storage
applications are also reflected in market experience, whereby storage applications are developing
more rapidly than before (Figgener et al., 2020).
These developments have implications for future energy systems. For large-scale renewable
integration, flexibility is needed in the aspect of addressing intermittency, balancing constraints and
network stability, resulting in energy storage being an influential system resource (Ergun et al.,
2025). The deployment of storage can play a role in decarbonization by enhancing the usage of
renewables and reducing the reliance on traditional balancing resources (Karduri & Ananth, 2023).
Comparisons of emerging renewable technologies using data, further underlines the importance of
assessing and comparing technological pathways by measurable economic and performance metrics
(Pavithra et al., 2025).
Although there has been an increasing number of studies on battery storage, the evolution of costs
and technical performance are often examined independently, with little focus on understanding
how they evolve over time. Comparisons that make a distinction between the present and the future,
as well as among the various battery technologies, are still especially relevant. This paper helps fill
this gap by performing a longitudinal analysis of battery-storage cost and performance trends. It is
intended to numerically describe the historical and projected economic characteristics of the major
battery-storage technologies, to numerically compare efficiency, lifetime and related performance
characteristics of the various alternative battery-storage technologies, and to numerically assess
cost-performance relationships and implications for future energy-system deployment. The resulting
evidence can clarify how evolving storage technologies can aid increasingly renewable, flexible and
economically viable electricity systems.
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Research Objectives
 To quantify historical and projected trends in the capital and operational costs of major

battery storage technologies.
 To compare the efficiency, lifetime, and energy-to-power characteristics of battery

technologies across temporal and technological categories.
 To evaluate cost–performance relationships among battery storage technologies and

determine their implications for future energy-system deployment.

2. Methodology
2.1 Research Design
The research design of the study was quantitative longitudinal research where the changes in cost
and performance attributes of battery storage technologies were studied. Secondary techno-
economic data was utilized to estimate changes over historical, contemporary and projected time
periods. The analytical framework combined descriptive statistics, temporal trend analysis,
technology-level comparison and cost–performance assessment. Analysis was carried out to
distinguish historical observations from projections, so as to interpret the temporal patterns properly.
2.2 Data Source and Variable Selection
Secondary data was used from the Global and National Energy Systems Techno-Economic
(GANET) database created by Hatton et al. (2024) which includes battery-storage data between
2015 and 2050. The technologies analyzed include lithium-ion, LFP, NMC, lead-acid, Vanadium
Redox-flow and sodium-sulphur. Capital expenditure, fixed O&M and variable O&M costs were the
economic variables. Technical indicators included efficiency, lifespan, energy to power ratio and
construction times.
2.3 Data Preprocessing and Harmonization
Data was checked for missing data, duplicate records, misclassified technology, and inconsistent
measurement units. Temporal fields and technology labels were standardized to help compare
technologies and across years. The analysis of capital costs in USD/kW and USD/kWh was done
separately, as it would not be appropriate to add these up. No artificial imputations were made in the
case of missing values, and historical/current versus future projected observations were
differentiated.
2.4 Descriptive, Temporal, and Comparative Analysis
The major cost and performance indicators were calculated using descriptive statistics such as mean,
median, standard deviation, minimum and maximum. The cost and technical battery characteristics
were quantified between 2015 and 2050 using a temporal analysis, including percentages where
applicable. Since the economic and performance trajectories are considered different, an attempt
was made to identify them by conducting technology-specific comparisons. Trends and projections
were examined on their own prior to comparing the general trends.
2.5 Cost–Performance and Statistical Analysis
Comparable technology-year observations were used to explore cost–performance relationships, the
focus being on associations between capital cost, efficiency and lifetime. Pearson or Spearman
correlation analysis was performed depending on the distribution of the data and availability. The
temporal increase in harmonized capital costs has been quantified, with regression analysis,
considering differences between battery technologies. Data were analysed using Python and the
results were compared statistically according to p < 0.05 and presented with tables and figures.

3. Results
3.1 Dataset Characteristics and Descriptive Statistics
There were 671 year-specific observations available in the analytical dataset, across 2015–2050 and
six battery technology categories. The variety in the capital costs was significant within both
reporting units. The medians of CAPE and CAE were 1768.46 USD/kW and 345.93 USD/kWh,
respectively, while the medians of the corresponding mean values were 1967.52 USD/kW and
383.58 USD/kWh. The overall mean efficiency and mean lifetime were 83.99% and 16.71 years
respectively based on the technical indicators. Most of the fixed O&M observations were in
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USD/kW/yr and most of the variable O&M observations were comparatively low. The distribution
and coverage of the key cost and performance indicators in the analysis are summarized in Table 1.

Table 1. Descriptive Statistics of Battery Storage Cost and Performance Indicators
Indica
tor

Unit N Me
an

Me
dia
n

SD Mini
mu
m

Maxi
mum

Capita
l Cost

USD/k
W

1
7
8

19
67.
52

17
68.
46

10
11.
77

41.0
0

4487
.42

Capita
l Cost

USD/k
Wh

1
5
5

38
3.5
8

34
5.9
3

24
1.6
7

61.6
3

1494
.68

Constr
uction
Time

Years 2
5

0.7
5

1.0
0

0.3
6

0.20 1.50

Efficie
ncy

% 6
0

83.
99

85.
00

7.7
5

67.5
0

97.0
0

Fixed
O&M

USD/k
W/yr

1
7
0

34.
94

28.
78

31.
41

0.00 111.
89

Fixed
O&M

USD/k
Wh/yr

1
2

7.2
1

5.6
0

3.0
9

3.54 12.9
9

Lifeti
me

Years 5
4

16.
71

15.
00

6.1
5

2.60 31.0
0

Variab
le
O&M

USD/
MWh

1
7

0.4
6

0.4
4

0.5
5

0.03 2.20

3.2 Historical and Projected Battery Storage Cost Dynamics
Overall, capital costs trended downward over time, with a more pronounced downward trend for
energy-normalized CAPEX. Median USD/kWh CAPEX was 1494.68 in 2015, decreased to 268.51
by 2024, and was projected at 112.25 by 2050. Median USD/kW CAPEX declined from 3225.73 in
2018 to 2384.38 in 2024 and was projected to reach 1220.98 in 2050. The decrease was not strictly
linear due to a changing number, type and providers of estimates over the years. Selected annual
median CAPEX values are provided and the historical to projected cost transition is illustrated in
Table 2.

Table 2. Temporal Changes in Median Battery Storage Capital Costs
Year Period Median CAPEX

(USD/kW)
Median CAPEX
(USD/kWh)

2015 Historical/Contemporary — 1494.68
2018 Historical/Contemporary 3225.73 750.83
2020 Historical/Contemporary 1739.81 432.81
2022 Historical/Contemporary 2724.39 326.83
2024 Historical/Contemporary 2384.38 268.51
2025 Projected 2183.42 324.63
2030 Projected 1363.46 229.99
2040 Projected 1511.02 127.65
2050 Projected 1220.98 112.25
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Figure 1: Temporal Evolution of Battery Storage Capital Costs

3.3 Evolution of Battery Storage Performance
The efficiency and expected operational lifetime of the battery technologies were clearly different.
The efficiency of the lithium-ion NMC was the top with the mean value of 91.50%, followed by the
lithium-ion LFP at 90.00%, and the conventional lithium-ion with 88.94%. The mean efficiency of
vanadium redox-flow was the lowest at 74.25%. Lifetime for LFP was 20.25 years on average,
NMC 20.25 years, and vanadium redox-flow 18.75 years. The mean lifetime of lead-acid was the
lowest at 10.79 years. Table 3 shows efficiencies and lifetimes for all six technologies and illustrates
differences in technical performance profiles.

Table 3. Efficiency and Lifetime Characteristics by Battery Technology
Techno
logy

N
Effici
ency

Mean
Effici
ency
(%)

Media
n
Effici
ency
(%)

N
Lifet
ime

Mea
n
Lifet
ime
(year
s)

Med
ian
Lifet
ime
(year
s)

Lead-
acid

7 77.34 76.36 8 10.7
9

10.5
0

Lithium
-ion

26 88.94 88.44 23 16.5
3

15.0
0

Lithium
-ion
LFP

4 90.00 90.00 4 20.2
5

19.0
0

Lithium
-ion
NMC

4 91.50 91.50 4 20.2
5

19.0
0

Sodium
-
sulphur

9 79.67 81.00 7 17.7
1

15.0
0

Vanadi
um
Redox-
flow

10 74.25 76.50 8 18.7
5

20.0
0
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Figure 2: Temporal Evolution of Battery Storage Efficiency and Lifetime

3.4 Comparative Technology-Level Cost and Performance Dynamics
A cross-sectional analysis of CAPEX and performance showed different technology-level profiles.
The median CAPEX for matched USD/kW-efficiency observations is lower for lithium-ion LFP and
NMC than for all other battery options investigated, at 1540.08 USD/kW and 88.50% for LFP and
1547.78 USD/kW and 89.25% for NMC. The conventional lithium-ion recorded 1959.65 USD/kW
and 86.18%. Sodium-Sulphur and Vanadium-Redox-Flow (VRF) had lower efficiency and higher
costs. Table 4 shows a summary of these matched cost–efficiency characteristics, as well as the
number of technology-year pairs that support each estimate.

Table 4. Technology-Level Cost–Efficiency Positioning
Technology Median CAPEX

(USD/kW)
Median Efficiency
(%)

Matched
N

Lead-acid 2321.79 72.00 2
Lithium-ion 1959.65 86.18 11
Lithium-ion LFP 1540.08 88.50 2
Lithium-ion NMC 1547.78 89.25 2
Sodium-sulphur 3626.00 75.00 3
Vanadium Redox-
flow

3457.45 68.75 2
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Figure 3: Cost–Efficiency Positioning of Battery Storage Technologies
The complementary cost–performance pattern was generated by Lifetime. The median CAPEX for
Vanadium redox-flow was USD 229.99/kWh and the median lifetime was 20.00 years. LFP and
NMC observed median lifetimes of 20.25 years while each estimate was based on only two matched
technology-year observations. The median price of conventional lithium-ion was 301.52 USD/kWh
with a median lifetime of 15.00 years. Table 5 shows the matched USD/kWh CAPEX – lifetime
characteristics that were used in creating the corresponding cost – lifetime comparison.

Table 5. Technology-Level Cost–Lifetime Positioning
Technology Median CAPEX

(USD/kWh)
Median Lifetime
(years)

Matched
N

Lead-acid 148.76 12.00 3
Lithium-ion 301.52 15.00 11
Lithium-ion LFP 318.48 20.25 2
Lithium-ion NMC 332.66 20.25 2
Sodium-sulphur 376.30 15.00 1
Vanadium Redox-
flow

229.99 20.00 5

Figure 4: Cost–Lifetime Positioning of Battery Storage Technologies
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3.5 Cost–Performance Relationships
Matched year of technology observations were used to perform a correlation analysis, not
unmatched raw records. The highest correlation coefficient was found between the USD/kW
CAPEX (Pearson r = −0.7923 and Spearman ρ = −0.8061 both statistically significant p < 0.001).
USD/kWh CAPEX was moderately and negatively associated with lifetime according to Spearman
correlation (ρ = −0.5050, p = 0.0118). However, the efficiency was not significantly associated with
USD/kWh CAPEX, and the association between USD/kW CAPEX and the client's lifetime was not
statistically significant. The full Pearson and Spearman correlation are shown in Table 6.

Table 6. Correlations Between Battery Capital Cost and Performance
CAPE
X Unit

Perform
ance
Indicator

N Pear
son r

Pear
son p

Spear
man ρ

Spear
man p

USD/k
Wh

Efficienc
y

3
3

−0.02
13

0.906
4

−0.155
3

0.3881

USD/k
Wh

Lifetime 2
4

−0.36
67

0.078
0

−0.505
0

0.0118

USD/k
W

Efficienc
y

2
2

−0.79
23

<0.00
1

−0.806
1

<0.001

USD/k
W

Lifetime 1
9

−0.32
40

0.175
9

−0.409
2

0.0819

The cost–performance relationships were found to be different between historical and contemporary
observations and projected observations for each period. The historical association between CAPEX
and efficiency was negative and significant (ρ = −0.6898 at 0.0091 p value) and the projected
association was strengthened (ρ = −0.8306 at 0.0056 p value). An important CAPEX–lifetime
relationship was also found for a projected USD/kW (ρ = −0.7899, p = 0.0113). These period-
specific relationships are summarized in Table 7, which shows that the relationships were not
consistent across the periods.

Table 7. Period-Specific Spearman Cost–Performance Correlations
Period CAPE

X Unit
Performa
nce
Indicator

N Spearm
an ρ

p

Historical/Contemp
orary

USD/k
Wh

Efficiency 2
2

0.0374 0.86
89

Historical/Contemp
orary

USD/k
Wh

Lifetime 1
3

−0.1335 0.66
36

Historical/Contemp
orary

USD/k
W

Efficiency 1
3

−0.6898 0.00
91

Historical/Contemp
orary

USD/k
W

Lifetime 1
0

0.1066 0.76
93

Projected USD/k
Wh

Efficiency 1
1

−0.1389 0.68
38

Projected USD/k
Wh

Lifetime 1
1

−0.1823 0.59
16

Projected USD/k
W

Efficiency 9 −0.8306 0.00
56

Projected USD/k
W

Lifetime 9 −0.7899 0.01
13
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3.6 Statistical Analysis of Capital Cost Evolution
In the technology adjusted regression analysis, both CAPEX measures decreased over time, a
finding that was significant. The year coefficient for USD/kWh was −0.0507 (p < 0.001), which
equated to an estimated annual decrease of 4.94% when technology was accounted for. The interval
for its 95% confidence was from −5.90% to −3.97% and the model had an adjusted R² of 0.4886.
USD/kW CAPEX decreased by an estimated 1.61% annually (p = 0.002), with a 95% confidence
interval from −2.62% to −0.59%. Table 8 shows the main technology adjusted regression estimates
for both CAPEX measures.

Table 8. Technology-Adjusted Regression Models of Capital Cost Evolution
CA
PE
X
Uni
t

N Tech
nolog
ies

Ad
jus
ted
R²

Yea
r
Coe
ffici
ent

R
o
b
u
st
S
E

p A
n
n
ua
l
C
ha
ng
e
(
%
)

9
5
%

C
I

US
D/k
W

1
7
8

6 0.0
56
2

−0.0
162

0.
0
0
5
3

0.
0
0
2
0

−1
.6
1

−
2
.
6
2

t
o

−
0
.
5
9

US
D/k
Wh

1
5
5

6 0.4
88
6

−0.0
507

0.
0
0
5
2

<
0.
0
0
1

−4
.9
4

−
5
.
9
0

t
o

−
3
.
9
7

Another distinction was made between historical/contemporary and projected cost dynamics using
separate temporal models. The historical and contemporary USD/kWh CAPEX growth rate was
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found to be estimated at -6.83% per year (p = 0.0189) while the projected USD/kWh CAPEX
growth rate was found to be -3.62% (p < 0.001). A major annual drop in projected USD/kW
CAPEX of 1.94% (p = 0.0070) was observed. The historical/contemporary USD/kW model had a
positive annual estimate of +2.90% but was not statistically significant (p = 0.6101). The regression
estimates and the fit statistics for each period are presented in Table 9.

Table 9. Historical/Contemporary and Projected CAPEX Regression Models
CA
PE
X
Uni
t

Period N Y
e
a
r
s

Techn
ologie
s

A
nn
ua
l
C
ha
ng
e
(
%
)

p Ad
jus
ted
R²

US
D/k
W

Historical/Co
ntemporary

9
4

7 4 +2
.9
0

0.
6
1
0
1

−0.
019
9

US
D/k
W

Projected 7
9

4 3 −1
.9
4

0.
0
0
7
0

0.1
060

US
D/k
Wh

Historical/Co
ntemporary

1
0
5

1
0

6 −6
.8
3

0.
0
1
8
9

0.0
845

US
D/k
Wh

Projected 5
0

4 5 −3
.6
2

<
0.
0
0
1

0.4
933

4. Discussion
The results show a clear downward trend in the capital cost of batteries over time, and different
trends for different technologies. The technology adjusted models revealed annual CAPEX
reductions of about 4.94% in USD/kWh and 1.61% in USD/kW, further attests to significant
improvement in storage economics over time. This trend is significant for renewables-heavy power
systems because energy shifting/balancing, voltage regulation, and grid flexibility are increasingly
required as variable renewable energy grows, an increasing need for battery storage (Datta et al.,
2021). The findings therefore indicate that the lower battery costs can improve the potential for
broader deployment in future electricity systems.
An analysis of the difference between historical/contemporary and projected periods is also
significant. Historical USD/kWh CAPEX reduced at an increased rate compared to projected
CAPEX suggesting that further cost reduction is possible but at a lower rate. This pattern should be
taken with a grain of salt as future values are projections and not actual results. In addition to
technology costs, the introduction of energy-system transformation requires regulatory frameworks,

http://ephijse.com/index.php/SE


Volume 12 - Issue 03, August, 2026 EPH-International Journal of Science and Engineering

http://ephijse.com/index.php/SE119

infrastructure coordination, and market design. Integrated energy systems need the right policy
frameworks to ensure that technological advances can contribute to greater system benefits, as
highlighted by Cambini et al. (2020).
The findings also revealed that lithium-ion, LFP and NMC systems held more cost-efficient
positions than lead-acid, sodium-sulphur and vanadium redox-flow systems for technology level
differences. Lithium-ion had a relatively strong efficiency throughout the time, and LFP and NMC
are the ones with the highest mean efficiencies. Efficient and fast response storage that can help
maintain system stability is especially important in renewable-dominated systems. Renewable
generation with power-electronic converters can change the conventional stability characteristics of
a system, which can lead to an increased need for flexible storage systems that can support system
operation (Meegahapola et al., 2020).
Efficiency was not the only relevance for overall technology suitability; lifetime results proved that.
The mean lifetimes of LFP and NMC were extremely long, and vanadium redox-flow had a good
lifespan even if it was less efficient. This further emphasises the importance of making a
multidimensional comparison as a storage technology may provide a range of cost, efficiency and
service life combinations. A more comprehensive evaluation of renewable energy also calls for an
integrated approach instead of a single focus on one of three aspects: economic, technical and
environmental (Farghali et al., 2023).
The results of the cost performance analysis indicated a high level of negative correlation between
USD/kW CAPEX and efficiency and a moderate negative correlation between USD/kWh CAPEX
and lifetime. The results indicate that costs of capital did not necessarily correlate with performance.
These correlations are associative, however, and not causal, as the data in the database comes from
various sources, countries and time periods. Data-driven comparative analysis continues to be
valuable for understanding the general patterns of technologies and providing evidence for energy
system decision-making (Pavithra et al., 2025).
New sodium-based technology could also be part of the storage diversification efforts in the future.
The research on sodium-ion electrolyte and solid-state architecture is still in progress, which
continues to mitigate conductivity, safety, and materials issues (Liu et al., 2023; Lin et al., 2025).
The use of sodium-ion systems has emerged as a promising option due to their cost benefits and
availability of materials, but they still have performance challenges that need to be addressed
(Deshmukh et al., 2025; Si et al., 2025).
Overall, the results are consistent with the increasing potential of battery storage integration into
future electricity systems with a higher share of renewables. As more renewables are added to the
grid, the need for flexibility, frequency control, and reliable grid integration will continue to grow
(Iweh et al., 2021; Alqahtani et al., 2022). Long-term cost and performance assessment should be
carried out with the integration of degradation, cycling behavior, levelized storage costs, and use of
larger technology-specific datasets, which should enhance the robustness of the assessment.

5. Conclusion
This study has investigated the changing cost and performance characteristics of the leading battery
storage technologies, to shed light on their future possible contribution to energy systems. The
results show that the battery CAPEX can be clearly reduced in the long term, where the technology-
adjusted models show that the annual reduction in CAPEX is around 4.94% for USD/kWh and
around 1.61% for USD/kW, respectively. Different life times of competing technologies indicated
other trade-offs, with lithium-ion technologies such as LFP and NMC coming out with positive cost-
efficiency ratios. Although the efficiency of vanadium redox-flow was relatively low, its longevity
was favourable, which shows that technology suitability has nothing to do with economic or
technical indicators. The cost–performance analysis also revealed significant inverse relationships
between selected CAPEX and performance measures, where the cost reduction does not always go
hand in hand with the lower technical characteristics. The historical/contemporary and projected
observations separation also revealed that the size of cost saving is different for different periods
and cost measures. Together, these results show the growing economic and technical potentials of
battery storage for renewable electricity systems and the need for technology-specific assessments.
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Future studies should include degradation and cycling characteristics, levelized storage costs,
technology-specific revenues from system services, and more extensive datasets to deliver more
complete evidence for long-term planning and investment decisions in storage.
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