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 A B S T R A C T

Reliable and cost-effective energy storage is essential for grid applications, but lithium-ion batteries face 
lifetime limitations due to cycling stress, temperature effects, and high power ramping. This paper presents 
a novel Power Hardware-in-the-Loop (PHIL) approach for experimentally assessing battery aging in Hybrid 
Energy Storage Systems (HESS) that combine batteries with flywheels. The proposed setup enables realistic 
emulation of field conditions and long-term degradation testing. Two configurations are experimentally 
evaluated: a standalone battery system and a hybrid flywheel–battery system with equivalent energy capacity. 
Results show that the HESS configuration significantly reduces power ramping and depth of discharge, resulting 
in lower degradation rates than a standalone battery. Furthermore, a Levelized Cost of Storage (LCOS) analysis 
confirms that the HESS achieves superior lifetime economics under realistic operating conditions, particularly 
under end-of-life criteria.
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1. Introduction

The increasing deployment of Battery Energy Storage Systems
(BESS) in grid applications has highlighted their crucial role in enabling 
renewable integration, stabilizing power fluctuations, and supporting 
grid resilience [1,2]. However, BESS faces significant challenges, pri-
marily due to cycling degradation, capacity fade, and high replacement 
costs, which hinder its long-term economic viability [3]. As demand for 
energy storage solutions grows, there is a pressing need for improved 
strategies to enhance battery lifespan and efficiency.

Hybrid Energy Storage Systems (HESS), which integrate BESS with 
complementary power-intensive storage technologies such as Flywheel 
Energy Storage Systems (FESS) and Supercapacitor Energy Storage Sys-
tems (SCES), have emerged as a promising solution [4,5]. By leveraging 
the strengths of both energy-intensive and power-intensive storage 
devices, HESS can reduce battery cycling stress, improve response time, 
and optimize energy dispatch [6–8] . Despite these advantages, the 
adoption of HESS remains limited due to the absence of standardized 
sizing, control, and validation approaches. Existing studies predomi-
nantly rely on theoretical simulations and lack experimental validation 
under realistic grid conditions, making it difficult to quantify the actual 
benefits of HESS implementations [9–11].

In this study, a FESS is adopted as the power-dense component 
of the HESS due to its high power capability, ability to handle rapid 
charge–discharge events with minimal degradation, together with long 
cycle life and high efficiency. The flywheel’s mechanical structure en-
ables efficient mitigation of short-term power fluctuations while main-
taining stability during repetitive operation, making it well-suited for 
the Power Hardware-in-the-Loop (PHIL) setup used in this work [12]. 
In future research, the same experimental framework will be extended 
to a SCES to investigate its influence on dynamic performance and the 
lifetime of both lithium-ion and sodium-ion batteries.

On the other hand, battery aging remains a critical concern in en-
ergy storage systems, particularly for lithium-ion technologies used in 
HESS. While numerous studies have modeled battery degradation under 
idealized conditions, there is a notable scarcity of realistic experimental 
investigations that account for the operational dynamics of hybrid 
configurations. Most aging analyses are performed either in steady-state 
cycling regimes or with simplified load profiles, which fail to reflect 
the rapid power fluctuations and irregular usage patterns typical of 
HESS applications [13–15]. As a result, the impact of hybridization on 
extending battery life and reducing degradation remains insufficiently 
understood. There is a clear need for comprehensive experimental 
methodologies that can capture real-world stressors, validate aging be-
havior under hybrid operation, and support more accurate predictions 
of long-term performance and costs.

This study addresses these challenges by introducing an experi-
mental validation approach that integrates PHIL testing at a relevant 
scale with accelerated aging experiments at the single-cell level. Unlike 
conventional simulation-based evaluations, PHIL provides a realistic 
dynamic testing environment, capturing the complexities of grid inter-
action and HESS performance. By coupling PHIL with battery aging as-
sessments, this work evaluates HESS effectiveness in mitigating battery 
degradation.

The experimental case study focuses on a microgrid scenario that 
delivers primary frequency regulation, where the HESS manages power 
variations originating from fluctuating load and renewable generation 
profiles. The power profile shown in Fig.  1 used for the tests is derived 
from previous studies and represents the dynamic requirements of 
primary frequency control [16,17]. Furthermore, the levelized cost 
of Storage (LCOS) is analyzed for both standalone BESS and HESS 
configurations, based on the outcomes of the combined PHIL and aging 
experiments.

The main innovations can be summarized as follows:

• A novel PHIL-based experimental setup that realistically emulates 
FESS operation under grid-relevant dynamics.
2 
• Integration of PHIL experimental results with laboratory battery 
aging tests.

• Comparative lifetime and economic analysis (LCOS) between 
standalone BESS and hybrid FESS–BESS configurations, under 
identical power conditions.

This paper is structured as follows. Section 2 presents the method-
ology, detailing how PHIL testing is combined with battery aging 
experiments to evaluate HESS performance. Section 3 provides an 
overview of the modeling approaches used for the two Energy Storage 
Systems (ESS) within the HESS architecture. Section 4 describes the 
power management strategy employed to coordinate the operation 
of the two ESS. The experimental results are discussed in Section 5, 
followed by a techno-economic analysis based on the LCOS in Section 6. 
Finally, Section 7 summarizes the key findings and implications of the 
study.

2. Power hardware in the loop-based aging approach

Battery aging is estimated through a methodology that combines 
accelerated aging tests and dynamic simulations. These tests are based 
on the state of charge (SoC) evolution of a Li-ion battery, derived from 
a dynamic model of an ESS developed to manage power profiles for 
frequency regulation in the micro-grid.

The methodology enables a comparative lifespan assessment of the 
battery under two configurations:

• Case 1: A Hybrid Energy Storage System (HESS) consisting of a 
Li-ion battery and a flywheel.

• Case 2: A stand-alone Li-ion battery system with capacity equiv-
alent to the battery in Case 1.

To ensure accuracy, the HESS model in Case 1 is refined via PHIL 
testing, particularly for the flywheel. Once validated, this model is used 
to simulate the SoC profile of the battery under realistic operating 
conditions. These simulations support aging tests to assess battery 
lifespan in both configurations.

A detailed model of the micro-grid, including the HESS for Case 1, 
is implemented in MATLAB/Simulink. The real power profile shown 
in Fig.  2, is managed using a Simultaneous Perturbation Stochastic 
Approximation (SPSA) algorithm, which dynamically allocates power 
between the battery and flywheel based on their operating C-rates, 
efficiencies, and SoC levels, in line with a multi-objective power man-
agement function.

For Case 2, the model is adjusted by removing the flywheel and 
allowing the battery to manage the entire power profile. This com-
parative setup allows evaluation of how HESS integration impacts 
battery cycling and aging. The study ultimately aims to quantify the 
potential lifespan extension achieved by coupling a Li-ion battery with 
a power-intensive device such as a flywheel (see Fig.  2).

Further details on the PHIL setup and aging mechanisms are pro-
vided in the following subsections.

2.1. Power hardware in the loop experimental setup

PHIL setup enables real-time interaction between simulations and 
physical hardware, allowing for a realistic evaluation of HESS perfor-
mance under grid fluctuations and transient power demands. As shown 
in Fig.  3, the PHIL framework consists of: (1) a real-time simulation 
environment, where the control algorithms for HESS are implemented 
using the Opal-RT OP5700 real-time simulator; (2) an actual hardware 
setup, including a 120 kW, 8 kWh FESS (technical features are summa-
rized with the specification in Table  1 that interacts with the simulated 
power system; and (3) a power amplifier group (Egston GAMP6, 2x200 
kVA), which ensures accurate power flow between the simulated and 
physical components.
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Fig. 1. The profile of the input power, battery power, and flywheel power [17].
Fig. 2. Schematic of the micro-grid dynamic model integrating HESS (Case 1).
Table 1
Flywheel energy storage param-
eters.
 Parameter Value  
 Nominal power 120 kW 
 Nominal energy 8 kWh  
 Max current 160 A  
 AC voltage 400 V  
 DC voltage 720 V  
 Max cooling power 16 kW  
 Max speed 750 Hz  

The SPSA-based power management strategy explained in Sec-
tion 4.1 optimizes the power split between the flywheel and battery, 
prioritizing rapid fluctuations for the flywheel and smoothing battery 
input power. The SPSA algorithm provides the optimal power share 
in terms of two coefficients: 𝑞𝐵𝐸𝑆𝑆 and 𝑞𝐹𝐸𝑆𝑆 , representing the pro-
portion of the total input power allocated to the battery and flywheel, 
respectively. These coefficients are then further adjusted using a control 
parameter that accounts for the SoC and power constraints of both 
energy storage systems. Based on this adjustment, the final reference 
power for each storage unit is determined.
3 
2.2. BESS aging experimental setup

To assess the impact of HESS on battery lifespan, we conduct accel-
erated aging experiments on two Samsung INR18650-20R lithium-ion 
cells. The test setup includes a NEWARE BTS4000-5V20 A galvano-
stat/potentiostat system, which controls charge–discharge cycles and 
monitors cell performance over time. Cell specifications are deduced 
from the manufacturer’s datasheet [18].

Cells were cycled within an operating voltage range of 2.5–4.2 V, 
with maximum continuous charge and discharge currents of 4 A and 20 
A, respectively. This was done while considering the maximum allow-
able current range of the battery testing system. During the experimen-
tal activity, cells were maintained at a fixed temperature of 20±1 ◦C. 
This temperature setting was selected to replicate the controlled en-
vironment of stationary battery racks used in microgrid frequency 
regulation applications, where climate systems typically maintain tem-
peratures within a narrow range (approximately 18–21 ◦C) [19]. Such 
limited variations have a negligible influence on battery performance; 
therefore, 20 ◦C was chosen as a representative setpoint for consistent 
comparison. Fig.  4 illustrates the described experimental test rig.

Aging estimation follows a three-step process:

1. ESS Modeling & Simulation: The HESS model is refined using 
PHIL data to generate realistic SoC evolution profiles.
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Fig. 3. Power hardware in the loop setup.
Fig. 4. Experimental test rig for aging tests on Li-ion cells.
2. Rainflow Cycle Counting (RFC): SoC profiles are processed to ex-
tract charge–discharge cycles categorized by depth-of-discharge 
(DoD).

3. Accelerated Aging Tests: Experimental tests replicate the ex-
tracted cycle profiles, allowing for direct comparison of battery 
degradation in standalone BESS and HESS configurations.

By integrating PHIL results with RFC analysis and accelerated aging 
tests, this method provides a realistic battery lifespan assessment, cap-
turing both control strategy effects and real-world cycling behavior. 
The complete methodology is summarized in the flowchart in Fig.  5, 
illustrating the integration of PHIL data, RFC analysis, and accelerated 
aging tests for a comprehensive battery lifespan assessment.
4 
3. BESS and FESS modeling

The Li-ion battery model follows an equivalent circuit approach, 
incorporating open-circuit voltage (𝑉bat), internal resistance (𝑅intbat), 
and charge/discharge efficiency (𝜂). Battery current and voltage are 
determined based on power demand, with 𝑉ocv and 𝑅intbat obtained from 
experimental look-up tables. The SoC evolves as: 

SOCbat(𝑡) = SOCbat − (𝑡 − 1)∫
𝜂𝐼bat
𝑄

𝑑𝑡 (1)

where 𝑄 is the nominal battery capacity. The charge/ discharge effi-
ciency accounts for internal resistance losses, ensuring accurate energy 
balance estimation.
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Fig. 5. Schematic flow chart of the developed methodology.
The FESS is modeled as a kinetic energy storage device, responding 
rapidly to peak demands and reducing stress on the battery. Its power 
exchange is expressed as: 

𝑃FESS(𝑡) = 𝑇𝜔(𝑡) + 𝑃loss(𝑡) (2)

where 𝑇  is the shaft torque, 𝜔 is the angular velocity, and 𝑃loss repre-
sents friction and aerodynamic losses.

The FESS model is calibrated using PHIL experiments, ensuring 
accurate emulation of real-time performance. Specifically, loss param-
eters are tuned based on the installed 120 kW, 7.6 kWh flywheel 
(STORNETIC) at KIT to reflect real-world efficiency under frequency 
regulation conditions.

4. Power management strategy: Problem formulation

Power management strategy is developed based on SPSA algorithm, 
which theory is described in Section 4.1. Concerning the problem 
formulation designed for micro-grid frequency support, the input power 
to be managed has to be instantaneously split between the flywheel and 
the battery. Therefore, the vector of unknown parameters (𝜃) is defined 
as three dimensionless shares (i.e., Li-ion battery, flywheel, and grid, 
namely 𝑞𝐵𝐴𝑇𝑇 , 𝑞𝐹𝑊 , and 𝑞𝐺𝑅𝐼𝐷), expressed by (3). It is highlighted that 
𝑞𝐺𝑅𝐼𝐷 share is included to consider a residual power not managed by 
the HESS. 

𝜃 =
⎡

⎢

⎢

⎣

𝑞BATT
𝑞FW
𝑞GRID

⎤

⎥

⎥

⎦

(3)

Consequently, the split power values are calculated according to (4):
⎧

⎪

⎨

⎪

⎩

𝑃BATT = 𝑞BATT 𝛥𝑃
𝑃FW = 𝑞FW 𝛥𝑃
𝑃GRID = 𝑞GRID 𝛥𝑃

(4)

Where 𝛥𝑃 = 𝑃 𝑡
freq − 𝑃 𝑡−1

GRID (W) is defined as the difference be-
tween the required power for frequency regulation at time 𝑡 and the 
residual power at the previous instant (𝑡−1). The SPSA parameters, de-
tailed in Section 4.1, are selected according to previous research [20]. 
The power shares instantaneously assigned must pursue the following 
objectives:

I. Maximize micro-grid frequency support, minimizing residual 
power not managed by HESS over the day within the micro-grid 
as detailed in: 

𝑦𝑡 (𝜃) =
(

𝑞GRID𝛥𝑃
)2

(5)
1 1000
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II. Smooth the Li-ion battery power profile by means of the ratio 
between the battery power at timestep 𝑡 and at the previous 
instant (𝑡 − 1), as expressed by: 

𝑦𝑡2(𝜃) =

(

𝑞BATT𝛥𝑃
𝑃 𝑡−1
BATT

)2

(6)

The multi-objective problem is therefore modeled by means of the 
weighted sum of the objectives expressed by (5) and (6), defining the 
SPSA loss function as (7): 
𝑦𝑡(𝜃) = 𝑤1𝑦

𝑡
1(𝜃) +𝑤2𝑦

𝑡
2(𝜃) (7)

Where the two weights 𝑤1 and 𝑤2 are both set at 0.5. The iterative 
process starts based on the initial estimate of the vector 𝜃, as specified 
by (8): 

𝜃 =
⎡

⎢

⎢

⎣

0.2
0.78
0.02

⎤

⎥

⎥

⎦

(8)

4.1. Stochastic power management strategy: Theory and implementation

Managing non-programmable power generation is increasingly com-
plex, requiring efficient real-time power sharing among renewable 
sources, hybrid energy storage, and the grid. Optimization algorithms 
like linear, non-linear, dynamic, stochastic, and AI-based methods aim 
to minimize objectives such as emissions or costs [21,22]. However, 
AI faces challenges like convergence issues and dependence on initial 
estimates.

Multivariate stochastic optimization, particularly gradient-based al-
gorithms like SPSA and Lyapunov, is effective for real-time power 
management, requiring no future knowledge or mathematical mod-
els [23]. SPSA, introduced in 1992 and further developed by [20,24], 
is a fast convergent solution for global optimization with advantages 
like no need for gradient information, lower computational load, and 
robustness to noise [25–29].

SPSA works by iteratively perturbing the parameters vector (𝜃̂) and 
updating it using the Eqs. (9)–(10), with parameters selected to ensure 
convergence [20,21]. In each iteration, the vector 𝜃̂ is updated by 
perturbing its current estimate, as shown in (11), and the loss function 
gradient is approximated by (12). The estimate is updated with (13), 
continuing until the maximum iterations or convergence is reached. 
𝑎𝑘 = 𝑎

(𝐴 + 𝑘 + 1)𝛼
(9)

𝑐𝑘 = 𝑐
(𝑘 + 1)𝛾

(10)

𝜃̂± = 𝜃̂ ± 𝑐 𝛥 (11)
𝑘 𝑘 𝑘
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𝑔̂𝑘(𝜃̂𝑘) =
𝜕𝐿𝑘
𝜕𝜃𝑘

=
𝑦(𝜃̂+𝑘 ) − 𝑦(𝜃̂−𝑘 )

2𝑐𝑘

⎡

⎢

⎢

⎢

⎢

⎣

𝛥−1
𝑘1

𝛥−1
𝑘2
⋮

𝛥−1
𝑘𝑝

⎤

⎥

⎥

⎥

⎥

⎦

(12)

𝜃̂𝑘+1 = 𝜃̂𝑘 − 𝑎𝑘𝑔̂𝑘(𝜃̂𝑘) (13)

The iterative process terminates once either the maximum number 
of iterations or the convergence condition is reached.

4.2. Rainflow Cycle Counting

Rainflow Cycle Counting (RFC) is a common algorithm used to 
assess fatigue stress on materials by counting cycles and analyzing 
their depths, which helps estimate failure cycles based on cycle ampli-
tude [30]. RFC has also been applied to electrochemical devices, such 
as batteries, to evaluate their lifespan under complex charging/dis-
charging cycles [23,27,31–33]. RFC identifies cycles from local extrema 
in the load profile, with the load being the battery’s SoC variation. 
The SoC-time curve is rotated 90◦ clockwise, and the time axis is 
inverted [34,35]. RFC identifies local minima and maxima in the SoC 
as reversals, resembling water droplets on a roof.

According to the ASTM standard [36], the RFC procedure includes:

I. Counting half-cycles, ending when:

• The time history ends.
• Merging with an earlier reversal.
• Encountering a larger magnitude trough.

II. Assigning a magnitude to each half-cycle as the stress difference 
between its start and termination.

III. Pairing half-cycles of equal magnitude in opposite directions to 
determine full charge–discharge cycles. For lithium-ion batter-
ies, only cycles with a DoD greater than 2% are considered [37].

In this work, RFC was applied to the simulated SoC profiles of 
the battery under both standalone BESS and HESS configurations. 
The algorithm decomposes the SoC variations into individual charge–
discharge cycles, categorized by their DoD. This classification enables 
a more detailed understanding of the cycling patterns experienced by 
the battery and their impact on aging. By analyzing the frequency and 
amplitude of these cycles, a representative charge–discharge profile 
was constructed. This information served as the basis for designing 
accelerated aging tests that emulate the real-world cycling behavior of 
the battery.

5. Results and discussion

In the following subsections, the experimental validation and results 
are described in detail.

5.1. HESS performance evaluation and RFC analysis

The FESS acts as the power-intensive component in the HESS, 
rapidly absorbing and delivering power to smooth fluctuations in the 
load profile. This capability alleviates the stress on the Li-ion BESS, 
enhancing its lifetime. To evaluate this effect, simulations and PHIL 
experiments were conducted.

Three representative 30-minute power windows—(i) maximum
mean power, (ii) minimum mean power, and (iii) power crossing 
zero—were selected from the daily input profile shown in Fig.  6. The 
simulated power shares between FESS and BESS were applied to the 
PHIL system, enabling real-time validation. The measured FESS output 
was used to calibrate the modeled losses, which averaged around 2 kW 
(ranging from 1.5 to 2.2 kW), with a final SoC discrepancy below 1.7 
6 
Table 2
Assessment of FESS power losses to emulate real FESS behavior.
 Case 𝑃𝑙𝑜𝑠𝑠(𝑘𝑊 ) 𝑆𝑜𝐶𝑓𝑖𝑛(%) 𝑆𝑜𝐶𝑓𝑖𝑛(%) 
 Pattern 1 2.2 50.3 49  
 Pattern 2 1.5 57.1 55.5  
 Pattern 3 2.2 51.7 51.45  
 Average 2  

percentage points. Table  2 reports the power loss values obtained from 
the fine-tuning of the FESS model by means of PHIL tests

The calibrated FESS model was then integrated into the HESS dy-
namic simulation. Results show that the BESS capacity required in Case 
1 (with HESS) is 876 kWh, compared to 884 kWh in Case 2 (standalone 
BESS), as shown in Table  3. In addition to this capacity reduction, the 
power profile of the BESS in Case 1 was significantly smoother due 
to the peak shaving effect of FESS. This is further confirmed by the 
cumulative density functions (CDFs) of power ramps (Fig.  7(a)), where 
the ramp rate is limited to 0.5 kW/s in Case 1, compared to 1.8 kW/s 
in Case 2. Moreover, daily residual power not managed by the HESS 
remains under 6 kWh (Fig.  7(b)).

5.1.1. RFC-based stress analysis
To quantitatively assess battery stress, RFC was applied to the 

simulated SoC profiles of both Case 1 and Case 2. The resulting cycles, 
shown in Table  4, demonstrate that the HESS (Case 1) experiences 
shallower DoD cycles and a higher minimum SoC (19%) compared to 
Case 2 (12.1%). These results, visible in the daily SoC trends (Fig.  8), 
confirm that FESS operation reduces cycling severity and improves bat-
tery utilization. Case 2 is characterized by deeper and more pronounced 
SoC excursions, underscoring the effectiveness of FESS in reducing 
battery stress.

5.2. Accelerated aging tests and results

The RFC-based cycling profiles were used to design an accelerated 
aging test campaign on Samsung SDI INR18650-20R cells, following 
the conditions outlined in Section 4.2. Each RFC-identified cycle was 
scaled in current to match maximum continuous values, reducing test 
duration to about 16–17 days per equivalent year. Table  5 summarizes 
the step cycles used.

After three equivalent years of cycling, experimental results show 
that the cell in Case 1 retained 1501.7 mAh, while the one in Case 2 
dropped to 1302.9 mAh, as reported in Table  6. This corresponds to 
SoH values of 75% and 65%, respectively (Fig.  9(a)). These findings 
highlight the clear benefit of HESS integration in reducing degradation 
and extending the usable life of the battery.

6. Techno-economic impact of HESS on battery performance

The experimental results confirm that integrating a FESS with a 
BESS in a HESS configuration significantly improves system perfor-
mance. The HESS setup reduces high-frequency power fluctuations, 
leading to smoother battery operation and lower DoD cycles. The RFC 
analysis revealed that HESS reduces large amplitude charge–discharge 
cycles, a major contributor to battery degradation.

These findings align with previous studies on hybrid storage sys-
tems, where high-power energy storage devices, such as supercapaci-
tors and flywheels, reduce BESS cycling stress. However, unlike many 
prior studies that rely solely on simulations, this study validates HESS 
performance through PHIL testing, ensuring that real-world dynamics 
and efficiency losses are considered.
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Fig. 6. Selected patterns of the input power profile. In detail, the profile with the maximum mean power is represented by the red line, while the profile 
corresponding to the minimum mean power is depicted by the blue line. The green line indicates the selected pattern corresponding to the case of power crossing 
zero. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 3
BESS technical features for the considered simulation scenarios.
 Parameter Case 1: HESS Configuration Case 2: non-hybrid Configuration 
 Chemistry Nickel Manganese Cobalt oxide (NMC)
 Nominal Capacity 876 kWh 884 kWh  
 Max Dis-/charge Rate 0.15C 0.25C  
 Nominal Voltage 400 V 400 V  
 Operating voltage 300–420 V 300–420 V  
 Max DOC 90% 90%  
Table 4
Daily cycles obtained by RFC application on LIB SoCs for non-hybrid and 
hybrid cases.
 Cycle Case 1 - HESS Li-ion Battery Case 2 - Equivalent Li-ion Battery
 𝑆𝑜𝐶𝑖𝑛𝑖𝑡(%) 𝑆𝑜𝐶𝑓𝑖𝑛(%) DoD 𝑆𝑜𝐶𝑖𝑛𝑖𝑡(%) 𝑆𝑜𝐶𝑓𝑖𝑛(%) DoD  
 1 50.0 58.7 +8.7 50.0 58.3 +8.3  
 2 58.7 58.2 −0.5 58.3 57.7 −0.6  
 3 58.2 58.4 +0.2 57.7 58.0 +0.3  
 4 58.4 19.0 −39.4 58.0 12.1 −45.9  
 5 19.0 100 +81.0 12.1 99.3 +87.2  
 6 100 43.0 −57.0 99.3 37.0 −62.3  
 7 43.0 43.3 +0.3 37.0 37.3 +0.3  

Table 5
Step cycles for the accelerated test campaign on Li-ion cells in relation to Case 
1 and Case 2.
 Step Case 1 - HESS Li-ion Battery Case 2 - Equivalent Li-ion Battery
 DoD 𝐼𝑐𝑒𝑙𝑙 (A) Time (s) DoD 𝐼𝑐𝑒𝑙𝑙 (A) Time (s)  
 1 +8.7% −4 ± 0.04 157 +8.3% −4 ± 0.16 149  
 2 −0.5% 19.5 ± 0.04 2 −0.6% 19.5 ± 0.16 2  
 3 +0.2% −4 ± 0.04 4 +0.3% −4 ± 0.16 5  
 4 −39.4% 19.5 ± 0.04 142 −45.9% 19.5 ± 0.16 165  
 5 – 0 600 – 0 600  
 6 +81.0% −4 ± 0.04 1458 +87.2% −4 ± 0.16 1570  
 7 – 0 600 – 0 600  
 8 −57.0% 19.5 ± 0.04 205 −62.3% 19.5 ± 0.16 224  
 9 – 0 600 – 0 600  
 10 +0.3% −4 ± 0.04 5 +0.3% −4 ± 0.16 5  
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Table 6
Registered capacity values for the investigated cases.
 Equivalent year Case 1 - HESS 

Li-ion Battery
Case 2 - Equivalent 
Li-ion Battery

 

 Measured Capacity (mAh)
 0 2008.7 2013.8  
 1 1838.3 1804.7  
 2 1668.8 1622.0  
 3 1501.7 1302.9  

6.1. Economic evaluation of HESS vs. BESS

To evaluate the cost-effectiveness of the standalone BESS and the 
HESS, the Levelized Cost of Storage (LCOS) [38,39] is computed over 
a 20-year operational lifetime [40].

The LCOS over 20 years is defined as: 

LCOS20𝑦 =

∑20
𝑡=1

𝐶cap,𝑡+𝐶O&M,𝑡
(1+𝑟)𝑡

∑20
𝑡=1

𝐸𝑡
(1+𝑟)𝑡

(14)

where 𝐶cap,𝑡 is the capital cost in year 𝑡 (including battery replace-
ments), 𝐶O&M,𝑡 is the annual operating cost (assumed to be 2% of initial 
capital cost, based on the average values reported in the literature [41,
42]), 𝐸𝑡 is the discharged energy in year 𝑡, and 𝑟 is the discount rate 
(7%) which reflects commonly used assumptions and averages from 
prior studies [43,44]. The cost parameters for the BESS and FESS, 
including both energy and power costs, are derived from the latest data 
provided in the PNNL report [41]. Due to the difficulty of precisely 
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(a) 

(b) 

Fig. 7. (a) cumulative density functions of the BESS and FESS power ramps 
and (b) cumulative density function of the residual power not managed by 
HESS.

Table 7
Capital cost parameters for BESS and FESS.
 Component Power Cost (𝐶𝑃 ) 

[$/kW]
Energy Cost (𝐶𝐸 ) 
[$/kWh]

 

 BESS 1446 362  
 FESS 1980 7920  

Table 8
Power and Energy Ratings of Storage Systems.
 Case System Power rating 

[kW]
Energy rating 
[kWh]

Total cost 
[$]

 Case1: 
HESS

BESS 131.4 876 808080

 FESS 120 8

 Case2: 
Single BESS

BESS 221 884 639574

estimating the capital cost, the total project cost is considered for this 
study. A detailed breakdown of these costs is presented in Table  7, and 
the system specification of each system and the corresponding total 
calculated cost are presented in Table  8. The total cost is calculated 
based on both the power cost 𝐶𝑃  and energy cost 𝐶𝐸 of each ESS as 
(15) [41,45]. 

Total CostESS = 𝐶𝑃 ⋅ 𝑃kW + 𝐶𝐸 ⋅ 𝐸kWh (15)

Battery replacement costs are assumed to match the original BESS 
unit cost. With efficiency of BESS being 90% and efficiency of FESS 
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Table 9
Replacement intervals for different SOH thresholds.
 SoH Threshold 
[%]

BESS 
Interval [years]

BESS (HESS) 
Interval [years]

FESS 
Interval [years]

 

 80 1.7 2.4 15  
 70 2.5 3.6 14  
 60 3.4 6.8 12  
 40 5.1 7.2 10  

being 95% [46,47], the annual discharged energy for BESS is 𝐸BESS =
884 ⋅ 365 ⋅ 0.95 = 306,181 kWh/year and for HESS is 𝐸HESS = (876 ⋅ 0.95+
8 ⋅ 0.90) ⋅ 365 = 306,381 kWh/year.

The determination of battery end-of-life thresholds in this study is 
based on the observed SoH degradation trends shown in Fig.  9(b) and 
summarized in Table  9. Different SoH thresholds (80%, 70%, 60%, and 
40%) were considered to assess the sensitivity of battery replacement 
intervals on the LCOS [48,49]. The BESS replacement intervals were 
derived from experimental SoH degradation rates, while the FESS 
replacement intervals were assigned based on mechanical fatigue con-
siderations. The time to reach each SoH threshold was calculated by 
dividing the usable SoH margin by the annual degradation rate for 
BESS, which allows a consistent estimation of replacement intervals 
under different degradation scenarios.

Unlike the battery, whose end-of-life is typically defined by a drop 
in SoH to a specified threshold, the flywheel’s life in this study is gov-
erned primarily by mechanical fatigue of the composite rotor. Although 
bearing wear can be a major degradation mechanism in systems using 
conventional bearings, our FESS employs active magnetic bearings, 
which virtually eliminate contact-related wear and thereby extend 
bearing life considerably. The fatigue life of composite flywheel rotors 
is commonly reported between 108 to 109 equivalent cycles [50,51], 
depending on design and operational stresses. Considering the typical 
operating profiles in energy storage applications and accounting for 
mechanical stresses induced by deep torque cycles, a variable flywheel 
replacement schedule was adopted. Specifically, the FESS replacement 
interval was set to decrease progressively from 15 years to 10 years 
as cycling severity increased, corresponding to lower SoH thresholds. 
This approach reflects the increasing mechanical fatigue under more 
aggressive operational profiles, while maintaining realistic assumptions 
aligned with industrial practice.

The comprehensive comparison across these four cases is illustrated 
in Fig.  10, which reports the LCOS evolution over a 20-year horizon. 
The results demonstrate that HESS does not universally guarantee 
lower costs compared to standalone BESS configurations. Instead, the 
cost competitiveness of HESS strongly depends on the chosen SoH 
limit for battery end-of-life and the corresponding replacement timing. 
Specifically, in scenarios with stricter SoH thresholds (e.g., 80% and 
70%), the HESS configuration often shows economic advantages due to 
the reduced battery cycling stress and extended battery lifespan. Con-
versely, for lower SoH thresholds (e.g., 60% and 40%), where batteries 
are replaced less frequently, the higher capital cost of integrating a 
flywheel becomes more pronounced, potentially offsetting the longevity 
benefits.

7. Conclusion

This study presents a comprehensive evaluation of a Hybrid En-
ergy Storage System (HESS) composed of a lithium-ion battery and 
a flywheel, validated through experimental Power Hardware-in-the-
Loop (PHIL) testing and long-term accelerated battery aging analysis. 
By combining dynamic modeling, real-time control implementation, 
and degradation-aware lifetime testing, the proposed framework pro-
vides an in-depth assessment of HESS performance under grid support 
scenarios. Specifically, the primary frequency regulation service to be 
provided to a micro-grid is considered the application case study.
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Fig. 8. BESS SoCs in case of hybrid (blue line) and non-hybrid (orange line) configurations. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
(a) 

(b) 

Fig. 9. (a) Measured State of Health (SoH) over time and (b) battery replace-
ment timelines depending on SoH threshold.

The results demonstrate that HESS effectively reduces the power 
ramping burden and depth-of-discharge cycles on the battery, thereby 
extending its operational life compared to a standalone Battery En-
ergy Storage System (BESS). Accelerated aging experiments confirmed 
10% higher capacity retention in the HESS configuration after three 
equivalent years of operation.

Furthermore, a detailed Levelized Cost of Storage (LCOS) analysis 
over a 20-year horizon revealed that while HESS may not always 
offer lower costs than standalone BESS, it becomes increasingly cost-
competitive under stricter battery end-of-life (SoH) thresholds due to 
reduced replacement frequency.
9 
Future research will extend this study in several directions. First, 
the performance of the HESS will be evaluated under different power 
profiles and grid-support services, including scenarios involving deeper 
discharge cycles, to further investigate strategies that minimize the 
negative effects of unavoidable deep discharges on battery health. In 
addition, the PHIL framework developed in this work will be expanded 
to include a supercapacitor-based HESS configuration. This will enable 
a comparative assessment between flywheel and supercapacitor hybrid 
systems and their influence on the lifetime and performance of both 
lithium-ion and emerging sodium-ion batteries.
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Fig. 10. Cumulative Levelized Cost of Storage (LCOS) over 20 years (a) replacement of the battery by 80% of SoH (b) replacement of the battery by 70% of 
SoH (c) replacement of the battery by 60% of SoH (d) replacement of the battery by 40% of SoH .
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