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Abstract—Lithium-ion battery energy storage systems (BESS)
packs have emerged as a leading solution for grid-scale en-
ergy storage, enhancing resiliency and balancing load fluctu-
ations. Yet, experimental characterization of large-format LIB
packs—particularly to assess performance and degradation over
hundreds of cycles — demands substantial hardware investment
and multi-year testing campaigns. In this work, we couple
a hierarchical, physics-based modeling framework agnostic to
electrode chemistries with high-performance computing to ac-
celerate systems level evaluation by upto two orders of mag-
nitude. Building on the open-source liionpack platform, we
implement cell, module, and pack-scale electrochemical models
enriched with mechanistic aging mechanisms and deploy them
on an HPC cluster to simulate 150–200 kWh systems over
500–1,000 cycles within days. We subject these virtual BESS to
both constant-current cycling and realistic grid service profiles
spanning frequency regulation, ramp-rate support, and energy
arbitrage—and quantify the resulting degradation patterns. Our
results reveal that localized cell aging can induce substantial non-
uniformity at module and pack levels, with service-specific cycling
protocols driving distinct aging modes. This rapid, multiscale
modeling approach provides a powerful design-space exploration
tool for optimizing electrical architecture, control strategies, and
operational schedules to prolong pack lifetime and lower total
cost of ownership.

Index Terms—BESS, Physical degradation mechanisms; Cell
ageing; Battery pack ageing; PyBaMM; liionpack; high perfor-
mance computing.

I. INTRODUCTION

Grid-scale lithium-ion battery energy storage systems
(LiBESS) are increasingly deployed to enhance grid resilience
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and balance variable load, with project decisions grounded
in site-specific techno-economic analyses tied to intended use
cases and operational schedules [1], [2]. In these analyses,
battery aging is assumed for specific applications based on
previously recorded or historical data, and in order to ensure
that the estimated lifetimes are reached, the deployed battery
systems employ different operational techniques to improve
longevity [3]. Yet as chemistries, pack topologies, and market
products evolve, these priors can drift, creating risk for new de-
ployments; moreover, physical prototyping to risk-free designs
is capital-intensive and slow [4]. This motivates high-fidelity,
computational assessment that support initial analysis of the
working design for specific grid applications with optimized
performance and aging before field operation.

Current approaches for modeling grid-scale lithium-ion
batteries primarily involve equivalent circuit models (ECMs)
and phenomenological models. ECMs use simplified circuit
analogies to represent battery dynamics, making them com-
putationally efficient for real-time management and control.
Phenomenological models, on the other hand, rely on empir-
ical observations and simplified mathematical descriptions to
capture battery behavior, particularly aging and degradation
phenomena. However, both approaches have shortcomings;
ECMs often lack detailed electrochemical insights and can
oversimplify degradation processes, reducing accuracy in pre-
dicting long-term behavior. Phenomenological models, while
more representative of aging mechanisms, require extensive
experimental data for calibration and may not generalize well
to varied operational conditions or electrode chemistries.

Different grid services impose distinct cycling “signatures”
on grid-scale lithium-ion batteries, and those signatures drive
different aging pathways. Frequency regulation (FR) usually
demands rapid, shallow, bidirectional adjustments—many par-
tial cycles around mid-state-of-charge—whereas energy ar-
bitrage (EA) tends to use fewer but much deeper, energy-
intensive cycles aligned with price spreads. Empirical stud-
ies consistently show that deep-cycle, high-throughput use
accelerates capacity fade relative to shallow FR duty; in
controlled testing, FR was the least damaging profile, while
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arbitrage produced the highest degradation for the same ser-
vice duration or energy processed. These findings reflect the
fundamental sensitivity of aging to depth of discharge, C-rate,
and temperature, reinforcing that the duty cycle itself—its
amplitude, frequency content, and thermal load—materially
changes lifetime outcomes.

When FR and EA are stacked, the resulting load profile
is a superposition of fast, small-amplitude regulation on top
of a slower daily charge/discharge swing. Intuitively this
could compound wear, but recent experiments indicate a more
nuanced picture: once deep arbitrage cycling dominates elec-
trode fatigue, overlaying shallow FR often adds only modest
incremental degradation, even as it can improve revenue and
asset utilization—though the incremental impact depends on
the relative share of arbitrage energy, SoC operating window,
and thermal control. This variability—and the need to co-
optimize dispatch, SoC reserves, and cooling while account-
ing for path-dependent, chemistry-specific aging—motivates
a high-fidelity study that couples realistic market signals
with physics-informed or validated degradation models, rather
than relying on average-cycle abstractions. Such studies are
essential to quantify life-throughput trade-offs and design
control strategies that let BESS support multiple services while
minimizing lifetime cost.

II. METHODS

This section describes a grid-scale lithium-ion battery en-
ergy storage system (LiBESS) modeling framework. Pack-
level simulations were performed with the open-source
liionpack framework [5], which resolves cell-scale physics
by solving a physics-based model for every cell within
series/parallel-connected module circuits and updating branch
currents at each time step via a circuit solve based on
Kirchhoff’s laws, i.e., modified nodal analysis [6]. At the cell
level, the Single Particle Model with electrolyte (SPMe) [7],
[8] implemented in PyBaMM [7] was used; SPMe captures
much of the fidelity of a pseudo-2D (P2D) description while
remaining computationally efficient [8].

The validated cell and module scale, physics-based param-
eters from [9] were adopted for large-scale pack analysis.
Modules were constructed by connecting eight cells in parallel
(1s8p). Packs were then assembled by series/parallel aggre-
gation of modules; for example, connecting 200 modules in
series to form a string and then connecting 10 such strings in
parallel yields a 200s10p (1s8p) pack. The current simulation
framework utilizes the open-source available liionpack
v0.4.0, and PyBaMM v24.9.

The available framework exhibited significant bottlenecks
when simulating packs with more than 1000 cells. In the
current implementation, these have been addressed to en-
able simulations with more than 10,000 cells using high-
performance computing (HPC) resources. Key improvements
include:

• Ease of hierarchical pack construction: Easy construction
of hierarchical pack circuits using simplified commands,
[9], allowing non-uniform resistance elements within a

circuit.
• Memory efficiency: Efficiently write the outputs to a file

periodically, reducing the memory load.
• Parallel batch solve orchestration on HPC: Ray-based

cluster/actor orchestration for efficient parallel batch
solves of cells [10], [11].

• DFN model for single cells: optional P2D model for high-
fidelity analysis of individual cells within a megapack,
useful for mechanistic degradation studies.

• Numerical solvers: support for additional solvers, e.g.,
IDAKLU [12], to increase computational speed and en-
able future GPU scaling.
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Fig. 1. A schematic of the applied method highlighting the simulation steps
and an updated liionpack workflow replicated from [5].

The schematic of the modeling workflow is presented in
Figure 1, the features highlighted in green boxes were im-
plemented and working as expected, the blue text and boxes
show that particular step works but has a potential to be
improved, while text in red highlights future improvements.
The current simulation were carried out using the CADES
[13] HPC cluster. All the simulations utilized 512 cpu cores
distributed across 16 nodes, utilizing 128GB memory. The
simulations have a maximum allowed walltime of 2 days,
which runs nearly 200 CC cycles of the packs studied with
iteration time for each step is nearly 8s.

III. RESULTS AND DISCUSSIONS

Current State-of-the-Art High-voltage BESS systems typ-
ically operate above 600V, with industry trends pushing op-
erational voltages upwards to 1000V and beyond, driven by
efficiency and cost-reduction targets [14]. Leading battery
chemistries for high-voltage applications include Lithium Iron
Phosphate (LFP) and Nickel-Manganese-Cobalt (NMC), with



LFP recognized for its robust cycling capabilities under high-
voltage conditions [15], [16] and longer cycle life. Further,
for a real grid use case, market analysis suggest allowing
simultaneous EA and FR services could increase the annual
revenue, while still managing degradation [16], [17].

TABLE I
DIFFERENT PACK DESIGNS AND CYCLING CONDITIONS TESTED.

Pack
De-
sign

Max Theo-
retical Ca-
pacity (Ah)

Max
Theoretical
Voltage (V)

Operating Conditions

50s40p
(1s8p)

960 210 CC (480A charge
1800s—rest 1800s—480A
discharge 1800s—rest 1800s)

100s20p
(1s8p)

480 420 CC (240A charge
1800s—rest 1800s—240A
discharge 1800s—rest 1800s)

200s10p
(1s8p)

240 840 CC (120A charge
1800s—rest 1800s—120A
discharge 1800s—rest 1800s)

400s5p
(1s8p)

120 1680 CC (60A charge 1800s—rest
1800s—60A discharge
1800s—rest 1800s)

200s10p
(1s8p)

240 840 Frequency Regulation
(100%)

200s10p
(1s8p)

240 840 Energy Arbitrage (100%)

200s10p
(1s8p)

240 840 Combination of x% FR + y%
EA

In this regard, different pack configurations ranging from
low voltage to high voltage systems with same energy rating of
∼ 175kWh, are tested with CC cycling which represent nearly
the same power. To showcase potential reasons for migrating to
high-voltage systems. Further, the capability of the framework
to simulate grid use cases are highlighted. Table I, highlights
the pack design and operating conditions.

Fig. 2 highlights the effects of Li BESS design on the
cell-modules-packs hierarchical aging predictability. Fig. 2a
highlights the percentage capacity loss at the pack scale;
Fig. 2b shows the percentage capacity loss at the module scale;
Fig. 2c shows the percentage capacity loss at the individual
cell scale. The aging results show that, despite the battery
packs aging similarly under the same cycling conditions, the
high-voltage systems have lower aging variation across the
cells and modules, due to fewer parallel connections causing
lower current imbalances, while a low-voltage system has
the most aging variation across individual cells and modules.
Further, in Fig. 2a the 50s40p (1s8p) low-voltage system
shows less degradation at the pack scale, since the simulations
did not allow overcharging of cells/modules, which made the
simulation proceed to the next step (rest) after the cells hit
the high-voltage limit, as seen in Fig. 2d. This means that in
a real system, monitoring aging only at the pack scale could
be unreliable, as overcharging can cause increased aging of
cells and catastrophic failure. Nevertheless, the results show
that high-voltage systems age reliably in comparison to a low-
voltage system highlighting the industrial shift towards high-
voltage systems.

Fig. 3 shows the statistical metrics for aging of individual
cells in different battery pack configurations. The pack ca-

<latexit sha1_base64="wFKq92yQZGEWiu3WaLLsiVLDq1U=">AAACAHicbVDLSgMxFL1TX7W+Rt0IboJFcFXago9lsRtXWsG2QltKJs1MQzPJkGSEMtSF3+LCjYpb/8Klf2OmnYW2HggczjmXm3u8iDNtyuVvJ7e0vLK6ll8vbGxube+4u3stLWNFaJNILtW9hzXlTNCmYYbT+0hRHHqctr1RPfXbD1RpJsWdGUe0F+JAMJ8RbKzUdw+uJbqxATLEKmAiQNJHdcq57rvFcqk8BVoklYwUIUOj7351B5LEIRWGcKx1pxqZXoKVYYTTSaEbaxphMsIB7VgqcEh1L5keMEHHVhkgXyr7hEFT9fdEgkOtx6FnkyE2Qz3vpeJ/Xic2/kUvYSKKDRVktsiPOTISpW2gAVOUGD62BBPF7F9R2gQmxnZWsB1U5i9eJK1qqXJWOr2tFmuXWRt5OIQjOIEKnEMNrqABTSDwCM/wCm/Ok/PivDsfs2jOyWb24Q+czx81ipYy</latexit>

No Overcharging of Cells

0 50 100 150 200
Time [h]

0

2

4

6

8

p
ac

k
ca

p
ac

it
y

lo
ss

[%
]

<latexit sha1_base64="3qodLW+S6tF6bMiTVex2CpSXkLY=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHBC1lIfByJXjxilEcCGzI7zMKE2dnNTK8J2fAJHryo8eoXefRvHGAPClbSSaWqO91dfiyFQdf9dnJr6xubW/ntws7u3v5B8fCoZaJEM95kkYx0x6eGS6F4EwVK3ok1p6Evedsf38789hPXRkTqEScx90I6VCIQjKKVHsr0vF8suRV3DrJKqhkpQYZGv/jVG0QsCblCJqkx3VqMXko1Cib5tNBLDI8pG9Mh71qqaMiNl84vnZIzqwxIEGlbCslc/T2R0tCYSejbzpDiyCx7M/E/r5tgcO2lQsUJcsUWi4JEEozI7G0yEJozlBNLKNPC3krYiGrK0IZTsBlUlz9eJa1apXpZubivleo3WRp5OIFTKEMVrqAOd9CAJjAYwjO8wpszdl6cd+dj0Zpzsplj+APn8wcc3Y0d</latexit>

(a)

<latexit sha1_base64="P0mce92bTKU3jhAyqs9o7kpLPsg=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHBC1lIfByJXjxilEcCGzI7zMKE2dnNTK8J2fAJHryo8eoXefRvHGAPClbSSaWqO91dfiyFQdf9dnJr6xubW/ntws7u3v5B8fCoZaJEM95kkYx0x6eGS6F4EwVK3ok1p6Evedsf38789hPXRkTqEScx90I6VCIQjKKVHsr+eb9YcivuHGSVVDNSggyNfvGrN4hYEnKFTFJjurUYvZRqFEzyaaGXGB5TNqZD3rVU0ZAbL51fOiVnVhmQINK2FJK5+nsipaExk9C3nSHFkVn2ZuJ/XjfB4NpLhYoT5IotFgWJJBiR2dtkIDRnKCeWUKaFvZWwEdWUoQ2nYDOoLn+8Slq1SvWycnFfK9VvsjTycAKnUIYqXEEd7qABTWAwhGd4hTdn7Lw4787HojXnZDPH8AfO5w8eYY0e</latexit>

(b)

<latexit sha1_base64="Gu+U7pX0/Kl/SA7cWdptVtyBNlw=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHBC1lIfByJXjxilEcCGzI7zMKE2dnNTK8J2fAJHryo8eoXefRvHGAPClbSSaWqO91dfiyFQdf9dnJr6xubW/ntws7u3v5B8fCoZaJEM95kkYx0x6eGS6F4EwVK3ok1p6Evedsf38789hPXRkTqEScx90I6VCIQjKKVHsrsvF8suRV3DrJKqhkpQYZGv/jVG0QsCblCJqkx3VqMXko1Cib5tNBLDI8pG9Mh71qqaMiNl84vnZIzqwxIEGlbCslc/T2R0tCYSejbzpDiyCx7M/E/r5tgcO2lQsUJcsUWi4JEEozI7G0yEJozlBNLKNPC3krYiGrK0IZTsBlUlz9eJa1apXpZubivleo3WRp5OIFTKEMVrqAOd9CAJjAYwjO8wpszdl6cd+dj0Zpzsplj+APn8wcf5Y0f</latexit>

(c)

<latexit sha1_base64="HZ3Sm7LJLdlAzMVhdGB/VQTKPu8=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMQL2E34OMY9OIxonlAsoTZ2dlkyOzMMjMrhCWf4MGLile/yKN/4yTZgyYWNBRV3XR3BQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8CaciZoyzDDaTdRFMcBp51gfDvzO09UaSbFo5kk1I/xULCIEWys9FANzwfliltz50CrxMtJBXI0B+WvfihJGlNhCMda9+qJ8TOsDCOcTkv9VNMEkzEe0p6lAsdU+9n80ik6s0qIIqlsCYPm6u+JDMdaT+LAdsbYjPSyNxP/83qpia79jIkkNVSQxaIo5chINHsbhUxRYvjEEkwUs7ciMsIKE2PDKdkMvOWPV0m7XvMuaxf39UrjJk+jCCdwClXw4AoacAdNaAGBITzDK7w5Y+fFeXc+Fq0FJ585hj9wPn8AIWmNIA==</latexit>

(d)

<latexit sha1_base64="hXq+ElnI2L9fxB+7zZS7j76F1Mc=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLRDkSvXjERJAENqRbutDQ7da2a0I2/A4PXtR49cd49N9YYA8KvmSSl/dmMjMvkJxp47rfTm5tfWNzK79d2Nnd2z8oHh61dZwoQlsk5rHqBFhTzgRtGWY47UhFcRRw+hCMb2b+wxNVmsXi3kwk9SM8FCxkBBsr+Reuq2sSlT1dl+f9YsmtuHOgVeJlpAQZmv3iV28QkySiwhCOte5WpfFTrAwjnE4LvURTickYD2nXUoEjqv10fvMUnVllgMJY2RIGzdXfEymOtJ5Ege2MsBnpZW8m/ud1ExPW/ZQJmRgqyGJRmHBkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSwGXjLH6+SdrXiXVZqd9VS4zpLIw8ncApl8OAKGnALTWgBgUd4hld4cxLnxXl3PhatOSebOYY/cD5/ALwkkDg=</latexit>

400s5p (1s8p)

<latexit sha1_base64="sK8/7Ip/R/nK4TgSU59eFRuf0AE=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLonIkevGIiXwksJJu6UJDt9u0XRKy4X948KLGq//Fo//GAntQ8CWTvLw3k5l5geRMG9f9dnIbm1vbO/ndwt7+weFR8fikpeNEEdokMY9VJ8CaciZo0zDDaUcqiqOA03Ywvpv77QlVmsXi0Uwl9SM8FCxkBBsrPVVdV3uuRGVP1+Rlv1hyK+4CaJ14GSlBhka/+NUbxCSJqDCEY627VWn8FCvDCKezQi/RVGIyxkPatVTgiGo/XRw9QxdWGaAwVraEQQv190SKI62nUWA7I2xGetWbi/953cSENT9lQiaGCrJcFCYcmRjNE0ADpigxfGoJJorZWxEZYYWJsTkVbAbe6sfrpFWteNeVq4dqqX6bpZGHMziHMnhwA3W4hwY0gYCCZ3iFN2fivDjvzseyNedkM6fwB87nDyMqkGw=</latexit>

200s10p (1s8p)

<latexit sha1_base64="aXOxXC12Oc+bvlYvLpYnVMKYMlI=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLonIkevGIiXwksJJu6UJDt9u0XRKy4X948KLGq//Fo//GAntQ8CWTvLw3k5l5geRMG9f9dnIbm1vbO/ndwt7+weFR8fikpeNEEdokMY9VJ8CaciZo0zDDaUcqiqOA03Ywvpv77QlVmsXi0Uwl9SM8FCxkBBsrPXmuq6uuRGVP1+Rlv1hyK+4CaJ14GSlBhka/+NUbxCSJqDCEY627VWn8FCvDCKezQi/RVGIyxkPatVTgiGo/XRw9QxdWGaAwVraEQQv190SKI62nUWA7I2xGetWbi/953cSENT9lQiaGCrJcFCYcmRjNE0ADpigxfGoJJorZWxEZYYWJsTkVbAbe6sfrpFWteNeVq4dqqX6bpZGHMziHMnhwA3W4hwY0gYCCZ3iFN2fivDjvzseyNedkM6fwB87nDyMmkGw=</latexit>

100s20p (1s8p)

<latexit sha1_base64="KY+zFyLBztVqPsk2uDAUk+wI9sc=">AAAB83icbVBNTwIxEJ3FL8Qv1KOXRmKCF7JLRDkSvXjERJAENqRbutDQ7da2a0I2/A4PXtR49cd49N9YYA8KvmSSl/dmMjMvkJxp47rfTm5tfWNzK79d2Nnd2z8oHh61dZwoQlsk5rHqBFhTzgRtGWY47UhFcRRw+hCMb2b+wxNVmsXi3kwk9SM8FCxkBBsr+TVXX7gSlT1dl+f9YsmtuHOgVeJlpAQZmv3iV28QkySiwhCOte5WpfFTrAwjnE4LvURTickYD2nXUoEjqv10fvMUnVllgMJY2RIGzdXfEymOtJ5Ege2MsBnpZW8m/ud1ExPW/ZQJmRgqyGJRmHBkYjQLAA2YosTwiSWYKGZvRWSEFSbGxlSwGXjLH6+SdrXiXVZqd9VS4zpLIw8ncApl8OAKGnALTWgBgUd4hld4cxLnxXl3PhatOSebOYY/cD5/ALxvkDg=</latexit>

50s40p (1s8p)

Fig. 2. Constant Current cycling of four different 175kWh LiBESS system
configurations. Insets (a) highlight the percentage loss in capacity of the
packs, (b) modules within the pack, and (c) individual cells. Inset (d) shows
individual cell voltages, and the pack currents. The results highlight the
high-voltage systems degrade reliably since the individual cell level aging
heterogeneity minimizes.

pacity loss percentage matches closely with the mean of the
individual cell capacity percentage, since cell/module capaci-
ties are additive in parallel connections and the cell/modules
with minimum capacity dictates aging of serially connected
cells/modules. The variance bands show the standard deviation
in aging predictions, the low-voltage systems have larger vari-
ations since, the number of parallel connections determine the
level of current imbalances experienced, while high-voltage
systems have smaller variance bands implying reliable aging
predictions. The lower median relative to the mean signals
a right-skewed aging distribution i.e., most cells show limited
degradation, but a few age significantly, elevating module/pack
failure risk. The mean–median gap thus provides a simple
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Pack Capacity loss

Fig. 3. Statistical metrics: mean, median and standard deviation, for individual
cell aging in different pack design configurations.

indicator of heterogeneity and prediction reliability.
Fig. 4 illustrates common LiBESS grid-service use cases.

The 24 h power cycles for energy arbitrage (EA), frequency
regulation (FR), and their combinations are considered. The
normalized FR profile is taken from Fig. 5.3.2 of [18], while
the EA profile is arbitrarily chosen based on the literature
[16]. The energy within the cycle is defined as Ecycle =∫ 24 h

0
Pcycle dt and is constrained to zero over 24 h so the pack

returns to the same state of charge (SOC) without explicit
rebalancing [18]. For mixed use cases with x% EA and y%
FR, the 24 h profile is constructed so that the ratio of energy
contributions from EA and FR is x : y.

The applied power is Pcycle = PNorm × PN, where PNorm is
the normalized profile and PN is the nominal pack power. Pack
capacity Qpack = Qrated,cell × NP,mod × NP,pack, with Qrated,cell,
the rated cell capacity, NP,mod, cells in parallel per module,
and NP,pack, modules in parallel per pack. The pack voltage
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EA Cycle 24h

Fig. 4. Normalized power profiles for generalized grid use cases such as
energy arbitrage EA and frequency regulation FR.

is Vpack ≈ Vcell,Nom × NS,mod × NS,pack, with Vcell,Nom, the
nominal cell voltage, NS,mod, series cells per module, and
NS,pack, series modules per pack. Hence, Epack = Qpack ×
Vcell,Nom timesNS,mod × NS,pack, where Epack, is the nominal
pack energy.

For a 200s10p (1s8p) configuration, (Epack)200s10p(1s8p) =
240 × 3.6 × 200 × 1 = 172.48 kWh. Assuming the pack
draws/delivers the energy at 1C, the nominal power is PN =
172.48 kW.

In Figure 5, expected trends for different grid use cases
are observed, the pure EA cycle (EA = 1.0) produces the
largest and fastest pack capacity loss, while the pure FR cycle
(FR = 1.0) ages the least, with mixed EA/FR cases falling in
between. Pure EA cycle causes most aging as expected due
to a deeper charge and discharge, in comparison to a pure
FR cycle which operates within a narrow range of SOC [16].
Mechanistically, sustained FR can still drive particle-scale
electrochemo-mechanical fatigue: oscillatory power induces
repeated intercalation strains that promote microcracking and
contact loss. By contrast, EA’s deeper SOC excursions are
more likely to accentuate SEI growth and, under unfavor-
able conditions (e.g., low temperature or high rates), lithium
plating, leading to larger irreversible capacity loss. Therefore,
from an operational standpoint, the framework is capable to
identify operational strategies, i.e., a mixed EA/FR schedules
offer a tunable trade-off between revenue and degradation
and could be co-optimized with maintenance intervals and
warranty targets.

IV. SUMMARY AND CONCLUSIONS

The existing liionpack modeling framework has been im-
proved to incorporate features that facilitate physics based
hierarchical analysis of kWh–GWh grid-scale LiBESS sys-
tems for various operating conditions. The results show that
the characteristic aging observed at the system scale has a
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<latexit sha1_base64="Gu+U7pX0/Kl/SA7cWdptVtyBNlw=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHBC1lIfByJXjxilEcCGzI7zMKE2dnNTK8J2fAJHryo8eoXefRvHGAPClbSSaWqO91dfiyFQdf9dnJr6xubW/ntws7u3v5B8fCoZaJEM95kkYx0x6eGS6F4EwVK3ok1p6Evedsf38789hPXRkTqEScx90I6VCIQjKKVHsrsvF8suRV3DrJKqhkpQYZGv/jVG0QsCblCJqkx3VqMXko1Cib5tNBLDI8pG9Mh71qqaMiNl84vnZIzqwxIEGlbCslc/T2R0tCYSejbzpDiyCx7M/E/r5tgcO2lQsUJcsUWi4JEEozI7G0yEJozlBNLKNPC3krYiGrK0IZTsBlUlz9eJa1apXpZubivleo3WRp5OIFTKEMVrqAOd9CAJjAYwjO8wpszdl6cd+dj0Zpzsplj+APn8wcf5Y0f</latexit>

(c)

<latexit sha1_base64="E3Yx8eHJm66IvJ08HTK3vqgI0uU=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgadkN+LgIURE8RjAPSJYwO5lNhszMLjOzQljyEx68qHj1dzz6N06SPWhiQUNR1U13V5hwpo3nfTuFldW19Y3iZmlre2d3r7x/0NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHN1O/dYTVZrF8tGMExoIPJAsYgQbK7XvrtEV8l2vV654rjcDWiZ+TiqQo94rf3X7MUkFlYZwrHWnmpggw8owwumk1E01TTAZ4QHtWCqxoDrIZudO0IlV+iiKlS1p0Ez9PZFhofVYhLZTYDPUi95U/M/rpCa6DDImk9RQSeaLopQjE6Pp76jPFCWGjy3BRDF7KyJDrDAxNqGSzcBf/HiZNKuuf+6ePVQrtZs8jSIcwTGcgg8XUIN7qEMDCHB4hld4cxLnxXl3PuatBSefOYQ/cD5/AC1uji8=</latexit>

EA = 1.0
<latexit sha1_base64="Y3brSSKJfv397ASH3pPLI1oX0sw=">AAAB+3icbZDLSsNAFIYn9VbrLdqlm8EiCEJIKlo3QlUUl1XsBdpQJtNJO3QyCTMTIYQ+iws3Km59EJe+jdM0C239YeDjP+dwzvxexKhUtv1tFJaWV1bXiuuljc2t7R1zd68lw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW98Pa23n4iQNOSPKomIG6Ahpz7FSGmrb5ZvLuEFtK0aPIa3Dxme9M2KbdmZ4CI4OVRArkbf/OoNQhwHhCvMkJTdaqTcFAlFMSOTUi+WJEJ4jIakq5GjgEg3zW6fwEPtDKAfCv24gpn7eyJFgZRJ4OnOAKmRnK9Nzf9q3Vj5525KeRQrwvFskR8zqEI4DQIOqCBYsUQDwoLqWyEeIYGw0nGVdAbO/I8XoVW1nDPr9L5aqV/laRTBPjgAR8ABNVAHd6ABmgCDBDyDV/BmTIwX4934mLUWjHymDP7I+PwBgPqQ5Q==</latexit>

EA = 0.7 + FR = 0.3
<latexit sha1_base64="w5vJL17mlpRKQv+Y4XB01giTIjs=">AAAB+3icbZDLSsNAFIZPvNZ6i3bpZrAIghCSQtWNUBXFZRV7gTaUyXTSDp1cmJkIIfRZXLhRceuDuPRtnLZZaOsPAx//OYdz5vdizqSy7W9jaXlldW29sFHc3Nre2TX39psySgShDRLxSLQ9LClnIW0opjhtx4LiwOO05Y2uJ/XWExWSReGjSmPqBngQMp8RrLTVM0s3l+gC2VYVnaDbhxn2zLJt2VOhRXByKEOues/86vYjkgQ0VIRjKTuVWLkZFooRTsfFbiJpjMkID2hHY4gDKt1sevsYHWmnj/xI6BcqNHV/T2Q4kDINPN0ZYDWU87WJ+V+tkyj/3M1YGCeKhmS2yE84UhGaBIH6TFCieKoBE8H0rYgMscBE6biKOgNn/seL0KxYzqlVva+Ua1d5GgU4gEM4BgfOoAZ3UIcGEEjhGV7hzRgbL8a78TFrXTLymRL8kfH5A4DkkOU=</latexit>

EA = 0.5 + FR = 0.5
<latexit sha1_base64="dRLD51VkCZmGgYeVrmE+cyEL1UU=">AAAB+3icbZDLSsNAFIYn9VbrLdqlm8EiCEJIKlo3QlUUl1XsBdpQJtNJO3QyCTMTIYQ+iws3Km59EJe+jdM0C239YeDjP+dwzvxexKhUtv1tFJaWV1bXiuuljc2t7R1zd68lw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW98Pa23n4iQNOSPKomIG6Ahpz7FSGmrb5ZvLuEFtK0TeAxvHzKs9c2KbdmZ4CI4OVRArkbf/OoNQhwHhCvMkJTdaqTcFAlFMSOTUi+WJEJ4jIakq5GjgEg3zW6fwEPtDKAfCv24gpn7eyJFgZRJ4OnOAKmRnK9Nzf9q3Vj5525KeRQrwvFskR8zqEI4DQIOqCBYsUQDwoLqWyEeIYGw0nGVdAbO/I8XoVW1nDPr9L5aqV/laRTBPjgAR8ABNVAHd6ABmgCDBDyDV/BmTIwX4934mLUWjHymDP7I+PwBgM6Q5Q==</latexit>

EA = 0.3 + FR = 0.7
<latexit sha1_base64="SuURqffreX58WDuQqL43WBArKro=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgadkN+LgIQUE8RjEPSJYwO5lNhszMLjOzQljyEx68qHj1dzz6N06SPWhiQUNR1U13V5hwpo3nfTuFldW19Y3iZmlre2d3r7x/0NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHN1M/dYTVZrF8tGMExoIPJAsYgQbK7VvH9AV8l2vV654rjcDWiZ+TiqQo94rf3X7MUkFlYZwrHWnmpggw8owwumk1E01TTAZ4QHtWCqxoDrIZudO0IlV+iiKlS1p0Ez9PZFhofVYhLZTYDPUi95U/M/rpCa6DDImk9RQSeaLopQjE6Pp76jPFCWGjy3BRDF7KyJDrDAxNqGSzcBf/HiZNKuuf+6e3Vcrtes8jSIcwTGcgg8XUIM7qEMDCHB4hld4cxLnxXl3PuatBSefOYQ/cD5/AEkRjkE=</latexit>

FR = 1.0

Fig. 5. Hierarchical aging of a 200s10p (1s8p) battery pack under grid
usecase: EA, FR and combined EA+FR. Insets show capacity loss percentage
at, (a) pack scale, (b) module and (c) individual cells. EA cycle shows more
degradation in comparison to the FR, while all other EA/FR combinations
tend to fall in between.

variation with respect to individual cells depending on the pack
design. Therefore, the predictability of long-term aging of the
system is expected to vary largely due to few cells hitting the
end of life faster.

Key findings. (i) Pack Design Matters: high-voltage designs
(more series, fewer parallel strings) exhibit markedly lower
cell-to-cell and module-to-module aging dispersion than low-
voltage designs; pack-level metrics alone can mask emerging
risk, highlighting the need to resolve cell/module scales for
better analysis. (ii) Duty-cycle tuning: pure EA induces the
most capacity loss; pure FR ages the least; mixed EA/FR falls
in between, thus allow tuning of EA/FR ratios to balance rev-
enue and aging. (iii) Statistical indicators: right-skewed cell-
aging distributions (mean > median) highlight heterogeneity;
the mean–median gap and standard deviation provide compact
reliability metrics.

Although the high-voltage systems look promising, these
pose maintenance difficulties and the formation of thermal
hot spots will be analyzed in the future. The framework
could be used to study non-zero daily energy budgets, broader
chemistries, and field conditions. Throughput– with the current
2-day wall time we complete ∼ 200 cycles; extrapolating,
500–1000 cycles are achievable in ∼ 6–10 days. By paral-
lelizing the circuit solve and file write operations, we target
1000 cycles within 2 days (reducing per-step time from ∼8 s
to ∼ 0.5 s). Further, the framework will leverage optional
DFN/P2D models for cells, incorporate explicit fatigue/plating

submodels, and exploit numerical solvers (and GPU based
solvers) to further improve computing efficiency by ∼10x-
100x, and expand design-space exploration for pack design
topology, operational control, and optimize dispatch for grid
use cases.
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